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Wireless NanoSensor Networks using Graphene-based Nanoantennas
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Nanotechnology is enabling the development of devices in a scale ranging from one to a few hundred
nanometers. One of the most promising applications of these nanodevices is in the field of
nanosensors. A nanosensor is not just a tiny sensor, but a device that makes use of the novel
properties of nanomaterials to detect and measure new types of events in the nanoscale. For example,
nanosensors can detect and measure physical characteristics of nanostructures just a few nanometers
in size, chemical compounds in concentrations as low as one part per billion, or the presence of
biological agents such as virus, bacteria or cancerous cells. However, the sensing range of a single
nanosensor is limited to its close nano-environment and thus, many nanosensors are needed to cover
significant areas or volumes. Moreover, an external device and the user interaction are necessary to
read the measurements from a nanosensor.
Similarly to the way in which communication among computers enabled revolutionary applications such
as the Internet, the development of an integrated nanosensor device with communication capabilities
will overcome the limitations of individual nanosensors and expand their potential applications. A
Wireless NanoSensor Network (WNSN) [1] will be able to cover larger areas, to reach unprecedented
locations in a non-invasive way, and to perform in-network processing and cooperative actuation. A
single nanosensor device detecting or sensing a relevant event will communicate with its neighbors and
transmit the information in a multi-hop fashion to a sink or command center, which will connect with the
macro-world and the final users. Furthermore, their communication capabilities will allow them to receive
commands from other nanosensor devices to change their behavior or actuate, if needed.
WNSNs have a tremendous amount of applications that span diverse fields. In the biomedical field,
biological WNSNs provide an interface between biological phenomena and electronic nanodevices, and
can create novel health monitoring systems and targeted drug delivery systems, amongst others.
Second, in the environmental field, WNSNs can be used to sense chemical compounds in agriculture
fields or protected areas. Finally, in the industrial field they can be used to design new consumer
goods or enhance existing ones, such as ultrahigh-sensitivity touch surfaces or new haptic interfaces.
However, in order to turn existing nanosensors into autonomous devices, which can create a network, it
is necessary to provide them with additional functionalities: a power source, data storage, a processing
unit and a communication module. A conceptual nanosensor device, with a size in the order of a few
cubic micrometers (comparable to the size of human cells), is illustrated in Fig. 1 [1]. Despite being
conceptually similar to a macroscale sensor, it should be taken into account that the solutions in the
nanoscale are limited not just in terms of existing manufacturing technologies but also by the physics
laws, i.e., we cannot think of a nanosensor as a small and simplified sensor.
To date, several solutions have been proposed for the different components of a nanosensor device.
However, although many papers on nanosensor technologies are being published every year, it is still
not clear how the communication module of nanosensor devices will operate. In light of the state of the
art in small antenna design, a resonant metallic antenna operating for example at the terahertz (THz)
band would have a typical dimension in the order of a few hundred micrometers. Scaling them down
further to only a few micrometers would make them non-resonant and hence dramatically reduce their
antenna efficiency. However, by using materials implicitly lying in the nanoscale, such as graphene, the
aforementioned requirements (i.e., small size and reasonable efficiency) can be alleviated.
A few nanoantenna designs based on carbon nanotubes or graphene nanoribbons can indeed be
found in the literature [2,3,4]. The main characteristic of these nanoantennas is that, because of
quantum effects, the wave propagation speed in these structures is up to two orders of magnitude
below the speed of light in vacuum. As a result, the expected resonant frequency of these antennas is
1

also two orders of magnitude below that of antennas made with non-carbon materials [2]. Due to the
mismatch between these two speeds of propagation, the radiation efficiency of a nanoantenna is also
expectedly low, but still expectedly considerably higher than its metallic counterparts. Moreover,
nanosensor devices in our envisioned WNSNs will be deployed in a range below one meter, and will
incorporate a tiny nanobattery or an energy-harvesting unit. This will enable them to communicate using
a very short-range and to fulfill their needs. However, the characteristics of these antennas in the very
short range remain unknown.
The targeted breakthrough of our research is to investigate and develop novel graphene-based
nanoantennas, which, in our long-term vision, will enable Wireless Nanosensor Networks. These
networks are not a mere downscaled version of conventional wireless sensor networks, but there are
several properties stemming from the nanoscale nature of nanosensor devices that require a complete
rethinking of well-established concepts in conventional networks. We outline the main three of them
next.
First of all, a graphene-based nanoantenna is not just a small antenna. Due to the peculiarities of the
propagation of electrons and EM waves in graphene, the classical antenna theory needs to be revised.
For example, in a graphene-based nanoantenna, the EM wave propagation speed is tightly coupled with
the atomic structure of the antenna, its temperature and even on the applied energy. Thus, the
dependence of parameters such as the frequency of operation and the radiation efficiency of a
nanoantenna on all these parameters needs to be studied and experimentally validated.
Second, initial results on nanoantenna characterization point to the terahertz band (0.1 – 10 THz).
Existing communication channel models on the terahertz band are aimed at its characterization for
transmission distances in the order of several meters. Hence, the effects appearing in the terahertz
band (such as molecular absorption and molecular noise) in the very short range remain unknown and
have not been analyzed yet. Therefore, there is the need to study the different phenomena affecting the
propagation of EM waves in the very short range and determine the total path-loss, noise, and
usable bandwidth affecting the communication among nanosensor devices. This will then allow the
development of a channel model for short-range communications in the terahertz band.
Finally, the nanosensor devices equipped with a graphene-based nanoantenna will communicate with
their neighbors and transmit the sensed information to a sink (representing a gateway with the micro- or
macro-world and the users), using a multi-hop protocol. Since nanosensor devices will have a short
transmission range, many sensors will be required to create a WNSN. In consequence, each sensor will
need to have a low fabrication cost, and thus the architecture of a nanosensor device must be simple. In
conclusion, existing modulations, Medium Access Control (MAC) and routing protocols, such as the
ones developed for traditional wireless sensor networks, cannot directly be applied to this scenario. A
third research challenge is thus to develop a new network architecture for WNSNs.
We envisage that Wireless NanoSensor Networks will have a great impact in almost every field of our
society, ranging from healthcare to industrial or environmental protection, and we believe that our work
will pave the way for the development of this new networking paradigm.
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Figures

Figure 1: An integrated nanosensor device
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Since the first experimental realisation of 2D material graphene [1], vast amount of new physics has
emerged. Graphene has also been mentioned as a candidate to replace silicon in microelectronics and,
because of its optical properties, is a good candidate for transparent electrodes in display technology.
Partially the properties are arising from graphene being chemically inert. This is beneficial in many
instances but may be disadvantageous, e.g., in sensor applications. One possibility to add
functionalities to graphene is to use proteins as linkers. Hydrophobin is a small protein with a
hydrophobic patch that attaches to a hydrophobic surface [2]. Hydrophobins form a one-monolayer thick
ordered 2-dimensional film that can be used to link biomolecules or nanoparticles onto hydrophobic
surfaces. This has been demonstrated with graphite and silicon [3].

50

2 nm
Fig 1. (left) Structure of a hydrophobin HFBI protein. The protein has a hydrophobic patch in the other end of the
body, shown red in the picture. (right) Hydrophobins form a one monolayer thick 2-dimensional ordered film that can
be transferred onto hydrophobic surfaces, such as graphene. The lattice constant of the hexagonal lattice is about 6
nm.

The aim in this work is to demonstrate that using hydrophobins one can functionalise the otherwise
chemically inert graphene surface. In Figure 2 is shown a TEM image of a graphene flake onto which 3
nm Au nanoparticles have been attached using hydrophobins as linkers. The functionalisation is based
on an in-situ process. It was found out that hydrophobin solution enhances the exfoliation of graphene
from graphite and simultaneously the graphene surface is covered by the proteins [4]. By using
engineered hydrophobins that link to gold nanoparticles, the graphene surface can be coated with a
monolayer thick and non-agglomerated nanoparticle layer. The same approach can be used to link
layers of other proteins or biomolecules for, e.g., sensor applications. The first electrical measurements
show that a dry protein film decreases the mobility of a graphene FET about 50 %.
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Fig. 2. TEM image of graphene flake covered with a
monolayer of hydrophobin proteins to which 3 nm gold
nanoparticles have been attached.
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Graphene layers with a high degree of perfection may be grown on crystal surfaces, where the
interaction with the substrate modiﬁes its electronic properties to varying degrees. On most transition
metals superstructures occur and lead to periodic modulations of geometric, electronic and bonding
properties.
Here, we use a low-temperature scanning tunneling microscope (STM) to probe with atomic precision
the conductance G = I / V (I: current, V : sample voltage) of junctions comprising a Au tip and a single
graphene layer on Ru(0001). On this substrate graphene forms a hexagonal moiré superstructure with a
periodicity of ≈ 30Å, which involves a buckling of the graphene sheet and a strongly inhomogeneous
electronic structure. Our STM measurements directly probe the chemical reactivity of graphene during
bond formation between tip and sample and reveal its location on the atomic scale. This is possible
owing to signiﬁcant variations of the tip-graphene contact formation process and of the conductance
within the moiré unit cell. A smooth transition from tunneling to contact occurs in regions where the
graphene layer is buckled away from the substrate, while in the strongly bound parts a jump to contact
is observed, similar to point contacts on pristine noble metal surfaces. This behavior can be traced back
to the different electronic structure and ultimately to the different chemical reactivity of the graphene
layer as revealed by density functional theory. Variations in the conductance at contact formation within
the moiré unit cell can be attributed to differing graphene-Ru-distances, as indicated by quantum
transport calculations utilizing non-equilibrium Green's functions techniques.
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In this work we show the metal-insulator (MI) quantum phase transitions that appear in the quantum Hall
effect in graphene, namely the plateau-insulator (PI) and plateau-plateau (PP) transitions. For this
purpose we have performed magneto-transport experiments with the magnetic field (up to 28 T) as the
driving parameter in the temperature range from 4 K up to 230 K.
The Hall (ρxy) and longitudinal (ρxx) resistivities were measured by the standard 4-probe low frequency
AC lock-in technique while the graphene sample was obtained by mechanical exfoliation over a Si/SIO2
wafer with subsequent e-Beam lithography and the evaporation of Au/Ti contacts. The charge neutrality
point (CNP) appeared at 3.8 V.
When the gate voltage was placed in the vicinity of the charge neutrality point we have observed a
transition from the last plateau υ=-2 to an insulating phase. The transient between delocalized to
localized states occurs through a T-independent crossing point where, at low temperatures, the
isotherms converge as seen the left panel of Fig.1 where we show ρxx isotherms as a function of B for
VG = 2 V where a T-independent crossing point appears at a critical magnetic field BC = 16.05 T. For
temperatures above tents of Kelvin, the PI T-independent crossing point disappears, confirming the
robustness of the MI transition as pointed out by Zhang et al. [1].
For the PI transition we have calculated the associated critical exponent by calculating the value of υ0 (υ0
should not be confused with the Landau level filling factor) in from the equation ρxx = exp[(1/B-1/BC)/ υ0]
applied in the vicinity of the T-independent crossing point [2,3] as shown in the right panel of Fig.1
Then, extracting υ0 at every temperature we could calculate the associated critical exponent from υ0~Tκ .
We have obtained a value for κ=0.58±0.01 away from the CNP, in agreement with the expected value
for two-dimensional electron gasses (2DEGs) while closer to the CNP the obtained value has been
found to match with the one expected in the full percolation limit κ=0.697±0.005. This difference could
be attributed to the effect of the disorder present in the sample, dominant the alloy one (Anderson type)
for higher densities in contrast with the short-range disorder, that would be dominant at lower densities.
What we can firmly question from these results is the universality of the critical exponent associated to
the PI transition.
In order to study the PP transition have we tuned the gate voltage tents of volts away from the CNP. We
have calculated the critical exponent for the transitions υ = -10→ υ = -6 and υ = -6→ υ = -2 in a range of
temperatures from 4.2 to 230 K as seen in Fig.2. The PP transition remained clearly observable almost
up to the maximum temperature we reached as observed by Giesbers et al. [4]. We have extracted the
critical exponents both from the temperature dependence of the full width at half maximum (FWHM) of
the Shubnikov-de Haas peak in the transition υ = -6→ υ = -2 and from the temperature dependence of
the maximum slope for ρxy between adjacent plateaus in both transitions. The value extracted obtained
κ=0.25±0.02 does not match with the expected universal value for 2DEGs κ = 0.42 recently reported
also in graphene [4].
With the values obtained for the critical exponents of the MI transitions in graphene we question the
universality of such critical exponents in this novel material. We attribute this anomalous behaviour to
the effect of the disorder in our samples. Thus, further studies are necessary in order to throw light upon
the role of the impurities and disorder in the QPTs in graphene with controlled disordered samples.
This work has been supported by the following projects: Cariplo Foundation QUANTDEV, FIS200907880, PCT310000-2009-3, SA049A10, and European Union CTA-228043-EuroMagNET II
Programme.
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Figures

Fig.1. In the left panel we show ρxx isotherms as a function of B at VG = 2 V. The T-independent
crossing point disappears when B > 32.6 K that confirms the existence of a possible deactivation
temperature of the PI transition. In the right panel we show the renormalization of ρxx close to the Tindependent crossing point following the standard procedure [2,3] for the same density of carriers. The
associated critical exponent derived from the fit to υ0~Tκ is κ = 0.697 ± 0.005, in contrast with the
expected value 0.58.

Fig.2. ρxx and ρxy isotherms as a function of B for VG=-8V .Plateaus υ=-10, υ=-6 and υ=-2 and their
SdH peaks can be clearly observed up to 230 K.
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Graphene is a material that has undergone intense study in over the past several years [1,2].
The novel, Dirac-like linear bandstructure near the K points in the Brillioun zone gives rise to a variety of
unique phenomena that may have wide applicability in various areas of electronic and optical
technology. Specifically, studies of plasmon propagation in graphene and related material have shown
that the plasmon dispersion relation persists to very small energies and long wavelengths [3], in distinct
contrast to plasmonic propagation in other two-dimensional structures, e.g. the metal/dielectric interface
[4]. Further, graphene plasmons can exhibit low-loss propagation due to the absence of absorption in
the metallic half-space [5].
Recently, the bandstructure of quasi-one-dimensional graphene nanoribbons has been
investigated as well [6]. Transverse confinement of the electronic wavefunctions in the nanoribbon
causes the bandstructure to split, giving rise to many more bands.

This richer electron spectrum

modifies the plasmonic dispersion. The new plasmon dispersion characteristics are where we focus our
attention now.
In this paper, we discuss our recent calculations of the dielectric function and plasmon
dispersion in armchair graphene nanoribbons. Using a 2N-band p z tight-binding model, where N is the
width in atoms of the nanoribbon, we calculate the dielectric function in the Lindhard [7] (random phase)
approximation. Details of the plasmon dispersion are then obtained by examining the behavior of the
inverse of the dielectric function following the method of Ref. [5].
Several interesting phenomena are observed in armchair nanoribbons of small-integer widths.
In particular, for the semimetallic armchair nanoribbons, we find a linear plasmon dispersion for values
of the plasmon energy below the onset of the second band absorption threshold. The group velocity for
this plasmon is equal to the Fermi velocity in two-dimensional graphene.

The dispersion relation

calculated for plasmons in N = 8 armchair (acGNR8) nanoribbons is shown in Fig. 1. Semiconducting
nanoribbons (e.g. acGNR9,10) are found to exhibit near-parabolic plasmon dispersion in the low-energy
limit.
The small group velocity of these plasmons, coupled with their localization in the direction
normal to the graphene layer suggest the possibility that they may be suitable for inter-device
communication in integrated circuit applications.

This work was supported in part by the (US) National Institutes of Health.
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Figure

Fig. 1. Plasmon dispersion relation for intrinsic acGNR8 graphene nanoribbon. A linear dispersion characteristic is
observed for plasmon energies below ~ 2.6 eV. Above this value, interband scattering of electrons introduces
losses into the plasmon propagation, resulting in broadening of the additional branches in the dispersion curve.
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In order to replace silicon-based electronics with new graphene-based devices a tunable band gap
needs to be engineered in graphene [1]. Hydrogenation of graphene has turned out to be a promising
route towards achieving this goal [2], hence a proper understanding of the interaction of hydrogen with
graphene is desirable. Experimentally graphene is often grown epitaxially on metal surfaces, therefore
also the role of the substrate in the hydrogenation process is of great importance.
Here is presented density functional theory (DFT) calculations on the structure and stability of small
hydrogen clusters on free-standing graphene as well as clusters on graphene grown on the Ir(111) and
the hex-reconstructed Pt(100) surfaces. If hydrogen is allowed to adsorb on both sides of a freestanding graphene sheet the energetically favorable clusters have a graphane-like structure, where
every other C atom bonds a H atom above and every other bonds a H atom below (the structure of
graphane, which is the most stable form of fully hydrogenated graphene, is shown in Figure 1).
Furthermore, closed hydrogenated carbon hexagons and a maximal ratio of inside atoms to edge atoms
in the cluster are identified as the most important structural motifs causing high cluster stability [3]. This
is illustrated in Figure 2.
For graphene adsorbed on Ir(111) and hex-reconstructed Pt(100) the most stable clusters form
graphane-like structures as well, but in this case H is adsorbed from above on every second C atom
and the metal substrate forms the bonds to every other C atom from below. For Ir(111) such a structure
is shown in Figure 3. It turns out that the principle of closed hydrogenated C hexagons holds for these
structures as well with half of the bonds to H atoms replaced by bonds to metal atoms below. For the
structure in Figure 3 the C atoms in 6 closed hexagons are involved in bonding. Following this principle
very favorable clusters are easily identified.
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Figure 1. Structure of graphane.

(a) 2.08

(b) 2.15

(c) 2.17

Figure 2. (a-c) Schematic structure of graphane-like clusters on free-standing graphene. C atoms are shown in
grey, adsorbed H atoms from opposite sides are colored differently. Binding energies are given in eV/H atom.
These clusters demonstrate the principle of closed hydrogenated C hexagons for 1, 2 and 3 hexagons. Adapted
from [3].
(a)

(b)

Figure 3. Structure of a graphane-like H cluster on graphene adsorbed on Ir(111). Ir atoms are shown in white, C
atoms in grey and H atoms in red. In the cluster every other C atom bonds a H atom above and every other C atom
is shifted downwards to bond an Ir atom below. C atoms in 6 closed hexagons are involved in the bonding. (a) top
view and (b) side view. From [2].
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The possibility of intrinsic superconductivity in alkali-coated graphene monolayers has been recently
suggested theoretically. Here, we derive the possible pairing symmetries of a carbon honeycomb lattice
and discuss their phase diagram. We also evaluate the superconducting local density of states (LDOS)
around an isolated impurity. This is directly related to scanning tunneling microscopy experiments, and
may evidence the occurrence of unconventional superconductivity in graphene.
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We have studied the chemical vapor deposition (CVD) of graphene in a cold wall reactor designed for
rapid thermal processing (RTP) of semiconductors. In addition to the fast operation, the advantages of
this reactor type are complete control over the process parameters like temperature gradient which
would allow increasing the reactor size up to several meters and compatibility to batch type processing
on smaller substrates. The deposition parameters like temperature, methane flow and CH4/H2 ratio were
optimized at different pressures between 7 and 80 Torr. The composition of the deposited film was
characterized with scanning confocal µ-Raman spectroscopy and verified with TEM.
The optimization was performed simultaneously with the process chamber modification. The basis of
the process is direct infrared (IR) heating that is provided through a quartz window located at the top of
the 8” chamber. Radiation is absorbed by SiC covered graphite susceptor and the heat is transferred
into the copper foil attached to it. The temperature is controlled on the basis of the optical pyrometer
reading from the susceptor back surface. By increasing the measurement points and control electronics,
the IR power could be adjusted in situ to provide homogeneous thermal gradient over the chamber,
though currently the power profile is calibrated separately. The minimum pressure in the deposition
chamber is currently limited to 7 Torr, which is somewhat higher than the optimal 0.5 Torr reported [1].
As expected, the optimal deposition parameters and graphene quality were found to be strongly
dependent of the pressure. At high pressures significant amount of hydrogen was required to provide
counterbalance to methane pyrolysis that would produce soot or amorphous carbon over all surfaces.
Though the deposition parameters could be adjusted to produce graphite, monolayer graphene growth
was rare. Under otherwise optimized conditions, the monolayer graphene began to dominate at 16 Torr
and the crystalline quality improved with further reduction of the pressure as determined from the
decrease of the height of the Raman D peak (1350 cm-1) that has been associated with defect states [2].
When reducing the pressure, the optimal CH4/H2 ratio increased from 0.3 to 4, while the deposition
temperature was kept close to 1000 ºC. Highest quality graphene was achieved at the lowest
achievable pressure, thus further improvement is expected with increased pump capacity.
The Raman spectra (fig. 1) measured from the samples after transfer to a HfO2 layer indicate
continuous graphene, composed of monolayer graphene with about 5 - 10 % coverage of thicker
graphene. This is clearly illustrated in SEM images (fig. 2) taken before and after the transfer. The
thicker regions are located on large surface corrugations in the copper foil. Electrical analysis of the
graphene indicates otherwise good quality; after vacuum cleaning the Dirac point is at zero and the
sheet resistivity is close to exfoliated graphene. Mobility measurements are under progress.
The crystalline quality of graphene was further analyzed with HR-TEM (fig. 3). The graphene was
transferred with pmma to copper grid with holey carbon support and cleaned with acetone, though all
pmma could not be properly removed due to simultaneous etching of the support. TEM imaging
revealed continuous graphene lattice extending well beyond the shown 30 nm area, with electron
diffraction pattern confirming the monolayer thickness and perfect hexagonal lattice. These results
confirm the ability to produce large graphene crystallites at pressures above the UHV conditions.
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Figure 1 Raman spectrum (a) and resistivity (b) of transferred CVD graphene on 40 nm thick HfO2. The Raman
spectrum is averaged over a 20 x 20 µm2 area, excluding the darker multilayer spots shown in figure 2. Measurement was done using WITec alpha 300 R with 532 nm excitation laser. The sheet resistivity as a function of gate
voltage shows behavior typical to graphene. Here the Dirac point is still shifted after copper etch induced doping.
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Figure 2 SEM images of continuous graphene deposited on a copper foil. (a) As deposited graphene on copper,
showing the atomic terraces and grain boundaries in copper. The spots with thicker graphene (darker areas) are
concentrated into the grooves in the foil (inset). (b) Transferred graphene on hafnium oxide, also illustrating the
wrinkles caused by the difference in thermal expansion coefficients of copper and graphene.
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Figure 3 TEM image (a) and diffraction pattern (b) of suspended graphene grown from methane at 7 Torr in a cold
wall CVD reactor. The image shows a continuous lattice, though partly under pmma residuals from the transfer
process. Diffraction pattern through the whole image area indicates perfect monolayer graphene with single lattice
orientation. Similar pattern was measured throughout the sample, also on areas totally under pmma, with no
indication of orientational variants related to small misoriented grains. The images were measured using Cscorrected TEM (JEOL 2200FS) at 80 kV.
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Crystallite size effect on the structural modification of graphene oxides by insitu reduction and
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Graphene, the unique two dimensional carbon allotrope [1] of single-atomic thickness, has attracted
great interest owing to its interesting physical and chemical properties and there is an increase in its
demand in various fields of application involving electronic based devices. The electrical properties of
graphene can be modulated by chemical doping. In carbon materials Nitrogen and Boron atoms are
appropriate candidates for this tuning process as both elements have almost the same atomic radius
and one electron more or less than carbon. Studies involving nitrogen doping of graphene have proven
an enhancement in electrical properties of this material [2,3]. In this communication we report the effect
of the grain size of the starting graphite material on the structural modification caused by nitrogen
doping on the corresponding graphene oxides.
Graphite of three different grain sizes (10, 100 and 200 mesh) were submitted to strong oxidation with
nitric acid, obtaining the corresponding graphene oxides (GO10, GO100 and GO200). Thereafter, these
materials were heated to 500ºC in a reactive gas mixture composed of NH3, N2 and H2 whose flow rates
were 10, 50 and 6 ml/min, respectively. One of the three samples was also nitrogen-dopped at a higher
temperature (900ºC) in order to observe any changes in the structural modification. Parallel to these, all
three graphene oxides were heated at 500 ºC under inert nitrogen atmosphere (50 ml/min) which served
as a reference when comparing with those treated with NH3. The resulting materials were studied
employing various techniques such as TEM, XPS, XRD, etc.
Fig. 1. Shows TEM images of synthesized materials which consists of ultrathin transparent graphene
sheets with some wrinkled and folded features (Fig. 1a) proving that graphene oxide was truly exfoliated
in the reduction process. Morphological differences can be observed when comparing GO heated under
inert atmosphere (Fig. 1b) and that treated with NH3 (Fig. 1c). In the later, the neatly and parallel lined
stack of folded and scrolled edges of graphene layers show certain degree of defects with respect to the
former. This effect is further emphasized at higher nitrogen doping temperature (Fig. 1d). Fig. 2 shows
the XRD pattern of an original GO sample (before treatment), a GO treated under inert atmosphere and
those treated with NH3 (at 500ºC and at 900ºC). GO has a sharp peak at 16º corresponding to an
interlayer distance of 0.67 nm. This peak completely disappears for all reduced GO and a small peak at
about 26º is observed owing to the recovery of the graphite crystal structure. A significant difference can
be observed when comparing GO of different crystallite sizes as this characteristic peak is smaller and
broader for smaller sizes suggesting stacking thickness of resulting reduced GO is greatly dependent on
the crystallite size. XPS results confirm the reduction of GO on observing the disappearance of oxygen
surface groups on C 1s peak of samples before and after treatment (Fig.3). This technique also gave
insights on the amount and type of nitrogen incorporated after the treatment. N 1s spectra of inert
treated and NH3 treated GO is displayed in Fig. 4. The amount of N present in the inert treated GO is
insignificant whereas this specie is present in all the others ranging from 3 to 6 % being highest in the
GO of larger grain size. At the same time the distribution of N as pyridinic, pyrrolic and quaternary- N is
also greatly influenced by the size of the original starting graphite material. GO10 has highest proportion
of pyridinic and quaternary-N while in GO200 the formation of pyrrolic- N is favoured.
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A DFT study of the interaction of sodium bisulfate with monolayer graphene
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Large scale production of isolated carbon nanostructures (including graphene sheets) is important for
nanotechnology progress. There are basically three approaches to separate carbon nanostructures:
chemical functionalization, sonication, and the use of surfactants. Functionalization often changes de
properties of the nanostructures and sonication breaks them. So the use of surfactants seems to be the
best way to obtain isolated carbon nanostructures in large quantities. Among the best surfactant
molecules for dispersing carbon nanostructures are sodium dodecyl sulfate (SDS), sodium
dodecylbenzene sulfonate (NaDDBS) and sodium polystyrene sulfonate (NaPSS). All of them have in
common a sulfonate head group with a Na atom. Sulfuric acid is itself a good surfactant, but the
presence of a Na atom in the sulfuric group seems to enhance the surfactant effect. Our aim is to clarify
the role this atom plays for dispersing carbon nanostructures.
We have previously studied the interaction of sulfuric acid with a graphene sheet [1], sulfuric acid,
sodium bisulfate and sodium butyl sulfate with a carbon nanotube [2], as well as the behavior of sulfuric
acid when in between two graphene sheets [3]. We present now computer simulations of the interaction
between NaHSO4 and monolayer graphene. We have used the Density Functional Theory (DFT) in the
Local Density Approximation (LDA) as implemented in DACAPO [4]. We have calculated equilibrium
geometries, binding energies, charge transfers and densities of states for different concentrations and
orientations of both (cis and trans) NaHSO4 isomers. Our results show that there is always protonation
of the graphene sheet an that the charge transfer varies with bisulfate concentration and orientation.
We gratefully acknowledge financial support from the Spanish MICINN and the European Regional
Development Fund (grant MAT2008-06483-C03-02) as well as from Junta de Castilla y Leon (grants
GR23 and BU023A08).
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Low concentration cis-NaHSO4 over a graphene sheet

19

20

Poster

Graphene layers deposited on copper substrate by hot wire CVD
J. Badia-Canal, V.M. Freire, C. Corbella, M. Rubio-Roy, E. Pascual, E. Bertran and J.L. Andújar
FEMAN Group, IN2UB, Department of Applied Physics and Optics, University of Barcelona
c/ Martí i Franquès 1, E-08028 Barcelona, Spain
corberoc@hotmail.com
Graphene layers were grown on copper by chemical vapour deposition (CVD) thermally activated in a
hot wire process. The depositions were performed at 250 Pa using CH4 or C2H2 as gas precursors,
which were diluted in a hydrogen atmosphere. In order to facilitate the nucleation and growth of the
graphene ultrathin layer, a copper film was previously deposited on a polished c-Si wafer by sputtering
(PVD) of a pure copper target at 0.5 Pa of argon. To avoid the oxygen contamination, the PVD and CVD
processes were performed consecutively in the reactor operating at base pressure of 2·10-4 Pa. A
graphite heater kept the substrate temperature at 800ºC and activated the decomposition of the
precursor. The other variables considered in this work were the gas flow ratio and the distance between
sample and heater. Raman spectroscopy assessed the synthesis of carbon in graphene form by
showing the characteristic 2D band. Also, the morphology of the samples was characterized by atomic
force microscopy (AFM) and scanning electron microscopy (SEM). These layers were deposited on
large area substrates ( ≈ 5 cm2). The results, which are discussed in terms of the technological
parameters of deposition, suggest the feasibility of hot wire CVD to produce graphene layers on metallic
substrates.
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Recently, the properties of nanostructured carbon materials, like carbon nanotubes (CNTs) and
graphene, have been the subject of in-depth investigations in view of their potential use in
nanotechnology. Most of the interest concerning nanostructured carbon materials is related to the
peculiarities of their electronic structure, which is constituted mainly by a complex network of πconjugated bonds. Details of the electronic structure play a crucial role in the application of such
materials as nanostructured building-blocks for molecular electronics and in functionalization processes,
where the CNTs and graphenes undergo chemical reactions. However, the particular structural and
electronic features of nanostructured carbon poses significant problems to computational modeling.
Relatively recent works indicated the extension of classical organic chemistry concepts, like the “Clar
Sextet Theory”,[1,2] to the case of low-dimensional nanostructured carbon materials as a successful
approach to obtain an accurate and consistent description of the electronic structure of the hexagonal
carbon atom network. In this work we apply state-of-the-art numerical techniques to investigations on
the stability and on electronic and chemical properties of nanotubes and graphenes and related
compounds. Our approach is based on the definition of suitable models of the system under study
starting from chemical considerations. Results indicate unprecedented accuracy in the prediction of
properties for a large variety of systems, obtained at a relatively cheap computational cost.
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Clar representation for GNRs with different kind of edges. The corresponding trends for the HOMO-LUMO gaps as
the width of the ribbon is increased is reported below .
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The first observation of superconductivity in doped graphite goes back to 1965 when it was observed in
the potassium graphite intercalated compound C8K [1]. A considerable amount of studies had reported
this phenomenon in intercalated graphite compounds or doped graphite [2-4], however the
superconducting properties of pure graphite are still under discussion. Indirect evidences for
superconductivity at graphite interfaces have been recently published [5-6]. In order to better
understand their properties and confine the path of the input current to go through some of the possible
superconducting areas, we prepared micro structured samples (Lamellas) from pure highly oriented
pyrolytic graphite. By reducing the dimension in the in-plane configuration to ~ 200nm we can measure
the electrical response of graphite interfaces. We obtained evidence for the existence of Josephsoncoupled quasi two dimensional superconducting regions (patches) located at internal interfaces of the
oriented graphite samples. Temperature dependence of the voltage (Figure 1), as well as I(V)
characteristic curves (Figure 2) indicate that superconductivity exists even above 150K. The negative
values obtained for the measured voltages can be understood using a simple Wheaston bridge model.
The resistor elements of the bridge will correspond to the effective resistances of the inhomogeneous
current paths inside the samples. Ambegaokar and Halperin theory [7] is used to describe the I(V)
characteristics of the superconducting patches contribution within the model. The results support the
view that HOPG is a system with interfaces containing non-percolative superconducting domains
immersed in a semiconducting graphene-based matrix.
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Figures

Figure 1. Voltage vs. temperature measured at four different current amplitudes. The right y-axis applies
for the results at 1 and 10 µA. The inset shows the results for 100 nA input current in the high
temperature region. Note that the change in the voltage is observed even above 150K.

Figure 2. Current-voltage curves at different temperatures. (a) A noisy behavior is found at low
temperatures (T≤10K) due to the heterogeneous properties and coupling between the superconducting
patches. Above this temperature the noise reduces and the nonlinearity shows a “negative resistance”
part that increases up to 60K. (b) Above 60K the nonlinearity gets weaker reaching a linear behavior
above 200K.
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We report on the achievement of reversible atomic mass transport along graphene devices [1]. The
motion of Al and Au in the form of atoms or clusters is driven by applying an electric field (between the
metal electrodes that contact the graphene sheet). We show that Al moves in the direction of the
applied electric field whereas Au tends to diffuse in all directions. The control of the motion of Al is
further demonstrated by achieving a 90 degrees turn, using a graphene device patterned in a crossroad
configuration. The controlled motion of Al is attributed to the charge transfer from Al onto the graphene
so Al is effectively charged and can be accelerated by the applied electric field. In order to get further
insight into the actuation mechanism, we carry out theoretical simulations of individual Al and Au
impurities on a perfect graphene sheet. The direct (electrostatic) force is found to be ~1 pN and to be
dominant over the wind force. Our findings hold promise for practical use in future mass transport in
complex circuits.
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Figure 1 (a) Scanning electron microscopy image of a graphene device structured in a crossroad configuration with
one Al plate. The scale bar is 1 µm. (b,c) Motion of the aluminum after having applied an electric field in different
directions (indicated by the arrow). In (b) we applied a voltage V of 9 V during t= 6 minutes and the current I was
1.4 mA; in (c) V = 12.7 V, I = 1.63 mA, t = 9 minutes.
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Introduction
Graphite oxide (GO) has been known since the 19

th

century but it has recently re-emerged as an

intensive research area due to its importance in obtaining large-scale graphene materials, afforded by
the chemical or thermal reduction of GO, among others. Chemical reduction involves the use of
reducing agents such as hydrazine, hydroquinone and NaBH 4 while the thermal treatment at elevated
temperatures avoids the use of these hazardous chemicals and provides a rapid and efficient method to
produce large amounts of graphene-like sheets. Deoxygenation of GO upon chemical or thermal
reduction has been systematically studied in the past, where the restoration of C=C bonds and the
decrease in the number of C-OH, C-O-C, COOH groups have been experimentally and theoretically
determined [1-3]. However, deoxygenation is not completed after reduction by which residual amounts
of oxygen vary depending on the reduction process (temperature, atmosphere, treatment). Studies by
molecular dynamics simulations showed that these residual amounts of oxygen in reduced GO are also
dependent upon the initial oxygen concentration and the hydroxyl/epoxide ratio [2]. Furthermore, since a
great variety of GOs with variable chemical composition and interlayer spaces can be obtained via the
synthesis methods that comprises that of Brodie, Hummers and Staudenmaier methods, the
composition and, therefore, the chemical-physical properties of reduced GO, can be extensively
different.
In spite of repeated efforts, the mechanisms involved in the thermal reduction of GO are far from clear
and no predictions can be made on the final properties of the reduced GO. For that reason, intensive
studies on the thermal reduction of GO are of great importance, especially when combining different
experimental techniques in order to provide structural and compositional information. Following this
idea, in the present study, temperature- and time-resolved x-ray diffraction (XRD) and thermogravimetric
analysis (TGA) are used to monitor the structural changes of GO upon dynamic (non-isothermal) and
static (isothermal) modes. To gain further insight in the reduction reactions taking place, simultaneous
TGA/mass spectrometry (MS) experiments are also conducted in both modes. Isothermal TGA is run at
various temperatures in the 120-220 ºC range, enabling the establishment of the kinetic mechanisms
involved in the thermal reduction of GO. Moreover, the kinetic mechanisms of several GO prepared by
the different synthesis methods are compared.
Kinetic experiments
Figure 1 shows the weight loss rate of a Brodie-based GO (from natural graphite) as a function of
weight percent. In this representation, it is very apparent that two different mechanisms for weight loss
exist, each dominating a particular range. The best fitting for mechanism I was accomplished with a twodimensional diffusion model whereas for mechanism II an autocatalytic model was found very adequate.
These results, although contrast with previously published second order kinetics by both McAllister et al.
[1] and Jung et al. [3], are in agreement with a further experiment where GO was obtained from
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synthetic graphite (Figure 2a). Notable differences were found in mechanism I for the Brodie-based GO
obtained from both synthetic and natural graphite, in which diffusion mechanism occurs in different
weight percent ranges. Figure 2 shows the dependence of the reduction kinetic mechanisms on the GO
synthesis method. Whereas the weight loss rate for Brodie-GO fitted to both diffusion and autocatalysis,
as above mentioned, that for Hummers- and Staudenmaier-GO fitted to n-order kinetics only at highest
weight losses. These results account for the importance of both the GO synthesis method and starting
graphite in determining the kinetic behavior of thermal reduction.

Figure 1. Isothermal TGA experiments. Weight loss rate (dW/dt) of Brodie-based GO (from natural graphite) as a
function of the percentage weight loss (W) at different temperatures. a) Whole process. Dashed line depicts a
second-order mechanism. b) Mechanism I: fitting curves with a two-dimensional diffusion model and c) Mechanism
II: fitting curves with an autocatalytic model. Reported in reference [4].

Figure 2. Isothermal TGA experiments. Weight loss rate (dW/dt) of GO (from synthetic graphite) obtained from a)
Brodie, b) Staudenmaier c) and Hummers –based methods as a function of the percentage weight loss (W) at
different temperatures.

Conclusions
The thermal reduction studies for a series of GO obtained from the Brodie, Staudenmaier and Hummers
methods revealed new experimental evidences of the kinetic mechanisms involved. While combined
dynamic TGA and temperature-resolved XRD enabled the monitoring of the structural changes taking
place in GO during the thermal reduction, isothermal methods were more effective. Combined
isothermal-TGA and time-resolved XRD showed that two distinct and well-resolved mechanisms were
involved in the thermal reduction of Brodie-based GO, 2D-diffusion and autocatalysis; whereas n-order
kinetics were observed for Hummers- and Staudenmaier-based GO.
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A New Route to Synthesis of Graphene and Graphenol Nanoparticles
Gary W. Beall, Y. Vecherkina, B. Henderson, A. Koshknbayeva
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Since the reporting of the discovery of graphene in 2004 a great deal of excitement has been generated
in the research community. This interest is due to the fact that graphene exhibits very unique properties
including very high electrical and thermal conductivities and the highest tensile strength ever measured.
The majority of graphene is currently made by exfoliating graphite with strong acids and oxidizing
conditions to first form graphene oxide followed by reduction to graphene. Graphene has also been made
by utilizing chemical vapor deposition. These methods result in graphene that is rather expensive. This
has been one of the road blocks encountered in commercialization of carbon nanotubes. For both
graphene and carbon nanotubes the cost has limited the penetration of them into mass commercial
applications. The work reported in this talk should overcome this hurdle to commercialization. A process
will be reported that produces graphene and edge functionalized graphene at very low cost. The process
starts with carbonaceous material that is very inexpensive and two chemical steps that do not require
strong oxidizing acids or strong reductants. The process will be presented in detail. Examples of polymer
nanocomposites produced utilizing the graphene or functionalized graphene will also be presented.
Commercial quantities utilizing the process are being produced and will also be discussed.
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Electron and optical phonon temperatures in electrically biased graphene
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Graphene is characterized by remarkably large room-temperature carrier mobilities (> 10

2
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5

8

cm Vs ) [1], as well as by its ability to sustain high current densities (> 10 A/cm2) [2, 3, 4, 5]. Recent
investigations of high-field transport in graphene indicate a critical role for coupling of energetic carriers
with the high-energy optical phonons [4, 5]. The distribution of energy within and among the charge
carriers, the strongly coupled optical phonons, and the other phonons in graphene has, however, not yet
been established.
Here, we examine the intrinsic energy dissipation steps in electrically biased graphene
channels. By combining in-situ measurements of the spontaneous optical emission with a Raman
spectroscopy study of the graphene sample under conditions of current flow, we obtain independent
information on the energy distribution of the electrons and phonons [6]. The electrons and holes
contributing to light emission are found to obey a thermal distribution (see Fig. 1), with temperatures in
excess of 1500 K in the regime of current saturation. The zone-center optical phonons are also highly
excited and are found to be in equilibrium with the electrons. For a given optical phonon temperature,
the anharmonic downshift of the Raman G-mode is smaller than expected under equilibrium conditions,
suggesting that the electrons and high-energy optical phonons are not fully equilibrated with all of the
phonon modes.
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Figure 1: (a) Source-drain current-voltage characteristics at zero gate bias of the 3.6 x 1.6 μm
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graphene channel shown in the top inset (the scale bar is 2 μm). The lower inset shows the back-gate
dependence of the channel conductivity (). (b) Electronic (Tel, squares, deduced from the spontaneous
optical emission spectra) and optical phonon (Top, circles, deduced from Raman measurements)
temperatures as a function of the dissipated electrical power. The dashed line is a guide to the eye,
1/2

based on a scaling of the temperature as P .
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Imaging Coherent Electrons in Graphene
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Graphene is an exciting new material which provides a test bench for new kinds of experiments.
We use a cooled scanning probe microscope (SPM) to probe the motion of electrons in
graphene. At low temperatures, the coherent interference of electron waves scattered by disorder
leads to universal conductance fluctuations (UCF) and weak localization effects. Using the SPM
tip as a local movable scatterer, images of magnetoconductance versus tip position are obtained
that show how electron interference is affected by the tip position. The weak localization dip in
conductivity at zero magnetic field is obtained by averaging the magnetoconductance traces at
different tip positions. The width of the dip yields the coherence length of electrons. For UCF we
2
find conductance images that resemble speckle patterns, that change by G ∼ e /h when the tip
moves by half the Fermi wavelength.
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Figures:

Figure 1: SPM tip as a local scatterer in graphene hall bar sample

Figure 2: Conductance image vs. tip position: (a) Far from the dirac point , (b) Near the dirac point
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Figure 3: A series of conductance image vs. magnetic field at constant back gate voltage Vg = 0V

Figure 4 : Weak localization conductance dip in the sample (a) tip far from the sample with
different carrier densities, (b) tip close the sample at differen positions but fixed density
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Spin Transport and Spin Precession in Bilayer Graphene with Transparent and Tunneling
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We achieved electrical spin injection by employing a DC current from a ferromagnetic contact (Co) into
bilayer graphene, both with and without tunneling barrier. The graphene flakes were mechanically
exfoliated from natural graphite by using adhesive tape on a SiO2/p-doped Si substrate where the Si is
used as a backgate. The ferromagnetic and normal metal (Pd) electrodes were defined by standard
electron beam lithography (Fig. 1). In the case of directly connected ferromagnetic stripes onto bilayer
graphene the contact resistance was about 450 Ohm, determined in a three point measurement which
indicates that the Co/graphene junctions are transparent [1]. In order to increase the spin injection
efficiency and the spin signal R which is defined as the difference of the non-local resistance between
parallel and antiparallel magnetization of the ferromagnetic electrodes, tunneling contacts were
produced to overcome the conductivity mismatch problem [2]. An approximately 1.4 nm thick AlOx
tunneling barrier was produced by depositing Al over the entire sample at 180K and subsequent
oxidation at room temperature for 30 minutes. AFM pictures reveal that the Al deposition at low
temperature leads to a homogenous barrier. The I-V-characteristics of this Co/AlOx/graphene junction
show non-linear behavior suggesting the absence of pinholes. The induced spin accumulation diffuses
away from the injection point and is probed in a non-local four terminal scheme where the charge and
spin currents are completely separated from each other. For both transparent and tunneling contacts we
obtain a clear switching of the non-local resistance whose sign depends on the magnetization
orientation (parallel/antiparallel) of the ferromagnetic electrodes (Fig. 2). By applying a perpendicular
magnetic field we also detect spin precession (Hanle effect) which confirms that the non-local spin
signal originates from spin injection and spin transport. Fitting of these Hanle curves yields the spin
relaxation time and length as well as the spin injection efficiency. By comparing the results for
transparent and tunneling contacts we find that the tunnel barrier enhances the spin signal by a factor of
30 and the spin injection efficiency increases from 1.7 to 5 percent whereas the spin relaxtion times are
in the same range [3].
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Figures

Fig. 1: REM picture of the non-local spin valve structure
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Fig. 2a) : Non-local resistance switching with transparent contacts

Fig.2b) : Non-local resistance switching with tunneling contacts.
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Atomic-Scale Modeling of Carbon Transistors
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We present atomic-scale simulations which compare the characteristics of transistors made of carbon
nanotubes (CNT) [1] and graphene nanoribbons (GNR) [2]. We studied the properties of a semiconducting CNT attached to metallic electrodes and controlled by a triple back gate. We find that the
performance of the device is weakened by quantum tunneling and show that it is related to inefficient
control by the back gate. For the GNR transistor we use a structure comprising of two metallic GNRs
separated by a semiconducting GNR. We find only weak quantum tunneling and show that the GNR has
much better transistor characteristics compared to the CNT.
In addition, we will show that while short graphene nanoribbons operate based on pure ballistic tunneling,
the transport properties in longer ribbons exhibit characteristics of thermionic emission.
The calculations were performed with Atomistix ToolKit (ATK) from QuantumWise. ATK is a software
package comprising a number of simulation methods for atomic-scale modeling of nanostructures. It
collects first-principles, semi-empirical and classical methods in a homogeneous interface, and uses nonequilibrium Greens functions (NEGF) to model the transport properties of nanostructures under an applied
bias. Certain features of the software and their relevance for the studied systems will also be discussed in
the presentation.
[1] H. H. B. Sørensen, P.C. Hansen, D.E. Petersen, S. Skelboe and K. Stokbro, Efficient wave
function matching approach for quantum transport calculations, Phys. Rev. B 79, 205322 (2009).
[2] K. Stokbro, D. E. Petersen, S. Smidstrup, M. Ipsen, A. Blom and K. Kaasbjerg, Semiempirical
model for nanoscale device simulations, Phys. Rev. B 82, 075420 (2010).

Graphene nanotransistor consisting of two metallic zigzag nanoribbons connected by a semiconducting armchair
ribbon. The nanoribbons are passivated with hydrogen, and the width of the ribbons are is 7 Å. The device is sitting on
top of a dielectric and the transport is controlled by an electrostatic backgate. The contour plot illustrates the Hartree
potential for a gate potential of −1 V.
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Conduction properties of graphene as a function of ion irradiation and acid treatment
1

1

1

2

2

2

3

T. Blom , S. H. M. Jafri , V. de Cristo , K. Carva , G. Possnert , B. Sanyal , H. Grennberg , U.
4
2
1
Jansson , O. Eriksson , K. Leifer
1

Div. of Applied Materials Science, Uppsala University, Box 534, SE-75121, Uppsala, Sweden
2
Dept. of Physics and Astronomy, Box 516, SE-75120, Uppsala, Sweden
3
Dept. of Biochemistry and Organic Chemistry
4
Dept. of Materials Chemistry, Uppsala University, Box 534, SE-75121, Uppsala, Sweden
klaus.leifer@angstrom.uu.se

Materials research has reached impressively and exciting levels with the discovery of graphene. The
modification and functionalization of graphene has proved to influence the electrical properties. This
strategy is important during the pursuit of a completely tunable material when it comes to physical and
electrical properties.
From first-principle simulations of the conductivity of graphene sheets, it has been shown that the
insertion of defects in the graphene sheets leads to an increase of the conductivity with more than one
order of magnitude [1]. To study this result experimentally, We have introduced defects in the graphene
lattices by chemical and physical means, where we have studies of the change in conductivity of
graphene with induction of defects.
In the case of acid treatment, graphene-like carbon nanosheets [ref to Jafri, J Phys D] were electrically
characterized individually in a focused ion beam / scanning electron microscope (FIB/SEM). This results
from this characterization showed that the conductivity increase roughly 50 times upon acid treatment of
the nanosheets. This corresponds well to calculations which have showed that a so called metallicity
appears around defects (divacancies) in the lattice and this lead to an increased conductivity.
In the case of ion irradiated graphene, electron beam lithography was used for contacting the graphene
flakes. A voltage was applied across the contacted flakes giving rise to a current (in the order of nA)
which was monitored with respect to time during the ion irradiation. A contacted graphene flake was
+

irradiated with 30 keV Ga ions inside the FIB/SEM, see figure 1. The measured resistivity of the flake
increased upon irradiation which is most likely related to the damage (sputtering) of carbon atoms as
well as redeposition of the silicon dioxide substrate onto the graphene. The irradiation of 2 MeV protons
on contacted graphene resulted in an decreased resistance by two to three times, see figure 2. The red
areas and the numbers shows the irradiation periods. The blue areas are just relaxation time. The
observed change in resistance is most likely due to charging of the substrate which will act as a gating
effect on the measurement.
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Figure 1. Measured resistivity during irradiation with 30 keV Ga ions in the FIB/SEM. The inset to the right is a
scanning electron image of the contacted graphene flake.

Figures

2

Figure 2. Measured resistance during irradiation with 2 MeV protons with a current of 40 nA/cm . The (red) time
indications shows the periods of irradiation. The photograph shows a part of the Tandem accelerator at the
Angstrom laboratory, used for this experiment.
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Excitonic absorption spectra in graphene and carbon nanotubes
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In this contribution, we propose a theoretical model for calculation of absorption spectra of graphene
and carbon nanotubes (CNTs) including excitonic and exciton-phonon features. Our approach is based
on the density-matrix formalism combined with tight-binding wave functions. It allows the description of
graphene and CNTs of arbitrary chiral angle including many-particle contributions, such as electronelectron and electron-phonon interaction [1, 2]. We derive and numerically solve microscopic grapheneand CNT-Bloch equations describing the temporal evolution of the occupation and transition
probabilities of the electronic states [3]. Here, we present results on absorption spectra including the
formation of excitons and phonon-induced side-bands.

The free-particle absorption spectrum of graphene is shown in Fig. a (green line). We find a strong
impact on the spectrum when taking into account the Coulomb-induced renormalization of the band
structure cp. Fig. a (red line). Furthermore, we observe clear excitonic features in graphene and CNTs
in agreement with the theoretical studies using density functional theory and recent experiments [4, 5].
We find a significant exciton formation around the M high-symmetry point in the Brillouin zone of
graphene. In the immediate vicinity of the K point, however, the excitonic influence is less significant.

Furthermore, in the case of carbon nanotubes we investigate the transfer of the spectral weight induced
by exciton-phonon interaction. Here, our approach is extended by introducing an excitonic basis set
allowing us to calculate directly the impact of the exciton-phonon dynamics. We observe the formation
of a phonon-side band 200 meV away from the zero-phonon line, which we ascribe to the process of
phonon emission, illustrated in Fig. b. With the increasing temperature its spectral intensity growths and
an additional phonon-side band appears below the zero-phonon line corresponding to a phonon
absorption processes. The strong exciton-phonon coupling also leads to a polaron shift of some tens of
meV. We investigate the chirality and diameter dependence of the spectral weight transfer to the
phonon-side bands as well as of the polaron shift. The description of exciton-phonon induced sidebands in the spectra of graphene is work in progress.
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Figures

Fig. caption: a) Linear absorption spectra of graphene illustrating the free-particle (green), the renormalized (red),
and the excitonic spectrum (blue). The inset figure shows the hexagonal Brillouin zone of graphene within the high
symmetry points. b) Excitonic absorption spectrum of the semiconducting (11,6) nanotube including exciton-phonon
coupling at room temperature. For comparison, the doted line in the background shows the pure excitonic
spectrum. The figure illustrates the formation of a phonon side-band at the higher energy side of the zero-phonon
line.
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Beam-induced damage to graphene in the helium ion microscope
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Graphene is currently attracting massive worldwide interest for its potential to be the foundation of a
new generation of nanoscale electronic devices [1, 2]. This is owing to its remarkable properties that
include very high carrier mobilities [3] and large current carrying capabilities which could enable the
development of faster, less power-hungry devices, pushing the computer industry beyond what is
possible with conventional silicon-based CMOS technology. One route for graphene-based electronic
integration involves replacing the channel material in field-effect transistors with graphene, shaped into
nanoribbons to open up a band gap. Alternatively, quantum dot structures fabricated in graphene could
form the architecture for single electron transistor (SET) based electronics [4]. Both approaches require
the development of patterning technologies to enable accurate nanoscale fabrication of graphene
devices. Currently, the most established graphene device fabrication technique uses electron-beam
lithography to pattern resist deposited on top of the graphene, followed by oxygen plasma etching [5,6].
However, the size of the patterns this process is capable of producing is limited by underetching of the
resist. Recently, a new patterning technique based on direct milling of graphene using a focused beam
of helium ions generated in a helium ion microscope (HIM) has emerged [7,8].
Helium ion microscopy (HIM) is a new surface imaging technique that involves scanning a focused
beam of helium ions across a surface to generate an image from the resulting secondary electron (SE)
emission, in a similar way to scanning electron microscopy (SEM) [9,10]. An atomically sharp and
extremely bright source, combined with the larger momentum (and so smaller de Broglie wavelength) of
helium ions compared to electrons, enables a sub-nanometer probe size at the sample surface and so
high resolution imaging. Researchers have demonstrated that the tool can also be used to selectively
sputter graphene to create intricate nanoscale designs, offering the potential of resist-free patterning of
graphene on a finer scale compared to other techniques [11,12].
Patterning of graphene in a HIM involves firstly locating a suitable area on a graphene flake by imaging
at a low magnification. The magnification is then increased and control is switched to a pattern
generator to scan the beam in the required pattern. It is known that low energy ionic bombardment can
cause damage to the graphene lattice [13] so it is important to establish whether HIM imaging to locate
a suitable area for patterning can be carried out whilst avoiding damage to the graphene to the extent
that the electronic properties are degraded.
Here we present Raman spectroscopy results of a graphene flake before and after exposure to the
helium ion beam in a HIM at various ion doses. Damage to the graphene lattice manifests in a Raman
-1

peak at around 1350 cm and the ratio of this D peak to the G peak, present in pristine and damaged
graphene at around 1605 cm

-1

provides a measure of the extent to which the lattice is damaged. An

area of a pristine graphene flake is imaged in the HIM at a field of view (FOV) of 50 µm for 1 min giving
a total dose of 1.59×10

13

2

ions/cm . The FOV is reduced (magnification increased) and the exposure is

repeated, resulting in overlaid areas exposed to increasing He ion doses (Figure 1 (a)). We then define
a grid of pixels overlaying the exposed flake (b), and collect Raman spectra from each pixel, allowing
the mapping of the D and G peak intensities (c). The average D to G ratios can then be plotted as a
function He ion dose (d).
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We will use this data to quantify the disorder induced in graphene through He ion bombardment which
will enable an assessment of the extent to which imaging in the HIM can damage graphene and lead to
guidelines on maximum ion doses to avoid substantial damage to graphene devices.
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Figure . 1 (a) HIM image of exposed graphene monolayer, (b) overlay of Raman mapping grid and exposure areas,
(c) Raman mapping of a region of graphene monolayer showing how the intensity of the D peak at 1353 cm-1
varies after exposure to the helium beam, (d) D to G peak intensity versus dose for exposure of graphene
monolayer to 30 kV He ion beam, inset shows Raman spectrum for area exposed at a FOV of 5 µm.
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Graphene oxides from graphites of different crystalinity
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In the last few years much attention has been devoted to the synthesis of graphenes by different
methods (1, 2), and especially to the study oh the electrical behavior of graphene with a view to its
potential applications. Graphenes, graphene oxides (GO) and chemically modified graphenes (CMG) or
partially reduced graphene oxides (GO-r) are promising materials that offer a wide range of users.
The preparation of graphene by chemical methods offers the possibility of producing high volumes of
this product and also of obtaining graphene of different characteristics, depending on the parent
graphite and the method used for the oxidation, and the final reduction of graphene oxide to graphene.
Moreover, the defects originated during oxidation and/or chemical reduction processes yield a material
with a structure in need of further chemical modification.
Despite the huge number of papers published about graphene, there is little information concerning
the effect of the graphite precursor used (3). It is generally accepted that there is a need for more
experimental work on the properties of isolated carbon crystallites, because polymeric carbons contain
a blend of graphite crystalline structures of various sizes, amorphous phases, and high defect
populations and, hence, the properties measured represent the global properties of all the constituents
taken together.
The objective of this paper is to study the effect of the crystallinity of parent graphite on the reactivity
of the material under the oxidation conditions required for graphene oxides preparation by using
graphites of a rather different homogeneous crystalinity (G1- flow domains-, GC – mosaic - and G2 –
fine mosaics-) with an increased amount of defects (Figure 1). Microscopy in its different forms (OM,
SEM, TEM, AFM) and spectroscopy (Raman, XPS) are the main tools used for the characterization of
the graphene oxides and partially reduced graphene oxides.
Graphene oxides were prepared from synthetic graphites by Hummer’s method (4), with some
modifications. Ultrasonication in water was used to separate the individual graphene oxide sheets. The
three oxides are highly hydrophilic, showing good dispersion in water where they remain for along the
time of the experiment (Figure 2). According to the XPS results, oxygen is mainly in the form of epoxi
groups in the three oxides, with a slightly lower amount in the case of GO-C, which has a larger quantity
of hydroxyls and carboxylic functionalities. This is the first indication of the different chemical reactivity
of graphites in oxidation conditions. The reduction of the three oxides was performed with hydrazine, as
the main feature of the end being that the partially reduced graphene oxide obtained from GO-1 was
highly hydrophobic with a greater tendency to associate while those from GO-2 and GO-C showed a
good dispersion in water. Under the same conditions the reduction was more effective in GO-1, yielding
a partially reduced oxide (GO-1-r) with a C/O ratio of 11 while in the other two the ratio was about 5.
Hydroxyl groups were dominant, ranging from 22 % in GO-1-r to 28-29 % in GO-2-r and GO-C-r.
Raman spectroscopy results point to the same findings, GO-1 showing a lower ID/IG band with a value
of 0.89, whereas GO-2 and GO-C show values of ID/IG, 0.91 and 0.92, respectively. This indicates a
larger presence of defects in GO-2, which was obtained from the graphite of lower crystallinity.
SEM was not the best technique for observing the samples but it was of extraordinary help in
determining the effectiveness of the cleaning step for removing products from the oxidation reaction and
unreacted samples, as these were used in excess. For the same reason and maybe because of the
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more extended functionalization, GO-2 was the most difficult to clean, requiring additional washing and
ultracentrifugation steps.
In general terms, images obtained by TEM show a wrinkled paper-like structure (Figure 2b) of
monolayers and no appreciable differences between the different oxides and partially reduced ones
were observed.
AFM characterization confirms the greates presence of monolayers or single sheets in the three
oxides. Sheets size distribution was determined, as a certain tendency to lateral association was
observed in GO-2r. These results demonstrate that control of the characteristics of the parent graphite
made it possible to control the characteristics of the GOs and therefore, of the GO-rs.
References
[1] Sungjin Park and Rodney S. Ruoff, Nature Nanotechnology, 4 (2009) 217-224.
[2] Yanwu Zhu, Shanthi Murali, Weiwei Cai, Xuesong Li, Ji Won Suk, Jeffrey R. Potts, Rodney S. Ruoff,
Advanced Materials, 22 (2010) 3906-3924.
[3] Zhong-Shuai Wu, Wencai Ren, Libo Gao, Bilu Liu, Chuanbin Jiang, Hui-Ming Cheng, Carbon, 47
(2009) 493-499.
[4] W. Hummers, R. Offermen, Journal American Chemistry Society, 80 (1958) 1339.
Aknowledgements: The authors thank Ministry of Science and Innovation (CONSOLIDER CSD200900500, and Ramon y Cajal program) and FICYT (postgraduate grant) for financial support.
Figures
5000

GC
G1
G2

Raman Intensity (cps)

4500
4000
3500
3000
2500
2000

GO-C

GO-1

GO-2

1500
1000
500
0
750

1250

1750

2250

2750

3250

3750

Raman Shift (cm-1)

Figure 2: Image of stable dispersions of graphene oxides.

Figure 1: Raman spectra of graphite G1, GC and G2.

a

20 nm
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One-dimensional extended lines of defects from di-vacancies in graphene
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Graphene is interesting both as an exceptional system for the study of new quantum phenomena, and
as novel material for exciting applications. In particular, the outstanding electronic properties of
graphene make it a promising material for the future of nanoelectronics. However, graphene cannot be
integrated as a building block for pure carbon-based transistor devices due to the lack of a good ION/IOFF
ratio associated to the absence of a gap. Since the outstanding transport properties of graphene
originate from its specific structure, modification at the atomic level of the graphene lattice is needed in
order to impact its electronic properties. Thus, topological defects, defined as the introduction of nonhexagonal rings in the carbon lattice preserving the connectivity of the network, play a very important
role on graphene and related nanostructures. Indeed, recent experimental observations show that
arrays of topological defects exist at the boundary between two domains of graphene grown with
different orientations [1]. Such arrays of defects have been studied and are found to have interesting
electronic properties [2,3]. However, formation of such lines of defects is difficult to control because it
depends on the kinetics at the growth of graphene.

In this work we explore various architectures of extended lines of defects that could arise from the
reconstruction of di-vacancies in graphene (Fig.1). Different approaches have been successful for the
controlled introduction of single vacancies in graphene under a transmission electron microscope or via
scanning tunneling lithography. Furthermore, single vacancies are very mobile, and tend to form divacancies, which are more stable and tend to be reconstructed with topological defects. Using a firstprinciples approach, we study the electronic and quantum transport properties of extended lines of
defects that could arise from the reconstruction of di-vacancies. In addition, we present simulated STM
images in order to help the identification of these systems experimentally. In particular, we find that
some of these systems exhibit conduction channels and localized states which could enhance the
chemical reactivity of graphene [4]. Therefore, these extended lines of defects open the possibility of
arranging molecules or atoms in a linear fashion, thus behaving as a 1D template.
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Figures

Figure 1. Molecular model of the formation of extended lines of defects in graphene from the reconstruction of
divacancies

50

Electron transport and spin in graphene
Jan Bundesmann1, Michael Wimmer2, Klaus Richter1
1

Institut für theoretische Physik, Universität Regensburg, Germany
2
Instituut Lorentz, TU Leiden, The Netherlands
jan.bundesmann@physik.uni-regensburg

The weak atomic spin-orbit interaction (SOI) in graphene leads to the assumption of large spin
relaxation times. Simulations, taking into account spin-scattering from charged impurities in the
substrate, yielded spin relaxation times [1] much larger than spin injection experiments in graphene
[2,3].
Still assuming that the model of spins scattered at charged impurities is correct, we implemented a
tight-binding model for graphene in the presence of SOI.
In our work the focus lies on the effects of SOI on electron transport (i.e. low energy excitations and
the role of symmetry classes manifested, e.g., in weak localization) as well as its influence on spin
transport in the diffusive regime.
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In addition to being a true 2D material composed of a single sheet of carbon atoms in a hexagonal
crystal structure, graphene shows numerous exotic features. Ranging from extraordinary mechanical
properties and thermal transport to an unusual optical response and charge carriers behaving like
massless Dirac fermions giving rise to ballistic transport over hundreds of nanometers and half-integer
quantum hall effect[1] and Klein-tunneling[2] at room temperature, the special properties of graphene
continue to draw vast amounts of interest.
Because of graphene’s extremely high carrier mobility and the promise of devices with the thinnest
possible conducting channels one of the most promising applications is in high speed radiofrequency
electronics[3] forecasted to operate in the terahertz(THz) frequency region[4]. Graphene is also
anticipated to facilitate THz sources and detectors due to its small and widely tunable bandgap[5]. In
particular several proposals of solid state THz lasers based on graphene as the active medium have
been made[6,7,8], as well as proposals of graphene photodetectors[9,10] for the THz region. Despite
many applications and the obvious relevance of the electrodynamic and optical response in the THz
region only a few experimental THz spectroscopy studies[11,12,13] exist, most of them limited to
bandwidths from about 0.1 to 3 THz.
In initial experiments we investigate the terahertz response of graphene using time domain
spectroscopy. Ultra broadband THz pulses are generated and detected in a laser induced plasma in air
(time and frequency representation of the pulses are shown in figures (a) and (b) ).
CVD grown graphene films (microscope image shown in figure (c) ) and graphene films produced by the
Langmuir-Blodgett method from reduced graphene oxide flakes(microscope image shown in figure (d) )
are investigated and compared. We report on the recent results of these ultra broadband THz
experiments exploring the linear and nonlinear response of single- and few- layer graphene using the
air-plasma source.
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Figures

(a)

(b)

(c)

(d)

Figure (a) shows the time representation of an ultra broadband THz pulse generated and detected in laser induced
plasma in air.
Figure (b) shows the frequency representation of an ultra broadband THz pulse generated and detected in laser
induced plasma in air.The shown pulse has a bandwidth of ~30 THz and a peak dynamic ratio of ~100
Figure (c) shows an optical microscope image of few layer CVD graphene transferred to a 90 nm SiO2 on Si
substrate. The graphene film was originally grown on copper foil.
Figure (d) shows an optical microscope image of a continuous film made up of graphene flakes, produced by the
Langmuir-Blodgett technique.
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Summary
The development of miniaturised systems for detection of disease biomarkers, at clinically relevant
concentrations in biological samples, is key in the early diagnosis and monitoring of diseases. This poster
presents the development of novel antibody functionalized epitaxial graphene devices for bio-sensing
applications. Epitaxial graphene has been grown on silicon carbide (SiC) substrates under high vacuum
and high temperature conditions (1200 – 1700°C). A generic electrochemical surface functionalisation
chemistry, which can be used to attach a variety of “bio-receptors” to graphitic surfaces, has been
developed. The attached bio-receptors are capable of specific and selective interaction with disease
biomarkers. When a target biomarker molecule interacts with the “bio-receptor” functionalised surface, the
charge density at that surface is affected. This change can be detected as an electrical signal from the
biosensor, enabling highly sensitive detection of biomarker analytes.
Motivation
“Bio-chip” sensors, developed using semiconductor devices will enable detection of biomarkers at ultralow concentrations for early diagnosis and monitoring of diseases. This poster presents novel epitaxial
graphene-based devices for bio-sensing applications. Silicon Carbide (SiC) has recently been discovered
to be a suitable substrate for graphene growth [1, 13, 2]. During annealing at temperatures of between
1100ºC and 1700ºC the SiC surface reconstructs itself, with silicon atoms subliming and leaving behind a
layer, or multiple layers, of epitaxial graphene [3]. Epitaxial graphene‟s superb electronic properties (high
carrier mobilities), and reported biocompatibility [4], and substrate-inferred processability make it ideal for
fabrication of nano-scale electronics and sensors. The biosensors work on the principle of a target
disease biomarker, binding with a “bio-receptor” attached to the graphene surface, yielding a change in
the surface charge density. This change can be detected as an electrical signal from the biosensor
device. The device itself consists of a conductive graphene channel – functionalised with the
“bioreceptor”. Graphene nano-channel sensors have the potential for much greater sensitivity to
biomarkers than traditional bioassays because of their high signal-to-noise ratios (S:N).
Results
This poster presents the growth of multi-layer epitaxial graphene (MEG) on silicon carbide substrates
(Fig. 1) and the electrochemical functionalisation of MEG layers with monoclonal antibody bio-receptors.
A novel electrochemical method for attachment of antibodies to epitaxial graphene/SiC surfaces using
chemical functionalisation of graphene with nitro groups and subsequent reduction to an amine has been
monitored using X-ray Photoelectron Spectroscopy (XPS) (Fig. 2). The amino (NH2) group has been used
to bind a fluorescently labeled antibody, in the first known bio-functionalisation of epitaxial graphene on
SiC. Strong fluorescence from the quantum dot labeled antibody, bound to the graphene substrate, was
detected, indicating good surface attachment (Fig. 3). A control sample , not functionalised with an amine
group, showed no fluorescence and thus no binding. Following epitaxial graphene growth, micro and
nanochannel graphene devices have been fabricated (Fig 4 and Fig. 5). The results from a specific
sensor, fabricated by functionalising a graphene nanochannel surface with an antibody bioreceptor,
indicative of oxidative stress and prostate cancer risk, will be presented.
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Figures
Non-functionalised epitaxial Graphene.

Epitaxial Graphene selectively
functionalized with a Quantumdot labeled antibody.
Fig. 1: SEM image of epitaxial graphene
grown on a silicon carbide substrate.

Fig. 2: Laser scanning confocal micrograph of epitaxial
Graphene selectively functionalized with a Quantum-dot
labeled antibody.
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Fig. 3: XPS spectrum of nitrobenzene functionalized graphene surface. Inset: N 1s peak,
conversion of nitro to amino group upon subsequent electrochemical reduction to aniline.

Fig. 4: (a) Schematic of graphene devices and (b)SEM
image of epitaxial graphene microchannel device.
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Simulations of the Reduction of Graphene Oxide Suspensions by Hydrazine
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Simulations of the interaction of hydrazine with graphene oxide have been carried out to understand
recent experiments of the reduction of graphene oxide by hydrazine [1]. According to chemical analysis,
hydrazine-reduced graphene oxide still contains a certain amount of oxygen functionalities that cannot
be removed. Even in the most reduced materials the O/C atomic ratio, 0.08, indicates the presence of a
significant amount of residual oxygen. Previous reports on graphene oxide reduction by hydrazine also
support the idea that chemical reduction has an intrinsic limit, which is not well understood. A possible
explanation of the residual oxygen is the presence of oxygen functionalities in graphene oxide, before
the reduction processes, that can not be removed by hydrazine.
We have done DFT calculations of the interaction of hydrazine with several isolated oxygen
functionalities on a graphene layer, namely epoxy and hydroxyl groups and a carbonyl pair inside a
graphene layer. The results of the calculations indicate that hydrazine could reduce the epoxy groups to
hydroxyls and the hydroxyl groups can be reduced to water, which is eliminated from the graphene. In
contrast, hydrazine is not able to reduce the carbonyls to form C-O-H groups. We have also done DFT
calculations of the interaction of hydrazine with epoxy and hydroxyl groups on a coronene. The results
on the coronene differ from those on graphene. This indicates that a finite portion of graphene, the
coronene, is not a good model to represent the whole graphene oxide layer, and therefore results on
coronenes have to be taken with caution. In summary, our results indicate that a pair of neighbour
carbonyls could explain the residual oxygen found experimentally in reduced graphene oxide.
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Hydrazine interacting with an internal pair of carbonyls on graphene
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Its remarkable properties make graphene attractive for use in nanoscale devices . However, graphene
is semimetallic and thus not directly suitable for most electronic or optoelectronic devices, which require
a semiconductor with a specific, finite bandgap. This can be overcome by structuring graphene on the
2

nanometer scale, which opens a bandgap suitable for room-temperature applications . Experimentally,
nanostructured graphene and graphene-related materials are accessible via lithographic techniques or
chemical treatment, but both methods are limited with respect to their ultimate resolution and precision.
In this presentation, I will review our recent attempts to overcome these limitations by a bottom-up
strategy

allowing

for

the

atomically

precise

fabrication

of

graphene-related

3-7

materials .

Our surface-chemical method involves the deposition of suitably designed halogen-functionalized
molecular precursors onto single crystal metal surfaces under ultrahigh vacuum conditions, and relies
on three basic steps: (i) surface-catalyzed dehalogenation during adsorption of the precursor
monomers, (ii) polymer formation by covalent interlinking of the dehalogenated intermediates, and (iii)
establishement of fully aromatic
experimental methods

such as

-systems by thermally induced cyclodehydrogenation. Using
scanning tunneling microscopy, Raman

and

photoelectron

spectroscopies, which are complemented by density functional theory calculations, we have studied
these elementary steps and the resulting graphene-related materials. It will be shown that under
suitable conditions the surface-chemical route allows for the fabrication of surface-supported porous
graphene or graphene nanoribbons with atomic accuracy. Finally, critical issues such as the balance
between mobility and reactivity of the dehalogenated intermediates and the extension of the approach
to technologically relevant substrates will be addressed.
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Assembly of semiconductor nanoparticles, such as quantum dots (QDs), on matrices has been
extensively studied for their promising optoelectronic applications [1-7]. To enhance the photocurrent
generated by these semiconductor-matrices systems, it is essential to retard the recombination of
electron-hole species in the semiconductors by molecular electron-relay semiconductor structures or
efficient electron-transport matrices, such as the conductive polymer films or carbon nanotubes (CNT)
[3-7]. The superior electrical conductivity and flexible atom-thin two-dimensional feature of graphene
would make it an excellent electron-transport matrix. Herein, we report the synthesis of graphenequantum dots (G-QD) nanocomposite directly from graphene oxide by a facile one-step reaction.
Comparing with CNT, the large 2D flexible atom-thin layer of graphene makes it easier to control the
distribution of CdS on graphene sheet and to fabricate future optoelectronic devices.
Currently, the yield of single-layer graphene sheets from various mass production methods is quite low,
and the major product is usually multiple-layer graphene sheets. An even more serious problem is that
single-layer sheets of graphene are not stable in solution and tend to aggregate back to graphite
gradually. We developed a one-step method to synthesize G-QD directly from graphene oxide (GO) in
dimethyl sulfoxide (DMSO), as illustrated in Figure 1. This approach overcomes the above two problems
by synthesizing G-CdS directly from GO in a facile one-pot reaction, where the reduction of GO and the
deposition of CdS on graphene occur simultaneously, as evidenced by XPS, FTIR, and Raman
measurements.[8] The reduction of GO mainly due to thermal reduction at high reaction temperature
o
(180 C). In addition to the advantage of simplicity and low cost, the high stability of the single-layer GO
in solution guarantees the formation of single-layer graphene sheets in the final nanocomposite, hence
they possess better structural and optoelectronic properties. Once the reaction was complete, CdSdecoration helps to prevent not only the aggregation of the single-layer graphene sheets, but also the
aggregation of CdS QDs. In fact, our G-CdS composite can be stored in the solid state, and the solid
product can be re-suspended in different solvents by sonication. The stability of the G-CdS composite
against sonication demonstrates the strong binding between the CdS QDs and the graphene sheets. It
is also worth mentioning that the CdS QDs are directly decorated on the graphene sheets, and no
molecular linkers are needed to bridge the QDs and the graphene matrices. A picoseconds ultrafast
electron transfer process from the excited CdS to the graphene sheet has been detected by timeresolved fluorescence spectroscopy, which demonstrates the potential optoelectronic application of this
new type of graphene-based semiconductor hybrid system.[8]
Using similar approach, single-layer G-ZnS nanocomposite material has also been prepared from GO.
Since the reaction temperature for GO-ZnS nanocomposite is too low to reduce GO to G, an additional
reduction step is necessary. This two-step approach might be more popular for the production of
graphene-based nanocomposites with varies reaction conditions. The key to this approach is that the
deposition step is prior to the reduction step to guarantee single-layer of graphene sheets in the final
products.
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Figures

Fig.1 Scheme of the one-step synthesis of G-CdS nanocomposite.

Fig.2 TEM images of Graphene-CdS nanocomposite.

Fig.2 TEM images of Graphene-ZnS nanocomposite.
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Graphene mechanical resonators: Direct electrical readout and magnetometry
Changyao Chen, Vikram V. Deshpande, Philip Kim, James Hone
Columbia University, New York, USA
cc2759@columbia.edu
Radio Frequency (RF) nanoelectromechanical systems (NEMSs) are not only widely adapted in
practical applications [1], but also powerful tools for exploring fundamental science [2]. Due to its
tremendous mechanical strength and outstanding electrical properties, graphene makes a strong
candidate for NEMS. Here we demonstrated direct actuation and detection of ultra-clean graphene
mechanical resonators, and use them as magnetometer to detect their own magnetization in quantum
hall regime.

Recent efforts have realized graphene mechanical resonator with optical interferometry [3] or electrical
mixing technique [4], however, neither of these methods is convenient for fast readout and circuit
integration. To overcome these drawbacks, we replaced the usual back gate geometry with local gate
structure, hence minimizing parasitic capacitance in electrical measurement circuit to enable efficient
RF signal transduction [5]. Moreover, by prepared wafers with pre-patterned trenches and electrodes,
then deposited graphene by mechanical exfoliation, we approach the clean limit of sample fabrication,
allowing us to study the intrinsic properties of graphene.

Figure 1 shows a false-color Scanning Electron Microscopy image of a typical graphene mechanical
resonator and measurement scheme. A vector network analyzer (Agilent E5062A) was employed to
achieve broadband signal processing, increasing data acquisition speed by two orders of magnitude
compared to the mixing method. Figure 2 shows tunable resonant frequencies at different applied local
gate voltage, Vg. At low temperatures (below 77K), most of devices showed quality factors, Q, larger
than 10,000. This is important for any sensitive detection application, such as magnetometer, as
described below.

Additionally, we have developed purely capacitive detection, which enables readout at zero sourcedrain bias and the absence of transconductance. This is crucial for low temperature experiments such
as in quantum hall regime.

JK

With the presence of applied magnetic field B , there will a

JK

sample, where

μ

JK JK
μ × B torque exerted on the graphene

is the magnetic moment of graphene. This torque changes energy equilibrium hence

the resonant frequency f . Performing this experiment in quantum hall regime, we observe saw-toothlike oscillation of f , which reveals de Haas-van Alphen effect of magnetization. Additionally, frequency
spikes showed up on the quantum hall plateaus. This technique provides a bulk measure of quantum
hall effect and may be used for probing interacting physics, for instance, in the various symmetry-broken
and fractional regime, all of which are accessible in these ultra-clean samples.
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Figures

Fig. 1

Fig. 2

Figure caption
Fig. 1. Schematic of measurement circuit. Inset, SEM image of graphene mechanical resonator, scale bar, 1 um.
Fig. 2. Resonant frequency as function of applied gate voltage, Vg.
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Quite recently, graphene, a conceptually new class of two-dimensional atomic crystal material, has attracted
increasing interest for its unique structure, various peculiar properties, and a wide range of promising potential
applications [1-2]. Efficient storage of hydrogen is not only an important issue of energy and environmental
urgencies, but also a great challenge for material science research. C. Ataca et al. [3] theoretically predicted that
Li atom covered graphene can serve as a high-capacity hydrogen storage medium with each decorated Li atom
absorbing up to four H2 molecules, amounting to a gravimetric density of 12.8 wt.%, hypothetically supposing
that both sides of each graphene sheets are available. However, a small hydrogen adsorption(< 0.4 wt.%) was
experimentally obtained for the pristine single-layer graphene sheets at cryogenic and room temperatures, and
the authors attributed this small hydrogen adsorption to the serious agglomerates of the graphene sheets and a
weak binding to hydrogen for pristine graphene sheets [4]. Therefore, besides keeping the grapheme separated,
it is required to create more effective hydrogen absorption sites for graphene in order to further improve their
hydrogen storage property.
Here we investigated the electrochemical hydrogen storage of graphene-based materials synthesized by two
different methods－thermal expansion/exfoliation of graphite oxide and sonication exfoliation of graphite oxide
followed by hydrazine reduction (Fig. 1). The thermal expansion derived graphene sheets show a higher
hydrogen storage capacity of 145 mAh g

−1

−1

than that of sonication derived graphene sheets (125 mAh g ) due to

the higher specific surface area. Further thermal reduction of the graphene samples leads to a decrease in the
storage capacity, indicating that the presence of oxygen functional groups is benefit for the hydrogen absorption
(Fig. 2). Moreover, we found that the electrocatalytic activity and hydrogen adsorption of the electrode of
graphene sheets can be improved by decorating nickel nanoparticles on their surface. The graphene/nickel
nanoparticle composite shows a capacity of 300 mAh g

−1

(Fig. 3). However, a poor charge/discharge cycle

performance is also observed, primarily due to the destruction of graphene-nickel interface structure and the
anodic oxidation of the metallic nickel nanoparticles during the cycling process. We proposed a strategy to
weaken the anodic oxidation of nickel particles and consequently improve the cycle performance of the
composite electrode by tuning the discharge cutoff potential.
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Fig. 1 – SEM images of (a) as-produced thermal expanded graphene sheets (TEGS); (b) graphene sheets
decorated with nickel nanoparticles; (c) as-produced chemical reduced graphene sheets (CRGS).

Fig. 2 – The initial charge-discharge curve of the electrode based on (a) as-produced thermal expanded
graphene sheets (TEGS); TEGS powder reduced in hydrogen atmosphere at 500 °C (b) and 800 °C (c); (d) asproduced chemical reduced graphene sheets (CRGS).

Fig. 3 – Charge–discharge curves of graphene-Ni electrodes at different cutoff potential: (a) 0 V vs. Hg/HgO and
(b) -0.4 V vs. Hg/HgO.
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Owing to its extremely high mobility (>100 m /Vs) and long expected spin relaxation time, graphene is a
promising material for making field-effect transistors and quantum computing devices such as spin
qubits. Double quantum dots have proved to be model systems for investigating the dynamics of single
electrons, and were recently used to measure the spin coherence time in a GaAs based double dot
1
device. In an effort to have equally exquisite access to the dynamics of Dirac quasiparticles in
graphene, we have fabricated a graphene double dot device and measured its transport properties at
low temperature. Our device consists of two plunger gates for tuning the energy levels in the quantum
dots, and three side gates to vary the inter-dot and the dot-lead tunnel barriers (Fig. 1.) At 100mK the
conductance of the device as a function of the energy levels in the dots exhibits the honeycomb
structure which is typical of a double dot device (Fig. 2.) From the dimensions of the honeycomb we
2
extract the capacitive coupling strength between dots and the gates , and examine how this evolves as
a function of magnetic field. We will discuss magnetic field dependent changes in the capacitance
coupling from the dot to the gate.
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Fig. 1: The AFM image of graphene double
quantum dot device that is measured in this
work.

Fig. 2: Current as a function of plunger gate voltages V PG1
and VPG2 at Vbias=-1mV. △ VPG1 and △ VPG2 are used to
determine the dimension of the honeycomb.
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A Graphene-based Hybrid Structure as Flexible, Transparent Field Emitter
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Graphene is a two-dimensional (2-D) carbon material having unique band structure and outstanding
thermal, mechanical and electrical properties [1]. Since the ground-breaking research work of
Novoselov et al. in 2004 to propose a simple technique to produce graphene [2] and later through their
‘progress article’ on the development of this novel 2-D material [3], graphene has received lot of
attraction as the most important material for future electronic devices. It is well known that graphene has
high mechanical strength (Young’s modulus ~1.0 TPa) with flexibility, high transmittance (~97.5%) and
2
high electron mobility (~15,000 cm /V.cm). Some of the potential applications of graphene are sensors,
transistors, super-capacitors, solar cells, flexible displays etc. One of the future exciting applications is
in developing transparent, flexible electrodes. A hybrid of carbon nanotubes over graphene can be
considered as an ideal structure for application as flexible and transparent field emission displays.
These flexible and transparent displays could have wide application ranges - flexible head-up displays,
foldable electronics, lightning tiles etc.
We present here our recent research efforts in developing an all-graphene based cathode and anode
structures for flexible and transparent field emission device. Graphene film was grown onto thin Cu foil
by thermal chemical vapor deposition and later transferred to a transparent, flexible polymer (PET)
substrate through hot press lamination [4]. This transparent and flexible electrode was first used as the
anode of a field emission device, in which an interface-controlled multiwall carbon nanotube (MWCNT)
structure grown on copper substrate [5] was used as the cathode. This device showed the applicability
of graphene-based electrode as a part of field emission devices.
In a further development to this work, we aimed to develop a fully flexible and transparent field emission
device, based on graphene. Cathode of this field emission device was developed by spin-coating
multiwall carbon nanotubes (MWCNT) onto graphene-PET electrode, as mentioned earlier. A greenphosphor coated graphene-PET film was used as the anode. The device was characterized to
understand the field emission response of this graphene-based hybrid field emission device and it
offered appreciable emission current. Straight line nature of the Fowler-Nordheim plots guarantee that
the electron emission is through tunneling of electrons across the energy barrier. The device also
showed good transparency and flexibility [6], which was promising for its application in future flexible
and transparent electronic gadgets. The device was also tested for stability of its emission
characteristics for 10 hours and has shown appreciable performance. Processing techniques followed to
manufacture this novel filed emitter can easily be scaled-up and be tailored for any transparent and
flexible substrate. Our results offer exciting applications of graphene in foldable electronics.
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Figure caption
(a) Photos of graphene grown on thin Cu foil, (b) transparency of the graphene film, after transferring onto a PET
substrate, (c) TEM image of the MWCNTs embedded on the graphene electrode, (d) field emission response of the
graphene-based hybrid field emitter device, (e) graphene transferred to transparent polymer substrate, (f) flexibility
of the electrode is demonstrated and (g) schematic of the field emitter device.
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Controlling Energy Gap of Bilayer Graphene by Strain
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Using the first principles calculations, we show that mechanically tunable electronic energy gap is
realizable in bilayer graphene if different homogeneous strains are applied to the two layers. It is shown
that the size of the energy gap can be simply controlled by adjusting the strength and direction of these
strains. We also show that the effect originates from the occurrence of strain-induced pseudoscalar
potentials in graphene. When homogeneous strains with different strengths are applied to each layer of
bilayer graphene, transverse electric fields across the two layers can be generated without any external
electronic sources, thereby opening an energy gap. The results demonstrate a simple mechanical
method of realizing pseudoelectromagnetism in graphene and suggest a maneuverable approach to
fabrication of electromechanical devices based on bilayer graphene.
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Graphene on Ru(0001): a combined STM, NC-AFM and FM-KPFM study
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The possibility of producing single layers of graphene has opened a fascinating new world of
physical phenomena in two dimensions and a new route towards all-carbon electronics.
Graphene grown on metallic substrates could be important as a source for free-standing
graphene samples after dissolving the metallic substrate but it is also of utmost importance
from a fundamental point of view. The bonding interaction of the graphene monolayer and the
modification of its electronic structure strongly depend on the metallic substrate [1].
In our study graphene was grown by chemical vapor deposition of ethylene on Ru(0001) at
elevated temperatures. Recently, we succeeded in monitoring different growth mechanisms of
graphene on Ru(0001) by high temperature scanning tunneling microscopy (STM) [2].
To further elucidate the properties of this fascinating material, complementary studies of the
electronic and geometrical structure of graphene using STM, noncontact atomic force
microscopy (NC-AFM) (see Fig. 1), and frequency-modulation Kelvin probe force
microscopy (FM-KPFM) (see Fig. 2) were applied. Combined experiments were carried out
with a commercial SPM 150 Aarhus equipped with the piezoelectric KolibriSensor [3] in
ultra-high vacuum. The sensor enables simultaneous STM and NC-AFM experiments [3]
beneficial for the study of graphene on Ru(0001).

Figure 1: Large scale topographic NC-AFM
image of graphene on Ru(0001) at room
temperature. The graphene monolayer shows
the characteristic buckling resulting in a
hexagonal reconstruction.

Figure 2: FM-KPFM image of
graphene on Ru(0001). Bright areas
in the contact potential map UCPD
correspond to the metal substrate.
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Roll-to-roll, large-area production of flexible transparent metallic and semiconducting thin films is
becoming increasingly important in opto-electronic devices. Discrete carbon nanostructured materials,
such as carbon nanotube (CNT) and graphene based thin films, offer a potential alternative to the rigid
and increasingly expensive industry standard material; indium tin oxide.
In this study, hot-press lamination (HPL) was used to transfer graphene films, synthesised by thermal
chemical-vapour-deposition, from their source Cu foil substrates onto polycarbonate (PC) supports (Fig.
2

1 (a-d)). [1, 2]. Areas in excess of 30 cm have been achieved with typical sheet resistances of ~3 kΩ/□.
Multi-Walled carbon nanotube (MWNT) forests (Fig. 2(g)) were also synthesised in the same reactor,
and were aligned and suspended across metallic contacts via an extruding technique [3, 4] (Fig. 2 (a-f)).
The HPL-graphene films showed a nominal optical transmittance of 77% (81% substrate transmittance,
Fig. 1(f)), and 76% for the freestanding S-MWNT films (Fig.2(h)), comparable values to that achieved
through matured ITO processing. Macroscopic investigations into the mechanical robustness of these
films showed maximum tensile strains of 35% and >140% for the HPL-graphene and S-MWNTs,
respectively; values significantly higher than that of state-of-the-art PC/ITO (1.15%). These
exceptionally high strains are attributed to the combined effects of intra-flake/CNT expansion and interflake/CNT separation, where this second contribution is significantly enhanced in CNT-based thin2

films. The HPL graphene flakes have an exposed area of the order of 400 µm (Fig. 1(e)).
Low temperature I-V measurements were undertaken to compare the underlying conduction
mechanisms in these discrete nanostructured carbon films. Back and top-gated thin film transistors
were also fabricated based on a Si/SiO2 support using a S-MWNT channel and parylene-C dielectric on
PC support with a HPL-graphene channel. Al, Pd and Mo source-drain contacts were deposited in each
case to investigate the generality of the Schottky barrier postulate, previously identified to explicate the
observed electric-field gating effect in SWNTs [5]. Here it was found that the work function of
source/drain contact metals played a key role in determining the p-type, n-type or ambipolar behaviour
observed.
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Figures
FIG.
1.
Hot-pressed
laminated
graphene
fabrication. (a) Laminating
of graphene (synthesized
on 12.5 µm Cu foil) at 120
o
C on polycarbonate (PC)
support. (b) Removal of
underside PC laminate.
(c) Cu etching using 22.5
(d)
%
wt.
FeCl3.
Remaining
graphene
coated
PC
substrate.
Inset: Optical image of a
4.5 x 7.0 cm graphene/PC
sample.
(e)
Typical
histogram of the exposed
flake
area.
Normal
distribution fitted (Mean
flake area of 400 µm, std.
2
1498 µm ). (f) UV-Vis
transmission spectrum for
competing
technologies
(PEDOT/PSS:IPA,
ITO),
the bare PC substrate and
the graphene/PC platform
showing a uniform optical transparency of 77%. (g) Raman spectrum of CVD synthesized graphene
transferred to Si/SiO2 (300 nm).

FIG. 2. (a-f) Suspended MWNT array fabrication process. (g) Typical sample Raman Spectrum. (h) UVVis spectrum showing uniform optical transmittance.
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Simple and scalable route for the ‘bottom-up’ synthesis of few-layer graphene platelets and thin
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Graphene has generated much interest owing to its exceptional electronic properties and high
mechanical strength. This has enabled new types of electronic devices and composite materials to be
envisaged. The main problem is the availability of the material and the difficulties associated with its
synthesis. Here we present a simple, convenient and scalable chemical vapour deposition method
involving metal alkoxides in ethanol to produce few-layer graphene platelets. The methodology used
has the added flexibility in that it can be used to grow conducting transparent thin films on inert
substrates such as silicon wafer and quartz glass. Importantly, no heavy metal catalysts were required
to produce the few-layer graphene platelets or graphene films and all non-carbon by-products are
soluble in water.

Figures

TappingMode AFM height image (3 µm × 3 µm, scale bar 500 nm) of a graphene sheet deposited from an ethanol
solution onto a freshly cleaved mica surface. The height profile, following the white line on the image, shows the
height of the graphene sheet to be ca. 1.4 nm which is equal to approximately 4 layers.

SEM image of graphene platelets stacked on top of one another, scale bar 1 µm.
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Probing the potential landscape of a graphene bilayer in the quantum Hall regime
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Owing to their high mobility and electric field tuneable bandgap, micron-sized sheets of bilayer
graphene are emerging as a serious alternative to nanoscale ribbons as the channel material of a
graphene field-effect device [1]. While the performance of such bilayer devices potentially competes
with that of conventional semiconductors, the “on/off” conductance ratio currently falls short of
expectations, probably due to large fluctuations in the local electrostatic potential created by charged
impurites [2]. To determine the precise nature of these potential fluctuations, we use the charged tip of a
scanning probe microscope to locally perturb the potential landscape in an exfoliated bilayer while
measuring its bulk conductance. In a magnetic field we observe a rich texture of ≈ 100 nm “hotspots”
where the response to the tip is particularly pronounced. We analyse the evolution of these hotspots as
a function of magnetic field, back-gate, and tip voltage, and discuss their origin in terms of tip-enhanced
back- and forward-scattering from saddle points in the potential landscape [3].
References
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Figures

Fig.1. (a) Schematic of scanning gate microscopy on a graphene flake. The current I DS is recorded as a function of
tip position. (b Differential conductance surface of a graphene bilayer as a function of magnetic field and back-gate
voltage. Landau levels appearing at filling factors of 4 and 8 confirm that the flake is bilayer. (c) Conductance as a
function of magnetic field at B = 6 T. Black circle indicates the back-gate where the SGM image in (d) was captured.
(d) Electrostatic force and scanning gate micrograph of a bilayer flake. Dashed outlines indicate the edge of the
flake while solid outlines indicate the edge of the contacts.
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Grain coalescence and electronic properties of epitaxial graphene
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Epitaxial growth of graphene on SiC is a candidate system for the growth of graphene on a scale large enough
for technological applications [1]. Growth is achieved by annealing at temperatures above 1200C, causing Si
to evaporate from the SiC preferentially to C, with the resulting carbon-rich surface forms a graphitic layer, with
the structural and electronic properties extremely sensitive to annealing conditions. Crucially, in this system
both the supply of carbon and the conditions under which the graphene films coalesce are temperature
dependent and therefore closely coupled [2].
We present data from magnetotransport and low energy electron microscopy (LEEM)measurements for (0001)
4H SiC samples annealed under UHV at various temperatures, showing structural and electronic coherence
lengths which are in good agreement. The evolution of coherent electronic transport occurs for samples
annealed at higher temperatures as the size of individual graphene domains increases from the tens of nm to
micron scale under these conditions (shown in figure 1). Using a lower-temperature anneal followed by an
additional higher-temperature treatment, we show that the larger grain size is due to a coalescence
mechanism, as opposed to faster propagation of single grains. This suggests a means of partially decoupling
the carbon supply from the coalescence process: potentially important for integration with large-scale wafer
production.
Following lithographic patterning, magnetotransport (MR) data have been taken at various cryogenic
temperatures and can be fitted to weak localisation (WL) or weak anti-localisation (WAL) models [3, 4],
allowing the various electron scattering rates to be ascertained. Following these fitting procedures, subtraction
of the fits from the measured data allows less dominant contributions to magnetotransport to be discerned. For
less ordered samples, it is necessary to include an electron-electron interaction term to fit successfully to lowtemperature MR data, while the temperatures at which this becomes necessary agree with a deviation from
linear temperature dependence of the scattering rate τφ.
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Figure 1

LEEM images of samples annealed under UHV with varying conditions. Field of view in each case is 10 μm.
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The grafting of chemical groups on the graphene surface strongly modifies the sp hybridization of
carbon atoms, thus inducing important modifications on electronic and transport properties, of which the
most important is a metal-insulator transition. Possible applications range from carrier mobility
engineering to innovative nanolithography techniques. In this context, graphene functionalization has
attracted much attention thanks to its reversibility and the possibility of controlling the adsorbate density.
However, most of the literature focuses on the functionalization of 2D graphene, without considering the
possible role of lateral confinement and edges in nanoribbons.
Here, we present a systematic study of electronic transport in nanoribbons functionalized with two
groups of different nature, i.e. epoxide and methyl, see fig.1. We consider ribbons of width W between 5
nm and 20 nm with adsorbate density n between 0.1% and 0.5%. The simulations are based on the
Keldysh-Green’s function formalism within the tight-binding framework, with Hamiltonians obtained from
accurate ab initio calculations [1,2]. The results are summarized by fig.2 and fig.3, which show the mean
free path le as a function of the electron energy E for armchair nanoribbons composed of 41, 83 and 125
dimer lines, corresponding to W=5 nm, 10 nm and 12.5 nm.
As seen from fig.2, methyl functionalization has an almost symmetric impact on the nanoribbon
transport properties, which are slightly more degraded for holes (E<0). This trend can be explained in
terms of the single defect renormalized Hamiltonian, which is approximately equivalent to that of a
vacancy. Conversely, epoxide defects asymmetrically affect le, which is markedly reduced for electrons
(E>0), see fig3. Again, this originates from the carbon hybridization degree, on whose account the
adsorbates are equivalent to divacancies for electrons and to coupled pentagonal rings for holes.
At low methyl density (n=0.1%), for the same number of active conduction modes, le decreases with the
width of the ribbon, see fig.2(a). For larger ribbons, the dependence of the mean free path on W
becomes weaker. Contrariwise, for epoxide functionalization, le increases as W increases, see fig.3(a).
On the electron side, the mean free path for W=12.5 nm is about 1.5 times that for W=10 nm. This
almost linear scaling might be related to the short mean free path (comparable to W), or to the graphene
sublattice symmetry preservation. For holes, le is almost independent of W. This suggests a more
pronounced electron-hole asymmetry in larger ribbons.
When varying the defect density, le roughly scales as 1/n for both types of defect if n<0.3%, see fig.2(b)
and fig.3(b). However, at higher epoxide densities, le scales faster than 1/n for holes, thus indicating
possible correlation effects or the rise of bound states.
In conclusion, epoxide and methyl defects have markedly different impact on nanoribbon transport
properties. The differences are consequence of carbon hybridization degree and graphene sublattice
symmetry breaking or preservation. The electron-hole asymmetry observed for epoxide functionalization
suggests applications in mobility gap engineering [3] with prospects for graphene-based logic devices.
The work has been performed under the HPC-EUROPA2 project (project number: 228398) with the
support of the European Commission - Capacities Area - Research Infrastructures.
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Figures

Figure 1: Methyl and epoxide groups on the surface of a graphene nanoribbon.

Figure 2: Mean free path for methyl functionalized armchair nanoribbons as a function of the electron energy for (a)
impurity density n=0.1% and different ribbon width between 5 nm and 12.5 nm (the energy refers to the 10 nm wide
ribbon and it is elsewhere rescaled to make the region with the same number of conduction modes coincide) and
(b) for width 10 nm and densities between 0.1% and 5%. Vertical lines indicate the activation of conduction modes.

Figure 3: The same as fig.2 but for epoxide functionalized armchair nanoribbons.
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We present an in-depth investigation of the interaction between various types of metal atoms
and defective graphene. Many of the current growth techniques for graphene produce material that is
defective. These defects change the properties of graphene [1], which is why their effects need to be
understood but also to take advantage of them in practical applications. Our graphene samples are
prepared from HOPG or natural graphite by micromechanical cleavage with regular scotch-tape, which
is then dissolved in acetone. The resulting suspension is dropped on standard TEM grids. These are
subsequently cleaned by annealing at high temperature (1000-2000°C) under high vacuum, in a
furnace. Metal nanoparticles are deposited on top of the sample during or after the annealing process.
After these preparation steps, the sample is transferred into the TEM using a special holder, which
allows for in-situ heating. We correlate our experimental observations with theoretical calculations to
obtain a complete image of the observed phenomena.
1. Structuring at the atomic scale with a focused electron beam. The experiments show the
possibility of creating sub-nanometer damage in graphene sheets, in a controlled manner, by electron
irradiation [2]. We operate our microscope in STEM mode, which focuses the electron beam in a spot of
about 1A in diameter. This is made possible by an aberration corrector fitted to the condenser lens
system. Placing the beam in a fixed position on the sample yields multiple vacancies whose size varies
between less than one and several nanometers and is controlled by the irradiation time. These evolve
differently as a function of sample temperature and of the presence of atoms nearby. At lower
temperatures, we find that these vacancies have a tendency to either close partially by the trapping of
mobile carbon atoms and restructuring of the edges, or remain open. At higher temperatures, these
vacancies anneal immediately by trapping atoms diffusing on the surface. We see this for carbon (given
for instance by surface contamination) or, more interestingly, for several types of metal atoms. Metal
atoms tend to replace carbon atoms in the lattice and lead to new structures which, provided the
temperature is lowered and the irradiation stops, are stable. The technique can be extended by
programming the beam control software of the microscope to create vacancies in the sample in a predefined pattern. Figure 1a shows a region of the graphene sample before irradiation. The large black
area in the upper part represents a Mo nanoparticle while smaller black dots throughout the image are
individual Mo atoms or small clusters. Figure 1b shows the same area after patterning. A triangular
arrangement of Mo clusters is visible below the particle. Subsequent imaging and analysis show that,
despite the temperature of 475°C and continued irradiation, some Mo atoms still remain trapped 40
minutes later.
2. Creation of vacancies on a larger area. The second set of experiments provides deeper
insight into the trapping of metal atoms by reconstructed defects and the diffusion of metal atoms on the
defective graphene surface [3]. We used W atoms, which provide good contrast in the electron
microscope because of their high atomic number, and we subjected the sample to uniform and constant
electron irradiation. We then acquired videos of the motion of these atoms on the graphitic surface. The
atoms did not move as expected – by a standard random walk between adjacent lattice positions – but
performed long-distance (1nm) jumps between certain lattice sites. Figure 2 shows the trajectory of an
atom during such an experiment. Furthermore, multiple back-and-forth jumping between two defective
sites appeared. At temperatures where this type of motion was observed (300-500°C), an interaction
energy of about 2 eV between the atom and the lattice site is necessary for the trapping/detrapping
behavior and the diffusion with a jump rate that matches the one we see in our experiment. The two
extreme cases would be an atom on a perfect surface, which would diffuse too fast for in-situ
observation (activation energy 0.5 eV) and an atom trapped in a single vacancy by replacing a carbon
atom, making the metal atom immobile (7 eV). By simulating how surface defects reconstruct at these
temperatures, we found that the most likely candidates for the structures that trap the W atom are
reconstructed 555-777 or 5555-6-7777 defects. These complex structures start as double vacancies
(created by the electron beam) and reconstruct at high temperatures. This scenario is further supported
by the experimental observation of smaller (0.2 nm) jumps while the atom is trapped at a defective site,
between two large jumps. These observations show a long-distance interaction between the metal atom
and the defect. We can hence identify the unusual motion of the metal atom as jumps between
reconstructed lattice defects in graphene.
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Figures

Figure1. Patterning of graphene by trapping Mo atoms at selected locations. The same sample area is shown
before (a) and after (b) the patterning with a triangular arrangement of dots. Sample temperature 475°C; patterning
time about 5 minutes.

Figure2. Trajectory of a W atom diffusing on a graphene surface. The atom is shown in each of its stable positions
on the lattice, marked by a white arrow (a-g); the total trajectory is represented in (h). Sample temperature 470°C;
experiment time about 30s.

86

Spin wave in zigzag graphene and the stability of the edge ferromagnetism
F. J. Culchac, A. Latgé and A. T. Costa
Instituto de Física, Universidade Niterói, RJ, Brazil
latge@if.uff.br
Graphene is being hailed as the big promise for nanoelectronics and spintronics. Its unique transport
properties are expected to play a fundamental role in the development of new technologies [1-3]. New
physics is also emerging from the interplay between low dimensionality, a bipartite lattice and electronelectron interaction. One of the most striking properties of graphene nanoribbons is the possibility of
spontaneous magnetization [4-6]. This, combined with the long spin-coherence times of electrons
propagating across graphene, indicates that this system is a strong candidate for future spintronics
applications.

The ground state properties of magnetic graphene nanoribbons have been extensively explored by a
variety of methods. Recent works have investigated the properties of static excited states based on
adiabatic approximations [7, 8]. This approach has been employed to describe the lowest-lying
excitations of magnetic metals with relative success. However, it is well known that it misses important
features of the excited states, such as its finite lifetime. This arises due to the coupling between spin
waves and Stoner excitations, a distinctive feature of itinerant magnets. Moreover, these recent
investigations of excited states seem to have disregarded the antiferromagnetic coupling between the
magnetizations on opposite edges of graphene nanoribbons. As we shall see, this leads to an incorrect
prediction concerning the wave vector dependence of low energy spin excitations. This has already
been demonstrated more than a decade ago in the seminal work by Wakabayashi et al. [9]. Those
authors used an itinerant model to describe the π electrons in graphene nanoribbons of various widths.
They showed clearly the presence of a linear term in the spin wave dispersion relation for small wave
vector.

One interesting feature of magnetic graphene nanoribbons is that the spins along each border are
ferromagnetically coupled to each other, but there is an antiferromagnetic exchange coupling between
the two opposite borders. This coupling is mediated by the conduction electrons, and decreases as the
ribbon width is increased Thus, it may appear, at first sight, that this antiferromagnetic. coupling should
be unimportant in wide ribbons. It has been shown, however, that this coupling is extremely long ranged
in graphene and other related materials [10-14]. Thus, even in rather wide nanoribbons this coupling
asserts itself, as we shall see.

We point out that spin wave lifetimes are very long due to the semi-conducting nature of the electrically
neutral nanoribbons. However, application of very modest gate voltages causes a discontinuous
transition to a regime of finite spin wave lifetime. By further increasing doping the ferromagnetic
alignments along the edge become unstable against transverse spin fluctuations. This makes the
experimental detection of ferromagnetism is this class of systems very delicate, and poses a difficult
challenge to the possible uses of these nanoribbons as basis for spintronic devices.
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Monolayer graphene (MG) is a new two-dimensional form of carbon material, which possesses unique
electronic properties due to mass less Dirac fermion character of carriers derived from the conical
dispersion relation close to the Dirac point (ED). It has been shown that this type of dispersion relation
leads to the presence of quantum Hall effect, ballistic transport of electrons, electronic spin transport,
micron scale coherence length, single electron tunnelling, evidence of Klein tunnelling and scattering, or
for instance existence of the optics-like focusing of electron rays in the p-n graphene junctions.

However it has been demonstrated that the presence of chemical adsorbates on MG leads to the
significant modifications of the electronic transport properties of this material. Mainly, these adsorbates
left after graphene production processes [1], and electron beam lithography procedures required in the
fabrication of MGD [2]. That’s way the electronic devices based on graphene require clean and perfect
carbon honeycomb layer deposited on different substrates.

It seems to be that the experimental

controlling of the presence of impurities on the graphene sheet is still far from the understanding and
require further theoretical and experimental studies.

Recently, different cleaning methods of graphene have been proposed. The most popular is annealing
of graphene in UHV condition or heating with argon/hydrogen atmosphere [3]. Thought, it has been
proved that annealing modify graphene surface considerably [4]. It has been also shown that high
density of electric current remove contamination adsorbed on the graphene surface [5].

We report on a cleaning method of MG deposited on SiO 2 substrate based on repetitive scanning
process with atomic force microscope (AFM) and subsequent electron beam irradiation. This process
leads to removal of adsorbates and exposing clean graphene layer. In this method contaminations are
accumulated at the edges of scanning area and we can immobilize them. In Fig.1 we present AFM
topographies showing differences between clean and dirty regions. Measurements show that new
cleaning procedure is very effective, and can be used not only for cleaning graphene surface but also in
lithography process. This method can lead to production a new type of graphene devices.
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Figures

Fig. 1 AFM topography showing SiO2 and MG regions after cleaning procedure. (b) The AFM topography showing
the details of the interface between clean and dirty regions
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Catalysis is considered at the core of the success of modern chemistry and industrial development [1].
Indeed, catalysis participates in more than 80 % of the chemical transformations processes to produce
food, energy, and commodities for human’s day-life. In addition, catalysis also strongly participates to
the environmental protection, i.e. off-gas cleaning, automotive exhaust depolution. The development of
the new generation of catalysts goes along with the development of new supports which ensure the
dispersion and stabilization of the deposited metal active phase [2].
2

Graphene, a single atomic layer of sp -bonded carbon atoms with a honeycomb lattice arrangement has
received an over increasing interest [3]. The few-layer graphene (FLG) defines the material constituted
by an assembly of graphene layers for which the production and handling are easier than for a singlelayer. Graphene and FLG display a relatively high external surface area which allows them to be
efficiently employed as catalyst support.
The aim of the present work is to report the use of the FLG as support for palladium in the liquid-phase
hydrogenation reaction. The catalytic results will be compared with those obtained on the carbon
nanotubes-based catalyst.
The FLG used in this work was obtained by a mechanical exfoliation method of natural graphite
following by an ultrasonication step in ethanol medium [4]. TEM micrographs indicate that the FLG is
consisted with a relatively large sheet with size ranged between 0.1 to 2 µm (Fig. 1A) and is consisted
with a graphene layers ranged from 2 to 15 (Figure 1B). The specific surface area of the FLG,
2

-1

measured by means of the liquid-phase adsorption of the methylene blue, is about 260 m . g , which is
similar to that was obtained with carbon nanotubes material. XPS analysis also indicates the presence
of a relatively high number of oxygenated functional groups on the graphene surface which could help
the anchorage and dispersion of the palladium active phase on the support surface similarly to that was
observed with carbon nanotubes [5, 6]. Representative TEM micrographs of the Pd/FLG catalyst are
depicted in Figure 2 and indicate the high dispersion of the palladium metal particles on the graphene
surface (Fig. 2A) with an average particle size of around 5 nm (Fig. 2B). In some area of the catalyst
few palladium particles with bigger size, i.e. 20 nm, are also observed.
The catalytic performance of the Pd/FLG and Pd/CNT catalysts for the selective hydrogenation of the
C=C bond is presented in Figure 3. According to the results the Pd/FLG is more active and selective
compared to the Pd/CNT. The high hydrogenation activity of the Pd/FLG could be attributed to the
absence of inner channel in the FLG material unlikely to carbon nanotube. In the case of CNT some
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metal particles could be localized inside the channel [7] and thus, are less accessible to the reactant
leading to a lower activity and selectivity. Cycling tests carried out on the Pd/FLG catalyst confirm the
complete absence of any deactivation indicating that no leaching problem has occurred on the catalyst
during the test.
In conclusion we have shown that graphene and FLG, 2D material, can be efficiently used as support in
the heterogeneous catalysis field. The high amount of the oxygenated functional groups presents on the
support surface allows a relatively homogeneous dispersion of the metal particles while the high
accessible external surface area of the support significantly increase the exposed metal active surface
for performing the reaction.
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Figure 1. (A) TEM micrograph of the
FLG. (B) HR-TEM of the FLG border
containing 12 graphene layers.
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Figure 2. TEM micrographs of the
Pd/FLG catalyst with different
magnifications.

Figure 3. Selective hydrogenation catalytic
activity of the Pd/FLG and Pd/CNT.

Chirality of the twisted graphene bilayer
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The electronic properties of two-dimensional graphitic devices are strongly influenced by the number of
graphene layers. Whereas the monolayer band structure is linear at low-energy, the bilayer has a
quadratic dispersion. Each system is also associated with a Berry phase of either π (monolayer) or 2π
(bilayer) around the degeneracy point of the structure [1].
Graphene bilayer with a twist [2], one layer being slightly misoriented relative to the other, is a new
system, which can interpolate between the two situations. For large rotations (misorientations) the two
layers are decoupled and the band structure replicates that of the monolayer. On the other hand, for
small rotations relative to Bernal stacking, one should recover the bilayer structure. Indeed, band
deformations, involving the Dirac cones of each layer, have been observed experimentally [3,4].
We have developed a simple theoretical model [5] based on a previous continuum analysis [2,6], which
describes the motion of the cones of different layer, depending on the twist angle. These two cones are
separated for a non-zero rotation due to the rotation of the Brillouin zone of the upper layer relative to
the lower one and eventually merge to create a quadratic dispersion in case of perfectly AB-stacked
bilayer.
This merging is accompanied with peculiar topological properties, since it is derived via symmetry
arguments of our Hamiltonian that the two cones each carry the same Berry phase, around the two
Dirac points, for a given energy level. This has to be contrasted with previous study of merging of Dirac
cones where the Berry phases are opposite [7]. This topological scenario can be tested through the
quantum Hall effect where a robust zero-energy Landau level is predicted, which cannot be lifted by
relatively strong magnetic field.
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Due to its singular properties [1,2], graphene is currently considered to be one of the most promising
materials for future electronic applications. Regarding its synthesis, several methods have been
employed to prepare graphene layers, from which we can mention mechanical and chemical exfoliation,
CVD on catalytic metal surfaces, and epitaxial growth on SiC by surface graphitization. This last
approach offers particular potential since it can be realized on wafer size scale [3], without the need of
further transferring the graphene layer to another insulating substrate (due to the insulating/semiinsulating nature of the SiC). However, in order to achieve an optimized growth of uniform and highquality epitaxial graphene on SiC substrates, it is fundamental to understand the phenomena behind the
graphene formation and its dependence on the surface step structure of the initial SiC surface. Several
details of the nucleation and growth process, including step bunching effects resulting in large and
homogeneous graphene terraces, are still under debate. In this work, we will present a study of the
formation of epitaxial graphene on stepped SiC surfaces having different surface morphologies obtained
as a function of the temperature during H-etching.
The samples investigated in this work were prepared using 6H-SiC(0001) substrates. H-etching and
graphene growth were both performed in a cold wall reactor equipped with an induction heating system.
The H-etching was carried out in a forming gas (95 % Ar and 5 % H2) atmosphere at 900 mbar for 15
min. Different temperatures ranging from 1350 ºC to 1550 ºC led to SiC surfaces with different step
heights and terrace widths. The step heights observed on the substrate before graphene preparation
ranged from about 0.3 nm (non-etched sample) up to about 16 nm for the sample etched at 1550 ºC,
while the terrace widths varied from 160 nm up to 5 µm, respectively. After the etching, high-quality
epitaxial graphene layers were grown at 1600 ºC in a 900 mbar Ar atmosphere, as proposed by Emtsev
et al. [4].
Figures 1 shows AFM profiles of a non-etched SiC surface before [1(a)] and after [1(b)] graphene
formation, as well as an image of the graphene surface obtained by AFM [1(c)]. It is observed that due
to step bunching, even a SiC surface with narrow terraces (~160 nm wide) and very small step heights
(~0.3 nm) gives rise to a graphene layer showing macro-terraces (up to 4 µm wide) and large steps (up
to 8 nm). The same effect [see figures 1(d),(e), and (f)] is observed for graphene prepared on SiC
surfaces offering larger terraces (~0.5 µm wide) and step heights around 0.75 nm (i.e. half of c6H-SiC).
However, it is interesting to observe that for a stepped SiC surface with very wide terraces (~5 µm) and
even higher steps (16 nm – more than 10 times c6H-SiC), the subsequent graphene growth does not
modify the initial surface morphology. As shown in Figs. 2 (a) and (b), there is no significant change on
the terrace dimensions before and after graphene growth. Consequently, the profiles in Figs. 2 (c) and
(d) reveal that the step heights remain almost unaltered as well. Both findings suggest that the step
bunching process is suppressed in this case. Raman spectroscopy analysis reveal that, even though the
graphene surface morphology seems to be much more regular for the sample initially etched at 1550 ºC
(the case where no additional step bunching is observed during graphene formation), it presents much
broader G (29 cm-1) and 2D (61 cm-1) peaks and a 2D peak shift of 42 cm -1 compared to the other
samples [see Fig 2(e)]. One possible explanation for this is that, due to the absence of step bunching,
the multilayer graphene formation at step edges becomes more pronounced. However, this hypothesis
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is currently under investigation. Finally, the effects of a graphene growth on SiC with or without step
bunching will be also discussed taking into account the resulting transport properties of the layers.
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Figure caption
Figure 1 – Comparison between the profiles for a non-etched SiC sample before (a) and after (b) the
graphene growth, as determined by AFM. AFM image of the surface after graphene formation (c). The
same comparison is presented [(d) and (e)] for a SiC sample etched at 1500 ºC. The respective AFM
image of the surface after graphene formation is shown in (f).
Figure 2 – Surface image obtained by AFM for the sample etched at 1550 ºC before (a) and after (b)
graphene preparation, and their respective profiles (c) and (d). Even though the graphene surface
morphology in this case seems to be more regular as compared to the other samples [see Figs. 1 (c)
and (f)], its Raman spectrum (e) shows broader G and 2D peaks, what may be related to the existence
of multilayer graphene on the step edges due to the absence of a step-bunching process.
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Liquid-phase processing of graphite and its derivatives (particularly graphite oxide) is currently a very
attractive option for the high-throughput production of colloidal suspensions of graphene [1, 2]. This
preparation typically involves a reduction step using hydrazine [1], but the use of such a reagent in the
large-scale implementation of this approach is not desirable due to the high toxicity and potentially
explosive character of this compound [3].
In the present work, we compare the deoxygenation efficiency of graphene oxide suspensions by
different reductants (sodium borohydride, pyrogallol, and vitamin C, in addition to hidrazine), as well as
by heating the suspensions under alkaline conditions [4]. The progress of reaction as a function of time
was monitored through UV-vis absorption spectroscopy. It is well-known that the position of the
absorption peak of graphene oxide dispersion gradually shifts to red from a value of 231 nm as
reduction proceeds [1].
The reduced dispersions were processed into paper-like films, and characterized by TGA, ATR-FTIR
and XPS spectroscopy, and also by electrical conductivity measurements.
The spectroscopic techniques showed a decrease in the intensity of the bands associated with oxygen
functional groups that depends on the reducing agent used (Figure 1, Figure 2). Thus, Figure 1 shows
that the IR bands at 3000-3500 cm

-1

(O-H stretching vibrations) and 1720 cm

-1

(C = O stretching

vibrations from carbonyl and carboxyl groups) decreased significantly with increasing reducing power.
Figure 2 shows that the XPS band at 286.6 eV (attributed to carbons in hydroxyl and epoxy groups and
also possibly to C-C bonds in defected structures [5]) virtually disappears when using the most effective
reducing agents (ascorbic acid and hydrazine). These data were corroborated by means of TGA and
electrical conductivity measurements.
In almost all cases, the degree of deoxygenation attainable and the subsequent restoration of relevant
properties (e.g., electrical conductivity) lag significantly behind those achieved with hydrazine. Only
vitamin C was found to yield highly reduced suspensions in a way comparable to those provided by
hydrazine. Stable suspensions of vitamin C-reduced graphene oxide can be prepared not only in water,
but also in common organic solvents, such as N,N-dimethylformamide (DMF) or N-methyl-2-pyrrolidone
(NMP). These results open the perspective of replacing hydrazine in the reduction of graphene oxide
suspensions by an innocuous and safe reductant of similar efficacy, thus contributing to facilitate the
use of graphene-based materials for large-scale applications.
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In the quest for large signal spintronics, graphitic compounds were already demonstrated as a
successful alternative to inorganic semiconductors: long spin diffusion length (50 µm) and large spin
signals (80 MΩ) have been achieved for carbon nanotubes [1]. This result awaits now to be extended to
7

2

wafer scale materials like epitaxial graphene. The high mobility of graphene (up to 10 cm /Vs) [2,3]
combined with the long predicted spin life-time make it a very promising material for spintronics devices:
the spin diffusion length is expected to exceed 100 µm. Successful spin dependent transport has
already been demonstrated in micron-sized exfoliated graphene sheets [4,5], with reported spindiffusion length in the order of 1-4 µm and spin signal of few hundred ohms, more than 4 orders of
magnitude lower than for nanotubes. Taking advantage of the full potential of graphene for spintronics
will therefore require material and device optimization.
Working on spin injection, transport and detection in graphene, we focused first on the physics
involved at the injection. It has been shown since 2000 [6,7] that an interfacial resistance is crucial for
efficient spin injection in a semiconductor channel. The most common and efficient tunnel barriers used
in the field of spintronics are sputtered Al2O3 and MgO. Hence, we chose to study the growth on
graphene of these high quality tunnel barriers with thicknesses tuned for efficient spin injection and
detection with graphene. To grow 1nm thick layer of Al2O3, we first deposit a 0.6nm Al film, and then
oxidize it in a pure O2 atmosphere. In the case of MgO, we directly deposit a 1nm film from a sintered
MgO target.
We will present a Raman spectroscopy study quantifying the impact of the barriers growths on
the graphene structure followed by spin-dependent transport measurements. Raman spectroscopy point
to dramatic effect of sputtered MgO compared to Al 2O3. When one wants to make use of standard
tunnel junctions, Al2O3 is shown as definitely more suitable for spin transport together with bilayers (and
other multilayers) graphene. The electrical characterization of these Al2O3 tunnel barriers reveals their
adequacy in order to access high spin signals.
We carried transport measurements on lateral spin valves (Fig. 1.) in exfoliated graphene as
well as in epitaxial graphene on SiC. We achieved spin signals in the MΩ range in two terminal
geometries. These signals analyzed through an adapted injection/detection model [7] points to a long
spin diffusion length in our systems.
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Combined AFM, Raman and Tip Enhanced Raman studies of graphene
with different number of layers
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Graphene flakes (1,2,3 and 4 layers) on gold substrate are investigated by different AFM and
spectroscopy techniques. We study in details how the thickness (number of monolayers) in graphene
affects its physical properties: surface potential (work function), local friction, elastic modulus,
capacitance, conductivity, charge distribution, Raman and Rayleigh light scattering etc. Results for
graphene flakes are qualitatively compared to those for carbon nanotubes of different diameters. We
show how electrostatic charging of graphene flakes can be effectively measured and modified by AFM
cantilever. Studies are performed both in ambient air conditions and in controlled atmosphere and
humidity.
We also present graphene measurements by Tip Enhanced Raman Spectroscopy (TERS) or “nanoRaman” mapping realized using integrated AFM-Raman system. We demonstrate near field Raman
enhancement effect due to resonant interaction of light with localized surface plasmon at the apex of a
metal AFM probe. Plasmonic and near field nature of the Raman enhancement is proven by a number
of ways: dependence of the enhancement on the excitation wavelength and polarization, enhancement
versus tip-sample distance curves, observation of selective enhancement of Raman signal from thin
surface layers of the sample etc. Finally, the ultimate performance of TERS is demonstrated by
measuring Raman 2D maps with subwavelength lateral resolution – determined not by the wavelength
of light, but by the localization area of the surface plasmon electromagnetic field.
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Figure Caption
a), b). AFM – Raman configuration: schematics (a) and white light image (b); Raman laser is tightly (400 nm spot
diameter) focused onto the very end of a “nose”- shaped AFM cantilever using 100x objective; Graphene layer is
positioned below the cantilever and under the laser spot; while scanning the sample, AFM and Raman data is obtained
simultaneously.
c) – g). Various AFM images characterizing different physical properties of the sample - Topography (c), Electrostatic
Force (d), Force Modulation (elastic properties) (e), Kelvin Probe (f), Lateral Force (g).
h) – j). Confocal optical images – Rayleigh light (h), Raman 2D band mass center (i), Raman G band intensity (j).
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A spintronics approach to quantum information science is considered promising due to the readily available
expertise in solid state physics and possibly long coherence times [1]. We investigate a qubit implementation
as real electron spin in graphene nanoribbon quantum dots. This system is particularly interesting because it
allows for non-local coupling of qubits [2]. Spin coherence is determined by the coupling to nuclear spins and
the lattice and the relaxation time T1 depends on interaction with phonons. Starting from a continuum model,
we derive a full phonon field theory for acoustical phonon modes in a graphene nanoribbon and at the center
of the Brillouin zone. We consider fixed boundary conditions at the edges of the quasi-one-dimensional
nanoribbon as well as open boundaries. In the latter case, the usual q 2 -dependence for out-of-plane modes
in bulk is cut off at the zone center (near q = 0), where we find a linear dispersion. The transverse and
longitudinal sound velocities of the in-plane modes match the literature values for comparable systems [3]
and, as expected, all modes approach bulk behavior for wavelengths much smaller than the ribbon width.
[1] D. Loss and D. P. DiVincenzo, Phys. Rev. A 57, 120-126 (1998).
[2] B. Trauzettel et al., Nature Physics 3, 192-196 (2007).
[3] L. A. Falkovsky, Phys. Lett. A 372, 5189-5192 (2008).
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Figure: The graphene nanoribbon lies in the x-y-plane, with free (a) and fixed (b) boundaries at x = 0, W .
The ribbon length is assumed to be much larger than the ribbon width, thus allowing for periodic boundaries
in the y-direction. a) Acoustic out-of-plane mode for free boundaries. b) Acoustic out-of-plane mode for fixed
boundaries. We also discuss in-plane modes.
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As an emergent material for electronic applications, graphite and graphene and their electrical transport
properties have become a subject of intense focus. The intrinsic values of the carrier mobility and
density of the graphene layers inside graphite, the well known structure built on these layers in the
Bernal stacking configuration, are not well known mainly because most of the research was done in
rather bulk samples where lattice defects hide their intrinsic values. By performing transport
measurements through micro and submicro constrictions in ~10 nm thick graphite samples, we observe
drastic increase in the resistance decreasing the constriction width. Our experimental observations
indicate that electrons behave ballistically even at room temperature and with mean free path of the
7
2 -1 -1
order of microns. The values obtained for the mobility (µ~10 cm v s ) and density of the electrons
8
-2
(n~10 cm ) indicates that the graphene layers inside graphite are of higher quality than single ones.
The decrease of magneto resistance with decreasing constriction width also indicates that the carrier
mean free path is larger than few microns at room temperature. These distinctive transport and ballistic
properties have important implications for understanding the values obtained in single graphene and in
graphite as well as for implementing in nanoelectronic devices.
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The imaging properties of polyoxometalate ions on curved graphene
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Recently we have demonstrated that polyoxometalate (POM) ions, formed from various
28assemblies of tungsten oxide polyhedra, and of the form [W 6O19] or [ -SiW 10O36] can be imaged by
conventional and aberration corrected transmission electron microscopy (AC-TEM) when supported
1
2,3
either within carbon nanotube capillaries or on monolayer graphene oxide. These experiments have
1
permitted the observation of small structural distortions within individual anions and have also enabled
for the first time the direct visualization of the surface interaction of POMs with hydroxyl functionalities
2
on the surface of graphene oxide. Critical to these studies has been a detailed understanding of the
imaging properties of both the respective anions and also the specimen supports which inevitably
produce a strong contribution to the composite contrast of both specimen and support.
What is perhaps less well understood is the contribution that the imaging properties of
supported molecular scale species supported on ultrathin carbon monolayers (or within nanotubes) can
make to the understanding of the local curvature and other morphological features of supporting
material. In this, the experimentally imaged polyoxometalates are well-placed to make a significant
1,2
1
contribution in that their image contrast both as a function of relative orientation and also defocus can
readily be simulated. As in certain projections these anions offer either single or pairs of heavy tungsten
atoms (Z=74) arranged parallel to the electron beam, the image contrast due to these anions is
quantitative and can be used as a measure of local focusing conditions. As the local specimen height
and electron microscope objective lens defocus are complementary, the relative focusing properties of
individual polyoxometalate anions as a function of relative height can also be simulated and in principle
4
can be used as a local probe for height variation and curvature within a strictly monolayer support film.
In this study we therefore assess the imaging properties of individual polyoxometalate ions as a function
of the local height of a monolayer support film, in this instance graphene carbon.
For these studies, a version of the transmission electron microscope image simulation code
based on the multislice method was implemented in Mathematica 8. This allows the program to take
advantage of the recent advances in GPU computing to increase the calculation speed for massively
parallel problems and increase the accuracy over previous multislice simulations using the enhanced
computing power available. This removes the restrictions inherent in some simulation codes on either
the number of atoms that can be simulated or the resolution of the images that can be produced;
additionally there are no limits on either the sample size or shape. The simulation can take an input file
specifying the positions of all the atoms within the sample and produce a simulated TEM image from the
sample with control over aperture size, defocus, spherical aberration, two and three fold astigmatism,
accelerating voltage and specimen tilt among others. This is done by splitting the sample into numerous
slices perpendicular to the direction of the electron beam, and then calculating the projected atomic
potential for each slice. The electron wave can then be successively transmitted through each slice and
propagated through a vacuum to the next slice to calculate the wave function upon exiting the sample.
Simulations of individual polyoxometalate anions were then produced for small sections of
82graphene supporting a single anion (i.e. either the lacunary [ -SiW 10O36] Keggin ion or the [W 6O19]
Linqvist ion) in order to evaluate the effects of objective lens defocus on the anion, the relative
orientation of the respective anion (i.e. Figs. 1(a)-(h)) and the coefficient of spherical aberration (set to
0.02 mm in order to reproduce an aberration-corrected TEM). As can be seen, we see that the local
imaging characteristics of a given anion in a given orientation vary as a function of defocus. Given the
variation in contrast as a function of defocus, we would expect that performing the complementary
operation of simulating a graphene film with applied curvature and then varying the local height of the
anions would produce a similar progression in contrast and this indeed the case (i.e. Figs. 2(a)-(c)). In
this second set of simulations we find a commensurate variation in the image contrast due to both the
2specified polyoxometalate anions (and the [W 6O19] ion in two distinct orientations) as a function of their
orientation with respect to the imaging electron beam and also as a function of relative height on the
film. Although we have deliberately exaggerated the local curvature of the theoretical graphene
monolayer support, we find a sufficient variation in the local contrast of the anions between height
differences of 2-5 nm that it ought to be able to image this difference for experimental curved graphene
films.
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Figure 1. (a) Composite structure model of the [ -SiW10O36] lacunary Keggin ion mounted on graphene projected
in a direction orthogonal to its v mirror plane which is arranged parallel to the supporting graphene plane. (b)
Underfocus image simulation of (a) (Cs = 0.02 mm and f = -5 nm). (c) At focus image simulation of (a) (Cs = 0.02
mm and f = 0 nm). (d) Over focus image simulation of (a) (computed with Cs = 0.02 mm and f = +5 nm). (e)
2Composite structural model with the [W6O17] Linqvist ion projected along its C4 rotation axis with the graphene
support arranged with its plane orthogonal to the axis and the electron beam direction. (f) Underfocus image
simulation of (e) (Cs = 0.02 mm and f = -5 nm). (g) At focus image simulation of (e) (Cs = 0.02 mm and f = 0 nm).
(h) Over focus image simulation of (e) (Cs = 0.02 mm and f = +5 nm).

8-

Figure 2(a) Schematic view of a curved graphene sheet with a height of 20 nm with both [γ-SiW10O36] lacunary
2Keggin ions and [W6O19] Linqvist ions arranged at different heights on the curved sheet. (b) Top down projection
2of the sheet in (a) showing effectively columns of [W 6O19] Linqvist ions projected along C2 (i.e.. column I) and C4
8(i.e. column II) and also the the [ -SiW10O36] lacunary Keggin ion arranged with its v mirror plane arranged
orthogonal to the electron beam direction (i.e. column III). Because of the deliberately exaggerated curvature of the
graphene sheet, the respective orientations of the anions have been adjusted so that the relevant projections are
aligned parallel to the electron beam direction (c). Optimum focus image simulation of the model in (b).
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The electrical and optical properties of graphene make it an ideal material for photonics and
optoelectronics [1]. Photodetectors based on graphene with a bandwidth up to 16 GHz have been
demonstrated [2]. However, these have low responsivities [2,3].
Graphene-based photodetectors rely on a p-n junction whose electric field at the junction area
separates the light generated electron-hole pairs [3]. One of the possible ways to introduce such a
junction in graphene is to use a metal contact, where the deposited metal introduces a Fermi-level shift
so that a pn-junction forms in the vicinity of the contacts [4].
The interaction of light with a metal particle results in collective oscillations of the free electron
gas leading to a strong amplification of the electric field in the vicinity of such metal particles [5,6]
Combining graphene with plasmonic nanostructures allows for field enhancement exactly in the
area of the p-n junction. As a result the photovoltage can increase. Also, the plasmonic response of
metal nanostructures depends on their geometry and on the wavelength of the incident light [7,8]
Here we fabricate graphene-based photodetectors by mechanical exfoliation of graphene on
Si+SiO2 and subsequent contact and nanostructure definition by e-beam lithography, metal deposition
and lift-off. Fig. 1 shows an optical micrograph of one of our devices. Nanostructured metal gratings with
300nm pitch are present. The inset shows an AFM micrograph of such a grating. The devices are
characterized by photovoltage mapping at different gate voltages, laser powers, light polarization and
wavelengths. Fig. 2 shows a photovoltage map of a typical device. At the nanostructure, enhancement
of the photovoltage occurs. Depending on wavelength, a photovoltage enhancement of up to 20 times is
measured. Further, our detectors show a dependence of the generated photovoltage on light
polarization, allowing potential detection of the incoming light polarization.
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Figures

Fig. 1: Optical and AFM micrograph of a graphene-based photodetector with metal nanostructure.

Fig. 2: Photovoltage map of a metal nanostructure enhanced graphene-based photodetector.
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Chemically derived graphene exhibits a wide range of electrical and optical properties depending on its
chemical structure [1]. The versatile properties of this material suggest that graphene-based monolithic
electronic devices can be realized by carefully fine-tuning the chemistry and structure of the material
and implementing it into device structures [2,3]. In this contribution, we discuss the dielectric properties
of graphene oxide (GO) and its implementation into devices as gate dielectric and non-volatile memory
elements.
12

Graphene oxide is an electrical insulator with large in-plane resistivity (~ 10

/sq) due to strong

electronic disorder induced by covalent oxygen functionalization. While many studies have focused on
the electrical properties of GO in the in-plane direction, its electrical properties in the out-of-plane
direction have received much less attention. Here we show that the out-of-plane electrical properties of
GO thin films are highly dependent on film thickness and water adsorption. The dielectric constant was
found to vary between 3 and 12 depending on humidity level. The changes in dielectric constant took
place immediately when GO was exposed to air from vacuum, reflecting the highly hygroscopic nature
of the material. The out-of-plane current-voltage characteristics could be approximated by spacecharge-limited conduction and low-bias resistivity increased rapidly with increasing film thickness.
We found that with optimized film thickness, GO thin films exhibit sufficiently high capacitance and low
leakage current to be used as a gate dielectric material for field effect devices. We demonstrate
operation of monolithic graphene-based top-gated field effect device consisting of partially oxidized
graphene (POG) [4] as the channel material and GO as the gate dielectric (Figure 1). We further discuss
electrode metal dependence on the electrical behavior of GO thin films and a non-volatile bistable
memory effect which we believe arises from electrochemical modification of GO.
Our results demonstrate the viability of using chemically derived graphene as a solution-processable
gate dielectric and non-volatile memory material and suggest possibility of further optimization via
improved chemical engineering.
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Figure 1 – (a) Structure, (b) transfer and (c) output characteristics of a graphene-based monolithic field effect device
consisting of partially oxidized graphene (POG) as the channel and graphene oxide (GO) as the gate dielectric.
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Vacancy mediated plastic deformation in graphene
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Plasticity and ductile failure in graphene and carbon nanotubes can be mediated through dislocation
glide by "Stone Wales" type bond rotations. While the reaction barrier for such bond rearrangements is
high, they can be catalysed, for example through the presence of an interstitial carbon atom. We show
here that vacancies can act as sources for shuffle dislocations, whose migration barrier is typically four
times lower than that of classical glide edge dislocations.
We confirm the existence and structure of shuffle--glide dislocation pairs in graphene via high resolution
electron microscopy, supported by density functional calculations.
Vacancies and other dislocation cores can also act as sinks for migrating dislocations. This leads to a
new model for ductility and super-plasticity in carbon nanotubes, for example under irradiation, where
vacancies emit and absorb rapidly migrating shuffle dislocations. The model is consistent with recent
experimental observations of superplasticity in electron irradiated nanotubes under tensile strain. The
dislocation pairs induce buckling in the basal plane of the graphene and may represent a very common
intrinsic defect species.
Figures

Shuffle dislocation core in graphene viewed using HAADF, with image filtering applied (image construction using
only specific points from the electron diffraction).

Possible separation of a mono-vacancy into a pair of dislocations (one glide, one shuffle) via motion of the shuffle
dislocation core.
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Graphene has recently attracted much attention due to its potential use in nanoelectronics and
spintronics applications. [1-3] The correct fabrication of the graphene devices is the key step to obtain
the searched functionality. Following our previous work [4], in the present contribution we assess the
impact of different lithography process steps in the physical properties of the graphene flakes. In order
to produce electrical contacts to the graphene flakes, one can use techniques such as optical
lithography and electron-beam lithography. These techniques imply respectively the use of photo-resists
and electron-sensitive resists. We have systematically investigated the changes in the Raman spectra
of graphene flakes after spin coating photon-sensitive and electron-sensitive resists. Substantial
changes in the intensity of D and G Raman peaks are observed after some of these processes related
to the generation of disorder and introduction of impurities in the graphene flakes. As shown in Fig. (1),
one can find that the deterioration of graphene can be clearly reflected from the nascent D peak after
spin coating the PMMA electron-sensitive resist. Furthermore, even after the process of lift-off, the D
peak is preserved as well. Therefore, the deterioration of graphene is unavoidable so long as the ebeam lithography is used for pattern design. However, we can find that the D peak has disappeared and
the Raman spectra recover to the general shape of the pristine graphene after annealing the sample in
argon atmosphere. It implies that this deterioration for the graphene is reversible. On the contrary, as for
the graphene with spin coating of a photo-sensitive resist, as shown in the Fig. (2), the amplitude of the
G and 2D peaks are not only attenuated but also their shapes obviously deviate from the standard
character of graphene exhibiting a behavior typical of amorphization. In fact, we also measured the
Raman spectra of the graphite with photo-sensitive resists on its surface, which shows a similar shape
of amorphization. Therefore, even after lift-off, the photo-sensitive resists adsorbed on the surface of
graphene are not completely removed. In addition, the same annealing condition previously described
was performed on the graphene after spin coating photo-sensitive resists. Even though two main peaks
of G and 2D can be clearly observed due to the partial elimination of photo-sensitive resists on the top
of graphene, the nascent D peak was still present, implying that the deterioration caused by the used
photo-sensitive resist is irreversible.
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Figures

Figure 1. Left: Optical microscope image of graphene with e-beam lithography. Point A is the exposure part of
graphene and point B is unexposure part. Right: Raman spectra for different conditions(1)before spin coating
PMMA;(2) measurement of point A; (3) measurement of point B; (4)after lift-off with acetone; (5) after annealing

Figure 2. Left: Optical microscope image of graphene with photo lithography, Point C is the exposure part. Right:
Raman spectra for different conditions (1) measurement of point C; (2) after lift-off with aceton; (3) after annealing.

116

Investigation of electron-phonon interaction in hydrogenated graphene
through ab-initio calculations
S. Bruzzone, G. Fiori
Dipartimento di Ingegneria dell’Informazione: Elettronica, Informatica, Telecomunicazioni,
Università di Pisa, Via Caruso 16, 56122 Pisa, Italy
samantha.bruzzone@for.unipi.it
The role of electron-phonon interaction is an important issue to be addressed, since it can provide
information regarding the ultimate intrinsic mobility limit (µ) of a material. Such an issue is even more
relevant, when investigating electrical properties of a new material like hydrogenated graphene.
Graphene hydrogenation has been demonstrated [1] to be a viable solution in order to induce an energy
gap in graphene, which could path the way to its exploitation in digital electronic applications. However,
due to its novelty, many questions still remains unanswered.

Simulations based on a multi-scale

approach have been recently performed [2], showing that, within the ballistic assumption, 50% and
100% hydrogenated graphene can represent a potential candidate for next-generation nanoscale
devices. Such calculations however provide an upper limit for device performance, so that, in order to
get a clear understanding of the real potential of such new material, it is of primary importance to take
into account source of non-idealities like electron-phonon coupling.
In this work, we address electron-phonon interaction by means of DFT simulations, focusing on 50%
and 100% hydrogenated graphene. The electron mobility, which provide a figure of merit of the material
under investigation, is computed within the Deformation Potential Approximation, considering
longitudinal acoustic phonons, and following the approach described in [3] to compute the deformation
potential and the one in [4] to calculate mobility. All the simulations have been performed by means of
the Quantum Espresso code [5].
In Fig. 1, we show the atoms position for the 50% and 100% hydrogenated graphene. In the case of
50% hydrogenation, we consider H atoms lying on the top of the pristine graphene, while in the 100%
case, H atoms are placed on both sides.
In Figs. 2 and 3, the Phonon Density of States as well the phonon spectra for the 50% and 100%
hydrogenated graphene are shown. In both cases, acoustic and optical modes are well separated,
especially for the top highest optical branches, and Kohn anomalies are observed in the 100% case, as
also shown in [6]. The sound velocity vs can be extracted from the acoustic branches. In particular, we
4

4

obtain vs=1.7x10 m/s and vs=1.63x10 m/s for the 100% and 50% case, respectively.
In Table I, we show the computed relative effective masses m* in the conduction and in the valence
band, both in the x and y direction. In the case of 100% hydrogenated graphene, both heavy and ligth
holes are reported. As can be seen, the top and the bottom of the conduction band are isotropic, i.e.
they show almost the same m* in both directions.
The deformation potentials for the longitudinal acoustic phonons are also shown, as well as carrier
mobilities. As can be seen, mobility in hydrogenated graphene is comparable to mobility expected in
5

2

graphene (of the order of 10 cm /Vs as in [7]). Heavy holes in 100% hydrogenated graphene show
instead the smallest mobility.
In conclusion, we have investigated electron-phonon interaction through ab-initio simulations,
evaluating, for the first time, carrier mobility in hydrogenated graphene. Hydrogenated graphene could
represent a viable option for future nanoelectronic devices, since, despite graphene, it presents a large
energy gap, while retaining almost the same carrier mobility.
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Fig.1: Atoms position in a) 50% and b) 100% hydrogenated graphene

Fig.2: Phonon Density of States and phonon spectra for 50% hydrogenated graphene (spin up)

Fig.3: Phonon Density of States and phonon spectra for 100% hydrogenated graphene
Table I
%

mex*

mey*

mhhx*

mhhy*

mlhx*

mlhy*

50
100

1.315
1.029

1.346
1.027

1.540
0.622

1.478
0.641

0.278

0.270

Dace
(eV)
2
5.228

Dachh
(eV)
3.74
7.532

Daclh
(eV)
7.532

µe
2
(cm /Vs)
5
1.62x10
5
1.09x10

µhh
2
(cm /Vs)
5
1.189x10
4
5.18x10

µlh
2
(cm /Vs)
5
2.833x10

mex* and mey* are the relative effective masses of electrons along the x and y direction, respectively. mhhx*,
mhhy*, mlhx* and mlhy*, are the heavy and light hole relative effective masses along the x and y direction.
Dace, Dachh and Daclh are the deformation potential for the electrons and the heavy and light holes. µe, µhh and
µlh are the mobility computed for electrons, and heavy and light holes.
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Bilayer graphene under uniaxial tension: A Raman study
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With a few notable exceptions, most works dealing with mechanical properties of graphene are of
theoretical nature and generally limited to suspended graphene at the atomic scale. Hence, there is a
growing demand for experimental data to validate the models and relate them to graphene attached to
various substrates. However, up till now, no such experiments on bilayer graphene have been reported.
Raman spectroscopy here is a key diagnostic tool to identify the number of layers in a sample and
probe physical properties and phenomena [1]. The G band corresponds to the in-plane, zone center,
doubly degenerate phonon mode (transverse (TO) and longitudinal (LO) optical) with E 2g symmetry.
Under tension, the G mode shifts to lower frequencies (phonon softening), while under compression, it
shifts to higher frequencies (phonon hardening). On top of that, due to a symmetry break-down induced
-

+

by the strain, the G mode splits into two sub-bands, denoted G and G for the component parallel and
-1

perpendicular to strain, resp. Their respective shifts rates were determined to be ca. 30 and 10 cm /%
[2-4]. Their intensities depend on the orientation of the graphene lattice with respect to the strain axis
and polarization of the incident light. The D and 2D modes come from a second-order double resonant
process between non-equivalent K points in the Brillouin zone (BZ) of graphene, involving two phonons
(TO) for the 2D and one phonon and a defect for the D peak. The shift rates for the 2D band are in the
-1

range of 50-60 cm /%, and very recently its splitting has been reported [5,6]. The origin of the splitting
lies in non-equivalent K-K’ paths (three for an arbitrary strain orientation) and also depends on the
excitation wavelength. For lower excitation energy (like 1.58 eV), inner resonance processes become
stronger due to a lesser effect of trigonal warping, and hence all together the 2D band can be composed
of six components with different shift rates, which leads to broadening and eventually splitting [5].
In the present work, bilayer graphene flakes have been subjected to a uniaxial tension using the
polymer cantilever beam technique. In all cases the mechanical response was monitored by
simultaneous Raman measurements using 785 nm (1.58 eV) excitation. The flakes were either laid bare
on a polymer substrate or covered by another polymer layer to minimize a possible slippage during
loading. For comparison, a monolayer graphene close to the studied bilayer was monitored during the
same experiment. Figure 1a shows an example micrograph of embedded mono- and bilayer graphenes.
-1

-

Both of them show the same behavior under tension, with shift rates of 30.5 and 9.5 cm /% for G and
+

-

+

G , resp. As can be deduced from Fig.1a as well as from the same G /G relative intensities of the
respective layers, they belong to the same flake, part of which is composed of a single layer, whereas
the other part is overlaid by another layer with Bernal (AB) stacking. Therefore their lattice orientation of
-

+

23°, which can be calculated using the G and G relative intensities, is the same.
Figure 1b shows the 2D band components evolution under tension for the embedded bilayer. The 4
components come from the splitting of the electronic bands due to interactions between the stacked
layers [1,7] with the highest frequency component (2D11) originating from resonance processes
involving only the “original”

1

and

*
1

bands belonging to the single layer. The FWHMs were set as
119

equal for all components and otherwise left unconstrained. The shift rates of the three lower frequency
components involving the

2

and

2
-1

*

-1

electronic bands are all similar - close to 50 cm /%. However, the

2D11 shifts at a rate of only 30 cm /%. The relative intensities of the components evolve differently. The
2D12 experiences a double intensity increase in the observed strain range, mainly at the cost of the
2D11. It has to be noted, a deconvolution of the 2D band with more than 4 components is very
problematic and some of the parameters would need to be constrained – for which there are too few
data available at the moment. The evolution of 2D11 and 2D12 resembles the behavior of the 2D band in
a monolayer when excited with the same wavelength. There, the 2D band splits and can be fitted with
-1

two Lorentzians (even though there are more, see above) with shift rates of approx. 50 and 30 cm /%
for the lower and higher frequency component, resp. The evolution of the bilayer 2D band could lead to
an assumption that the 2D11 splits as does in monolayer and only its higher frequency sub-component
can be deconvoluted separately, while the lower frequency sub-component merges with the 2D12 and
thus contributes to its huge intensity increase. However, more data complemented with first-principles
calculations are necessary to fully explain the observed processes.
Ackonwledgements: FORTH / ICE-HT acknowledge financial support from the Marie-Curie Transfer of
Knowledge program CNTCOMP (Contract No.: MTKD-CT-2005-029876). K.S.N. is grateful to the Royal
Society and European Research Council (grant 207354 – “Graphene”) for support. O.F. and L.K. further
acknowledge the financial support of Czech Ministry of Education Youth and Sports (contract No. LC510) and the Academy of Sciences of the Czech Republic (contracts IAA 400400804 and KAN
200100801).
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Figure 1. a) optical micrograph of the graphene under study. b) evolution of the Raman 2D band components of the
bilayer graphene under tension (excitation wavelength 785 nm).
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The discovery of single layer graphene has generated much theoretical and experimental interest
because of its exceptional properties [1], [2]. The gapless bandstructure in graphene results in good
transport properties of carriers such as high mobility and high Fermi velocity. These physical properties
are of great interest for electronic application using graphene transistors (GFET and GNRFET). Also,
the evaluation of such devices for circuit applications can be performed through appropriate electrical
compact models. Moreover, during the graphene synthesis, defects may be created in the graphene
sheet which induce trap charges in the channel [3, 7]. This effect must be taken into account for
accurate compact modelling. Hence, in this paper we propose a modification of the drift-diffusion
compact model for graphene FET devices from Meric et al. [5].
In order to model the drift-diffusive transport, we use the velocity saturation model [4], [5]. The models
will be applied to the 2D system of graphene. In the channel, the carrier concentration is calculated
using the model in [5, 6]: n =

0
n02 + ⎡⎣Ctop (VGS − VDIRAC
) / e⎤⎦ , V0DIRAC is the top gate-source voltage at
2

the Dirac point in these regions and n0 is the minimum 2D carrier concentration which contains the
effect

of

disorder

and

thermal

excitation.

The

current

in

the

channel

is

given

by

L

Id =

W
e.n( x).vdrift ( x)dx , where x is the distance along the channel, L and W are the length and the
L ∫0

width of the channel. We approximate the carrier drift velocity vdrift by a velocity saturation model [6]:

μE
, where the saturated velocity depends on the carrier concentration as
1 + μ E / vsat
vsat = vF ( =Ω / EF ) where vF and EF is the Fermi velocity and Fermi energy, ћΩ is the surface phonon
vdrift ( x) =

energy of the substrate.
The GNRFET has been fabricated and characterized by the IEMN laboratory [7, 8]. The transistor is
composed of parallel graphene ribbons playing the role of the channel, with a gate length of 150 nm (fig
1). The width of the ribbons is about 50 nm, which is quite large so that the induced band gap may be
negligible and the 2D model is applied to model the transistor transport. Its intrinsic cut-off frequency is
about 10 GHz. The figure 2 shows IDS versus VDS characteristics for measurement and compact model
simulation. A good agreement is observed in DC but doesn’t match in AC regime. However, from the
measurement, we can observe a strong difference between the transconductance gM (calculated from
measured DC ID(VGS) characteristic) and measured real part of Y21 (calculated from measured Sparameters)at medium frequency (10 MHz < f <10 GHz), (see Fig. 3, 4 and 5). We explain this effect by
the presence of traps which are active during DC measurement and which are cancelled during the AC
ones. To take into account the presence of trap charges in the channel, we modify the formula for the
carrier concentration by replacing n0 (AC regime) by n0+ntraps*H(f) (DC regime). H(f) is a low frequency
band pass filter. Trapped charges are active only in DC regime and at low to moderate frequency.
Trapped charges are cancelled in AC regime and modify the Dirac point position. Hence, we modify the
V0DIRAC parameter in order to introduce charge dependence. The change in Dirac point voltage is
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expressed as:

(

)

)

traps
AC
AC 2
AC
.
ΔVDIRAC = VDIRAC
− VDIRAC
= ⎡e 2 n0 AC 2 − ( n0 AC + nTRAPS ) / Ctop 2 ⎤ + VDIRAC
− VDIRAC
⎢⎣
⎥⎦
2

This modification of the compact model improves strongly the accuracy of the model as shown on fig. 4
where the compact model is in agreement with both the transconductance and Y21 parameter.
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Conducting Atomic Force microscopy (C-AFM) has been used to map the local conductivity of mono- or
few-layer graphene grown on polycrystalline Ni thin films on SiO 2/Si substrate. It has been revealed that
the local conductivity of graphene depend strongly on the crystal face of underlying Ni crystal. There
exists a transition zone between the two adjacent surfaces, where the graphene has unique conductivity
properties. Using C-AFM, combining with analysis of the graphene/Ni moiré pattern, we also
characterize the graphene morphologies underneath the top graphene sheets, which provide clear
evidence for CVD growth of graphene on Ni occurring by carbon segregation. Our findings are important
for understanding both the physical properties of graphene sheets and their growth mechanism.
Acknowledgments: This work was financially supported by the National Natural Science Foundation of
China (Grant No. 61076069), National Program on Key Basic Research Project (973 Program) and
Instrumental Analysis Fund of Peking University.
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Figures

Figure caption
Local conductance maps on the three dimensional Ni crystals:
(a) Lager scale of topography of the graphene on Ni crystals;
(b) Deflection image of the topography;
(c) The conductance map composed of many flat patchs with various contrasts corresponding to different facets of the Ni
crystals;
(d) The magnified region indicated by the white box in Figure 2c
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We report on the observation of photon helicity driven currents in graphene. We demonstrate that
the illumination of unbiased monolayer graphene samples with terahertz (THz) laser radiation at room
temperature under oblique and normal incidence causes directed electric currents. This includes
currents which are solely driven by the light’s helicity. In this case we observe a net electric current,
whose sign reverses upon switching the radiation helicity from left- to right-handed circularly polarized
light. The phenomenological and microscopic theories of the observed photocurrents are developed.
We demonstrate that under oblique incidence the helicity driven current is caused by the circular ac Hall
effect in the bulk of the graphene sheet driven by the crossed ac E- and B-fields of circularly polarized
radiation [1]. Alike the classical dc Hall effect, the voltage is caused by crossed E- and B-fields which
are, however, rotating with the light's frequency. By contrast, the effect observed at normal incidence
stems from the sample edges, which reduce the symmetry and result in an asymmetric scattering of
carriers driven by the radiation electric field [2]. The observation of a helicity driven photocurrent in
graphene demonstrates that this material may be a good candidate for a novel type of detectors of THz
radiation. Besides photon helicity dependent currents we also observe photocurrents driven by linearly
polarized radiation. The microscopic mechanisms governing this effect are discussed.
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Graphene, a two-dimensional honeycomb lattice of sp -bonded carbon atoms, has attracted the
1

worldwide interests after the experimental isolation from graphite. High-quality graphene can be
2

prepared by micromechanical cleavage method, thermal decomposition of SiC, epitaxial growth and
3

4

5

chemical vapor deposition (CVD) on Ru (0001), Pt (111), Pt83Rh17 foils, Ni films,

6,7

8

Cu (111), and Cu

9

foils. Recently, CVD growth of graphene on Cu foils has attracted increasing interests, because of the
predominant growth of large area monolayer graphene, easy transfer and cheap substrates. However,
the graphene domains grown on Cu foils are small (usually smaller than 10 μm), and no big single
crystalline domains were formed even on single crystal Cu substrate. Moreover, the dissolution of Cu
during the transfer process unavoidably lead to serious pollution and high cost. Therefore, it still remains
great challenges to prepare large area graphene films of high crystalline quality and realize their
nondestructive transfer.
Here we present the growth of high quality graphene film with large single crystalline domains on the
surface of polycrystalline Pt foils and single crystalline Pt (111) by ambient pressure CVD.

10

Although

the solubility of carbon in Pt is high (~ 0.9 at% at 1000 C), the growth of graphene on Pt follows surface
11

adsorption process, which is similar to that on Cu foils.

However, in contrast to Cu foils,

12

a fast

graphene growth rate and broad growth window were found for the Pt substrate. The average size of
single crystalline graphene domain obtained is up to millimeter size. Its high quality is confirmed by
optical microscopy, atomic force microscopy, scanning tunneling microscopy, Raman spectroscopy and
transport property measurements. Moreover, we developed a nondestructive method to transfer
graphene films from Pt to arbitrary substrates. This unique transfer process does no harm to the
graphene films and the metal substrate, which is totally different from the currently used transfer
methods for Cu and Ni substrates based on etching, so the Pt foils and single crystalline Pt can be
recycled to grow graphene films.
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Figure 1. Photograph and optical images of graphene transferred from polycrystalline Pt foils and Pt (111) to
Si/SiO2 substrates.
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Graphitic carbon molecular beam deposition on dielectric substrates
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There has been enormous progress in the synthesis of large area graphene layers, with much
of the focus in the use of a catalytic reaction on a metal surface during Chemical Vapor Deposition
(CVD) [1-3]. After the graphene is grown on a metal, it must be transferred to a dielectric substrate for
its use in transport characterization and in devices. This exfoliation process inevitably induces
degradation and contamination of the graphene layers. It would be desirable to be able to grow
graphene layers directly on an insulating substrate allowing for high quality, transfer-free graphene
devices. We explore a molecular beam epitaxy (MBE) approach to this challenge that could lead, in the
future, to further benefits such as the capability to fabricate doped graphene, multilayer heterostructures
and high carrier mobility layers.
We present here initial results on the fabrication of ultrathin graphitic layers on several dielectric
substrates using a carbon by a molecular beam deposition MBD technique [4]. The samples have been
characterized ex situ by: Raman spectroscopy, micro Raman spectroscopy, near-edge x-ray absorption
fine structure (NEXAFS), AFM and STM. These results have been obtained on three different dielectric
substrates: hexagonal-BN micro flakes (h-BN), SiO2 and Mica.
The experimental growth set up (Figure 1) has been developed for this purpose that employs a
UHV chamber with a carbon cell (figure 1, f) that can deposit sub-monolayer controlled graded amounts
of carbon on a heated sample holder (s). The set-up allows in situ post growth high temperature
annealing in a furnace as schematically shown in Figure 1.
The micro-Raman spectra (shown in Figure 2) reveal the Raman features D and G that are
characteristic of graphitic material. On h-BN (red) an additional sharp and strong resonance is observed
-1
at ~1370 cm that is from the underlying h-BN substrate. The spectrum taken on SiO2 (black) shows
-1
also some structure around ~2700 cm , which in graphene would be associated with a second-order
Raman band. Finally, a Mica substrate presents a similar spectrum (blue). Although these Raman
features are far away from ideal graphene, they show that it is possible to fabricate graphitic materials
directly on dielectric.
2
NEXAFS measurements confirm the predominant sp bond that confirms the graphitic character
of the grown carbon layers. The NEXAFS analysis of a layer of carbon MBE-grown on Mica (figure 3)
3
shows the following graphitic characteristics: an intense C=C * resonance at 285 eV (missing for sp like diamond), a C=C * resonance at ~292 eV, and a strong polarization dependence of * and *
resonances characteristic of an ordered 2-D bonding environment. Finally a fine structure in the *
region (photon energy > 290 eV) indicates long-range periodicity in the electronic structure.
This work is supported by ONR (N000140610138 and Graphene Muri), NSF (CHE-0117752 and
CHE-0641523), NYSTAR, CSIC-PIF (200950I154), Spanish CAM (Q&C Light (S2009ESP-1503),
Numancia 2 (S2009/ENE-1477)) and Spanish MICINN (NANINPHO-QD, TEC2008-06756-C03-01)
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Figures

Figure 1: Illustration of the experimental MBE set-up. The carbon is evaporated from the filament (f) onto an
elongated arbitrary substrate (s) and further annealed in a furnace (a). The Temperature is measured with the
thermocouple (tc). The inset depicts a side view with labels of the geometrical parameters D0 (13:3 mm), and d.

Figure 2: Micro Raman spectroscopy of 3 nm of carbon grown by MBE on hexagonal-BN (red), SiO2 and Mica
substrates.

Figure 3: NEXAFS spectra of a MBE grown sample on Mica (top) and, for reference, a CVD grown sample on
copper.
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Regular perforations of a pristine graphene sheet, i.e., a formation of a graphene antidot lattice (GAL)
[1], modify the electronic structure so that a gap may appear in the energy spectrum [2], thus possibly
paving the way to nanoelectronic applications. A central concept in the theory of solids is screening,
and in many instances an RPA-level theory is sufficient. In the case of graphene, several groups have
addressed this issue, initially approximating the electronic spectrum by the linear Dirac cone (see,
e.g.,[3,4]), and, more recently, allowing for the full graphene dispersion [5]. Here, we report analogous
results for GALs.
The calculations proceed in principle in the same way as discussed in [3-5], however in our case one
has to resort to the numerically computed electronic dispersion relations, and one needs to evaluate the
matrix elements using the (numerically) known Bloch eigenstates of the antidot lattice. Thus, we must
evaluate

where the c-coefficients are obtained from the tight-binding wave function,

It is important to note that the j-sum runs over all the atoms in the unit cell of the antidot lattice (see Fig.
1, left), and that the energies are given by the antidot dispersion ([1], or Fig. 1, right). Thus, in the case
of pristine graphene there are only two terms in the j-sum, while for antidot lattices there may be
hundreds of terms, implying significant numerical work. Also, the convergence must be carefully tested.
In practice, however, we have found that it is often possible to replace the matrix element by a wavevector and band-index conserving Kronecker symbol, which simplifies the numerical work substantially.
In the evaluation of the Brillouin-zone sums we used an improved triangle method [6]. We have
benchmarked our numerical algorithm against Ref.[5], and find quantitative agreement for pristine
graphene. The full details will be given elsewhere [7].
Figure 2 shows an example of the computed polarizabilities for two different azimuthal angles of the qvector. Also shown are results for a simplified model, “gapped graphene”, where the dispersion is

Here, n = ± 1, and δi are the nearest neighbors. The parameter Δ is chosen so that the antidot lattice
gap is reproduced. We observe a qualitative agreement, however much of the fine structure is lost in
the simple model. We have also computed the plasmon dispersion laws, and find an approximate
square-root dependence on the wave-vector (as is the case for pristine graphene), however the
dispersion is suppressed as compared to graphene. For plasmon dispersion laws the simple model and
the full antidot calculation are in close agreement.
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Figures

Figure 1. (Left) The geometry of the triangular graphene antidot lattice. The blue hexagons define the unit cell, R is
the radius of the area from which carbon atoms have been removed, and the unit vectors a1,2 define the lattice
symmetry. (Right) The band dispersion for a {12,3} lattice, used in our calculations. The dashed line indicates
value of the chemical potential, for which the polarizability calculations in Fig. 2 are carried out.

Figure 2. The imaginary (left panel) and the real (right panel) part of the polarization function, shown for two
different azimuthal angles of the q-vector of length qa = 0.00048223, kT / t = 0.01, and μ/t 0 0.05. Continuous lines
correspond to the full antidot model, while dashed lines correspond to “gapped graphene”.
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The Role of Threading Screw Dislocations in Graphene Growth on the C- and Si-faces of SiC
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Tremendous progress has been achieved in the fabrication of high frequency epitaxial graphene (EG)
RF devices. Using SiC substrates for EG growth has enabled this progress as it facilitates large areas of
graphene for device processing development. However, controlling the initiation and subsequent growth
of graphene on the substrate, which is crucial for improvements in device performance, remains to be
addressed. Here we show that threading screw dislocations (TSDs) have a significant impact on graphene growth on C-face 6H-SiC, but a much lesser impact for growth on the Si-face.

For growth on the C-face, conditions during the Si sublimation process (temperature and Ar pressure)
were chosen to produce localized graphene formation.[1] These localized graphene areas were determined to lie below the level of the surrounding substrate and are referred to as graphene covered basin
(GCBs). This result is consistent with the sublimation of Si from about 3 bilayers of SiC to form a monolayer of graphene.[2] The GCBs showed a range of different morphologies based on size and are
thought to represent the early stages of graphene growth. Electron channeling contrast imaging (ECCI)
was used to demonstrate the presence of a TSD near the centers of each GCB. Figure 1a shows an
example ECCI micrograph of a GCB; note the development of ridges and the hexagonal perimeter. An
expanded view of the TSD near the center of the GCB is shown in Fig. 1b. The TSD was confirmed by
the change in direction of light-to-dark contrast in the ECCI image as the deviation from the Bragg angle
changes sign.[3] By removing the graphene, these dislocations were revealed to lie within the SiC substrate. Optical and Raman spectroscopy showed that island centers were generally thicker than the
edges due to the removal of more substrate material. These observations imply that screw dislocations
act as nucleation sites for graphene growth on C-face SiC. As a GCB expands laterally, coalescence
with other GCBs occur in a stochastic manner. Using the Raman D and G band intensities, we determined the crystallite length scale increases with increasing GCB lateral dimension, from about 100 nm
for small GCBs to > 1 m for macroscopic areas. This implies that the crystallinity of the merged materials improves as the substrate surface is covered.

The case for EG growth on the Si-face is very different. As is well-known, 1 to 2 monolayers of EG lies
over the typical terrace and step morphology of the substrate.[4] A wafer was found where ECCI
showed evidence for TSDs, but the graphene is relatively unaffected by the dislocation presence. Figure
2 shows a scanning electron micrograph of graphene grown on a region of the Si-face that contains
TSDs. The terrace and step morphology is straight between TSDs, but becomes curved near them, similar to the C-face case. The difference is that for the C-face, localized growth continues from the GCBs
along the step edge; this is not observed for growth on the Si-face. Using Raman spectroscopy and
atomic force microscopy, the thicknesses of the graphene at and near the TSDs were found to be unchanged and there were no obvious morphological changes to the graphene. The fact that there are no
gross changes to the substrate in the vicinity of the TSD suggests that the dislocation is probably not a
major conduit for Si sublimation during growth (that is, a source of C), in contrast to the case for C-face
growth.
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Figures

Figure 1. (a) An ECCI image of a small GCB with spiraling growth highlighted by the dotted
line. (b) Magnified image of the GCB center, revealing a dislocation, imaged as an area of
light/dark contrast. The arrow indicates the direction of the transition of light-to-dark contrast
for Bragg angle deviations, consistent with the presence of a threading screw dislocation.

Figure 2. A scanning electron micrograph of graphene grown on the Si-face showing
the typical terrace (light gray) and step bunched regions (darker gray). Note how the
step bunched regions curve in some locations. ECCI images of those curved regions
show the presence of a threading screw dislocation near the center.
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Electronic scattering and nanoelectromechanical manipulation of graphene
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Using scanning tunneling microscopy (STM) and spectroscopy (STS), we perform an
atomically resolved investigation of the electronic scattering behavior at impurities and a
monolayer / bilayer step edge in graphene on SiO2. Measurements at different tip-sample
distances reveal a reversible transition between hexagonal and trigonal symmetry of the
atomic corrugation interpreted as a tip-induced buckling, associated with different displacements of the flake.
STM allows a direct observation of microscopic scattering, which could possibly affect the electrical properties of this system. Our measurements reveal intense interference patterns with a
wavelength of 0.37 nm. This
x R30° superstructure is only observed in the vicinity of strong
scatterers, such as edges or adsorbates (Fig. 1), and is induced by intervalley scattering of
electrons. The interference effect shows an energy dependence which corresponds to the conical band structure of graphene. Moreover, a simultaneous imaging of the electronic scattering
pattern and the atomic structure enables the determination of the impurity position with respect
to the crystal lattice.
Employing tip-graphene interactions, we move parts of the flake under the tip vertically [1]. Thereby, we also modify the atomic lattice of graphene, observing a phase transition between a
hexagonal and a buckled, threefold symmetry phase. Different models, including mechanical
compression and modifications of the local density of states, are discussed.
Fig. 1: STM constant current
images of (a) scattering patterns at an adsorbate, (b) hexagonal contrast at 0.5 V, 0.1 nA
(larger tip-sample distance), (c)
trigonal contrast at 0.5 V, 5 nA
(smaller distance).
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Electrical conductivity of carbon nanopowders.
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The discovery of graphitic nanoparticles with exceptional electrical transport properties, like high
conductivity and high charge mobility, has incredibly broadened the range of potential applications of
this class of materials, thus unleashing a revolution in electronic devices industry. Two of the most
important members of this new generation of materials are undoubtedly carbon nanotubes and
graphene. Perhaps the biggest challenge to be faced is how to manipulate these nanoparticles in order
to bring effectively their remarkable electrical properties onto the macroscopic level. Since the
conductive performance of the composites is directly related to the formation of a conductive network
through the polymer matrix, its understanding depends, at least partly, on the knowledge of the
electrical behavior of the nanoparticles agglomerates, here called bulk powder.
The electrical conductive behavior of different carbon materials (multi-walled carbon nanotubes,
graphene, carbon black and graphite), widely used as fillers in polymeric matrices, was studied using
compacts produced by the buckypaper preparation process and powder compression [1-7]. Powder
pressing assays show that the bulk conductivity depends not only on the intrinsic material properties but
is also strongly affected by the number of particle contacts and the packing density. For nanotube,
graphene and graphite particles, the conductive behavior during compaction is governed by mechanical
particle arrangement/deformation mechanisms. The buckypaper preparation process induces a high inplane preferred orientation for the large surface area nanotube and graphene particles, thereby yielding
largely the single particle intrinsic conductivity for the in-plane direction. The relevance of the results for
composite processing is discussed.
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Figure 1. Schematic representation of the experimental set-up involved in the measurement of the powder
conductivity.
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Figure 2. Electrical conductivity behavior of the different carbon powders as a function of pressure. For each
material the data points represent an average of at least 3 identical assays differing not more than 3%..
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Effect of graphene/substrate interface on the electronic transport properties
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Graphene is currently the object of many research interests especially for its remarkable electronic
transport properties, making this material a promising candidate for future “post-Si” electronics. In a free
standing graphene sheet without defects and adsorbed impurities, charge carriers can exhibit a giant
intrinsic mobility [1] and can travel for micrometers without scattering even at room temperature. So far,
very high values of mobility (>2×105 cm2V-1s-1) and electron mean free path have been observed in
vacuum and at low temperature (5K) in “suspended” graphene after a current-induced cleaning [2].
However, graphene for electronics applications is commonly supported by a dielectric substrate or by
semi-insulating SiC, and the values of the electron mean free path (l) and mobility (µ) measured in
supported graphene are usually significantly lower than in suspended ones.
In the present work, l and µ have been comparatively evaluated in graphene sheets mechanically
exfoliated from highly oriented pyrolytic graphite and deposited on substrates with different relative
dielectric permittivities, SiO2 (kSiO2=3.9), Si3N4 (kSi3N4=7.5), 4H-SiC (0001) (kSiC=9.7) and strontium
titanate, STO (kSTO=330), and in single layer graphene epitaxially grown by thermal decomposition of
4H-SiC (0001). The transport properties have been measured at room temperature both on micrometer
size test patterns in graphene, using conventional electrical characterization (sheet resistance and Hall
effect measurements on Van der Pauw structures) and, locally, by using a recently demonstrated
scanning probe method based on localized capacitance measurements [3,4]. From the experimentally
found dependence of l on the carrier density (n), three main scattering mechanisms affecting electronic
transport in supported graphene sheets have been identified, i.e. (i) Coulomb scattering by charged
impurities, either adsorbed on graphene or located at the interface with the substrate, (ii) scattering by
point defects [5], working as resonant scatterers [6] and (iii) scattering by the substrate surface polar
phonons (SPP) [7]. Scattering by charged impurities is reduced in graphene sheets on substrates with
higher permittivity, due to a more efficient dielectric screening of Coulomb potential. Hence, the role
played by SPP and by defects becomes increasingly important in graphene on high-k dielectrics and
ultimately limits its transport properties. As an example, both in the case of graphene deposited on SiO2
and on 4H-SiC(0001), scattering by charged impurities is still the main scattering mechanism. However,
a higher electron mean free path is measured in graphene on SiC, due both to the three-times higher
dielectric permittivity than SiO2 and to the higher SPP phonon frequency (see Fig.1). In the case of
graphene on the high-k substrate STO, a mean free path significantly lower than that expected by
charged impurities scattering is measured, indicating that the scattering by SPP and defects become
the mechanisms limiting transport properties.
Finally, comparing the mean free path locally measured on several surface positions in deposited
graphene on 4H-SiC (0001) and in epitaxial graphene grown on the same substrate, it was worth noting,
in the latter case, an average value ∼0.4 times than in deposited graphene and a much broader
distribution of the locally measured values. These differences have been explained in terms of the
peculiar interface structure of epitaxial graphene on the Si face of hexagonal SiC, in particular as a
consequence of the presence of a large density of dangling bonds between the C buffer layer (the
precursor of epitaxial graphene formation) and the substrate [8,9].
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Fig.1 Electron mean free path versus
carrier density in graphene exfoliated
from HOPG and deposited on SiO2 (a)
and on the Si face of 4H-SiC (b). The
fit of the experimental data is reported,
as well as the calculated electron
mean free path limited by charged
impurities and surface polar phonons
scattering.
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graphene exfoliated from HOPG and
deposited on 4H-SiC (0001) and in
epitaxial graphene grown on the
same substrate.

Fabrication of Graphene Layers by Means of Chemical Vapor Deposition
for Field Effect Device Fabrication
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Abstract - In this paper we report on the fabrication and characterization of graphene layers for
graphene field effect devices, which is a modified and advanced approach already developed at ISTN
for the in situ fabrication of single walled carbon nanotubes [1]. After the graphene layers are generated
by means of chemical vapor deposition using a methane feedstock, the band gap is engineered
constricting the lateral dimensions of graphene obtaining graphene nanoribbons. The graphene
nanoribbons (GNRs) are contacted by selected metals to form field effect devices with various
applications.
I.

Fabrication

As substrate highly p-doped silicon wafers are used, which are oxidized in dry ambient at 1000°C to
form an oxide of 60 nm. In the following the oxide is patterned by several lithography steps.
Subsequently a structured photoresist remains on the wafer surface and a thin aluminum and nickel
layer is evaporated on the whole wafer surface and structured via liftoff. After annealing at high
temperature (900 °C) in hydrogen atmosphere the Al-Ni layer forms the catalyst. The so called sacrificial
catalyst Al transforms itself into an insulator aluminum oxide which is covered with nickel nanoclusters
[1]. By means of chemical vapor deposition (CVD) with a methane feedstock, a thin graphene layer
grows near catalytic aluminum/nickel areas (see Fig 1).
II.

Analysis

The first analysis of the graphene layer by atomic force microscopy AFM (see Fig. 2) shows a layer
thickness of around 2.5 nm, which corresponds to five to seven stacked graphene sheets. The
conductive AFM (C-AFM) measurement shows that the ultra-thin layer around Al/Ni regions is made of a
conductive material (see Fig. 3), as expected for graphene. The scanning electron microscopy image of
the probe at the catalyst graphene junction points at a higher resolution of the composition (see Fig. 4),
some carbon nanotubes growing from the nickel cluster can be seen, as they are supposed to be
[3],[4]. To proof whether the carbon has an amorphous or a lattice structure, the probe was mould in
epoxy resin for the structural transmission electron microscopy examination (TEM). Figure 5 shows the
TEM examination of a graphene layer on a silicon dioxide surface with fourier analysis. The interplanar
spacing of 3.5Å is a strong evidence for the existence of graphene grown by means of CVD.
III.

Conclusion and Outlook

The analysis of the produced layer yields several stacked graphene sheets. By constricting the lateral
dimensions of graphene to obtain designable band gaps, graphene becomes a viable material for
transistor applications, for example as GNR field effect devices. At ISTN, graphene layers produced by
means of CVD will be patterned into GNRs using electron-beam lithography followed by reactive-ion
etching allowing lateral downscaling in the sub-100 nm range, as already achieved for silicon nanowires
[2]. The physical characterization of the GNRs will be prepared by means of AFM while the electrical
characterization will be done by Keithley measuring station, already used for the characterization of
carbon nanotube field effect devices (CNTFETs).
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Figures

Figure 1. Schematic of silicon substrate covered by silicon
dioxide. The graphene layer on top is grown by means of CVD
with a methane feedstock near catalytic aluminum/nickel areas.

Figure 2. AFM Measurement (left) of the graphene layer on a
silicon dioxide surface, (right) corresponding stepheight analysis
by average heigth value calculated at the red and green lines.
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Figure 3. (left) AFM current scan of the graphene layer and the
corresponding cross-section within the white square (right).

Figure 5. Structural transmission electron microscopy
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examination of a graphene layer on a silicon dioxide surface with
fourier analysis.

Figure 4. Scanning electron microscopy image of the probe at
the catalyst graphene interface.

One-Pot Greener Reduction and Magnetization of Graphene Oxide Sandwich structures for Trapping Toxic
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In recent years, Graphene has explored versatile applications in nano electronics, sensors and biomedical
diagnosis etc.
(rMGO).

Several synthetic strategies were developed to obtain reduced and magnetic graphene oxide

Many of them, however, are either time-consuming, multi-step or require the use of highly toxic or

environmentally unfriendly reagents. It is necessary to develop a simple, rapid and green synthetic process to
achieve reduction and magnetization of graphene oxide.

In this report, a facile in-situ solid-state microwave

induced process was developed to facilitate the reduction and magnetization in one pot. The obtained rMGO
sandwich structures were well characterized by the spectroscopic and microscopic techniques. The bare rMGO
possess excellent magnetic property and efficient binding capacity for Cr (VI), whose presence was considered to
be the most toxic and carcinogenic in the ecological system. Through the comprehensive exploration of adsorption
experiments, it has proven possible to create the first example of reduced magnetic graphene oxide based
adsorbant for trapping chromium metal contaminants with almost 99.9% removal efficiencies. The discovery of
simple, rapid, facile and green synthesis of rMGO will provide new opportunities for research that exploits the blend
and synergism of graphene oxide for environmental applications.
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Figure

Schematic procedure for the synthesis of reduced magnetic graphene oxide (rMGO) via microwave arcing
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Inorganic nanoparticles (NPs) have emerged as a new class of materials particularly interesting due
to their unique size and shape-dependent electronic, optical, magnetic and catalytical properties. On
the other hand, carbon nanostructures (CNS) presents a high surface area, high thermal and
electrical conductivity and chemical inertness. On this regard, the combination of these two
components in an hybrid nanostructure (HNS) may lead to a new class of functional materials that
integrate the properties of both components. These HNS present important features for catalysis,
nanotechnology and materials science applications [1] while electronic communication between both
structures open new frontiers in the design of photoelectronic of light-energy conversion devices.
Additionally, CNS can be used as a scaffolds to build 1D or 2D self-assembled nanowires or
nanosheets of inorganic NPs.
The most important and crucial point for the future expansion of these new class of materials for
technological applications is to find power synthetic methodologies to produce HNS with reproducible
properties and performances. Up to date, all used methods are either based on the direct growth of
NPs onto CNS or the attachment of pre-synthesized NPs to CNSs via their covalent linking through
organic molecules. While the direct growth is usually a simple and effective synthetic method, it does
not allow the easy control of the final NPs morphology. Alternatively, the attachment of pre-formed
NPs to CNT leads to better size and shape selection, although it involves a multi-reaction process in
order to modify the inert facets of the CNS. In this context, we developed a protocol for the
functionalization of CNS with inorganic NPs based on the use of CNS as ligands. Under the
appropriate conditions, this method allows i) the destabilization of the original surfactant layer of the
NP and ii) the further use of CNS facets as additional ligands. This technique leads to CNS
selectively decorated with metal NPs, avoiding tedious surface modification[2-4].

Functionalization of CNS with Inorganic Nanoparticles: (Left) Co-CNS hybrid
nanostructures (4-8 μmCo rice-grain like structures). (Right) Au-CNT HNCs dispersed
in toluene (Au NPs are 12 nm in diameter).
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Chemically derived graphene: electronic and mechanical properties
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The promising electronic, mechanical and thermal properties of graphene for high demanding
applications call for the need of approaches that provide access to large amounts of graphene
monolayers.
Here we report on the electronic and mechanical properties of single graphene sheets obtained
via chemical reduction of graphite oxide, a promising route for the large scale production of
graphene layers that offers the possibility to assemble them on insulating technological relevant
substrates.
Chemically reduced single graphene oxide layers exhibit moderate conductivities due to the
1
presence of defects or residual functional groups remaining after reduction . This moderate
electrical performance can be extraordinarily improved by a CVD process to heal defects contained
within the monolayers. In this manner, sheets with two orders of magnitude conductivity
2
enhancement can be obtained , reaching mobilities that exceed those of the molecular
semiconductors currently used in organic electronics.
From the mechanical point of view, AFM indentation experiments on suspended chemically
3
derived layers reveal a Young modulus closely approaching that of pristine graphene , with their
electrical conductivity scaling inversely with the elastic modulus.
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While pristine graphene has presented a wealth of intriguing electronic properties, the lack of a sizable
band gap is a significant drawback for possible applications in the field of electronics. We have shown
how a periodic modulation of a graphene sheet, in the form of a regular array of holes, introduces a
band gap around the Fermi level, the size of which depends on the size and periodicity of the holes [1].
While we have originally focused on perforations as the source of the modulation, several experiments
have presented alternate methods of realizing such graphene antidot lattices, such as e.g. patterned
hydrogen adsorption [2]. The crucial ingredient is the breaking of the symmetry between the two
sublattices of graphene.

We present results of band structure calculations using three computational methods of increasing
complexity; (i) finite-element solutions of the Dirac equation (DE) with an infinite mass term in the
location of the antidots, (ii) nearest-neighbor tight-binding (TB) calculations, and (iii) full-fledged density
functional theory (DFT) calculations. We find good agreement between DFT and TB calculations, while
the DE method consistently reports larger band gaps. The discrepancies of the DE results are linked to
the lack of an adiabatic transition between the perfect graphene sheet and a graphene antidot lattice
with vanishing hole radius [3]. A simple correction of the DE results leads to much better agreement
between all three methods.

The lower conduction and upper valence band of graphene antidot lattices can be described
qualitatively in a simple continuum model, by introducing a mass term in the Dirac equation of pristine
graphene. We present closed-form expressions of the optical conductivity predicted from such a model
[4] and compare with results obtained from atomistic modelling [5]. The model admits analytical
solutions, also with a magnetic field perpendicular to the graphene plane. Using these analytical
solutions, we present preliminary results on the influence of magnetic fields on the optical properties of
gapped graphene, with an emphasis on the off-diagonal conductivity. We compare these results to
calculations using a tight-binding model with a staggered potential, where the magnetic field is
introduced via a Peierls substitution.
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Figures

(a) Unit cell of the {L,R}={7,3} graphene antidot lattice, with L and R given in units of the graphene lattice constant.
(b) Band structure calculated for three different antidot lattices, comparing results obtained using the Dirac equation
to those obtained using a nearest-neighbor tight-binding approach. Only positive energies are shown, as both
methods exhibit perfect electron-hole symmetry. Note that while the methods are in qualitative agreement on the
shape of the bands, the DE results consistently show larger band gaps.

Optical conductivity calculated for gapped graphene compared to results obtained using atomistic modelling of
graphene antidot lattices. The mass term of the gapped graphene has been adjusted to fit the band gap of the
chosen antidot lattices. Note the qualitative agreement at low energies.
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In recent years graphene has been the subject of intense theoretical and experimental research mainly
due to its very peculiar electronic structure and electronic properties, resulting in numerous unusual
effects: Klein tunnelling “paradox”, half-integer quantum Hall effect, and other effects [1]. Many authors
consider graphene as a good candidate for spintronics and for future replacement of silicon-based
electronics. A graphene sheet can be cut to form graphene nanoribbons (GNR) with different
orientations of edges relative to the graphene crystal structure. If two (or more) independent parameters
(e.g., gate voltages) of a mesoscopic system are adiabatically modulated in time, finite dc current
through the device can be generated. This phenomenon is known as adiabatic quantum pump effect.
Quantum pump effect in graphene was previously studied by E.Prada et al. using Dirac approximation
[2]. They argued that the Klein tunnelling effect has a great impact on the properties of graphene-based
pumping devices due to the unusual (in comparison with normal devices) contribution of evanescent
modes. Pumping with two potential barriers, separated by a finite unbiased central region, was
considered in ref. [3]. It was demonstrated that due to the high anisotropy of transmission through a
potential barrier in graphene both directions of pumping can be realized for a fixed pumping contour in
contrast to normal devices. Pumping with a series of barriers was considered in a recent paper by Z.Wu
et al. [4].
We consider adiabatic quantum charge pumping in graphene nanoribbon double barrier structures with
armchair (AGNR) and zigzag (ZGNR) edges in the resonant transmission regime [5]. The geometry of
the setup is depicted in fig. 1(a). The Hamiltonian of the device is expressed using orthogonal nearestneighbour tight-binding approximation. Pumping is achieved by periodic variation of two external gate
voltages which are modelled by adding on-site energies U1 and U2 to the diagonal terms of the
Hamiltonian. Electron-electron interactions are neglected and the spin degeneracy factor of 2 is omitted
for clarity. In the adiabatic approximation the charge pumped through the device can be calculated
within scattering matrix formalism using Brouwer's formula [6]. Alternatively, Green’s function formalism
can be used [7].
In the case of AGNR the whole resonance line of conductance contributes to the pumping of a single
electron per cycle through the device. This picture is reminiscent of that of a simple 1D double barrier
structure (a quantum dot separated from the leads by two point contacts with variable conductances). In
fig. 2(a) the dependence of the pumped charge Q on the Fermi energy EF in the leads is plotted. The
transmission amplitude is peaked when EF becomes equal to the energy of some quasi-bound state in
the device region. When the Fermi level is far from any such state, no resonance is observed. One can
see from fig. 2(a) that for some values of EF the pumped charge tends to the electron charge value. This
happens each time when the pumping contour encloses a large part of the resonance line. This charge
quantization behaviour is in agreement with charge loading/unloading picture discussed in ref. [8]. The
pumping contour crosses the resonance line in two resonance points A and B (see fig. 1(b)). When the
point A is crossed, the quasi-bound level inside the device moves below the Fermi level in the leads and
an electron tunnels from the left lead into the central region. At the point B the quasi-bound level moves
up and an electron tunnels into the right lead.
The situation is qualitatively different for ZGNR due to zero-conductance resonances (dips) inherent to
locally gated ZGNRs and associated with the formation of discrete quantum levels in the barrier region.
[9]. In fig. 2(b) we plot the dependence of the pumped charge on the Fermi energy. The pumped charge
is also quantized, but in contrast to AGNR, both directions of current are now possible for fixed direction
of the pumping contour. Such behaviour can be explained within charge loading/unloading picture [8]
taking into account the zero-conductance resonances. In the AGNR case at point A (fig. 1(b)) the
probability of tunnelling through the right barrier is much lower than the probability of tunnelling through
the left one because the right barrier is much higher. At the point B the situation is reversed. The
parameters can be adjusted such that the tunnelling through the left (right) barrier at point A (B) is
blocked by the zero-conductance resonance. This results in the backward direction of current. These
conductance dips separate the whole resonance line into several parts, each of which corresponds to
the pumping of a single electron through the device, and in contrast to AGNR, one electron can be
pumped from the left lead to the right one or backwards.
We gratefully acknowledge support from FASI, Russia (State contract 02.740.11.0433) and RFBR,
Russia (Project 10-02-00399).
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Figures

Fig. 1. (a) Schematic of the quantum pump ZGNR-based device (AGNR case is similar and not shown). Pumping is
achieved by periodical variation of potentials U 1 and U2. (b) Typical pumping contour, schematic resonance line of
conductance and two resonance points A and B.

Fig 2. (a) The pumped charge per cycle Q for 10-AGNR as a function of the Fermi energy EF in the leads for a fixed
pumping contour. (b) The pumped charge per cycle Q for 10-ZGNR as a function of the Fermi energy EF in the
leads for a fixed pumping contour. See ref. [5] for the details.
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Probing the strain in epitaxial graphene grown by different methods with Raman spectroscopy
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The difference between epitaxial graphene layers on 4H-SiC(0001) obtained by two different
growing techniques have been investigated with micro Raman spectroscopy. The first one, commonly
used is based on sublimation of Si from SiC(0001) surface at high temperature (S-EG). The second
method has been developed by chemical vapor deposition technique (CVD-EG). This new technique
involves controlling the dynamic flow of argon in the reactor, which stops Si sublimation and uses
propane gas as the carbon precursor.
The micro Raman maps have been created with 3µm light spot using 530 points measured on
2,3 x 2,3 mm area in the center of the sample. The wavelength of the light used was 532nm. Micro
Raman maps allowed to make histograms, on which number of points with the same 2D line frequency
-1
ν+/- 1cm were plotted against frequency ν. It was found that there are two main differences between
maps obtained on the S-EG and CVD-EG layers. The histogram for typical S-EG sample has shown
-1
that the mean position of the 2D line is located at frequency 2743cm (Fig 1). Such a shift of the 2D
-1
line (blue shift up to 63cm ) in comparison to free unstrained graphene, in which the 2D line is at
-1
frequency 2680cm , indicates that the S-EG layer is under strong compressive strain. On the other
hand, histograms for the CVD-EG have shown that mean position of the 2D line is at frequency
-1
2708cm (Fig 1). This reveals that CVD growth of graphene produces much less strained layers (blue
-1
shift up to 28cm ). The effect is dramatic – the compressive strain in the CVD-EG is two times smaller
than in the S-EG. Similar effect observed for the position of the G line confirmed the results for 2D line.
Another important difference between Raman spectra of samples produced by this two growth modes
is that the layers grown by CVD are much more uniform in comparison to the S-EG ones. This is
noticeable from the half-width of histograms shown in Fig.1: the one for CVD-EG is much more narrow
than the one for the S-EG. This proves that the quality of graphene layers grown by CVD-EG
technique is significantly higher.
Discussion on the unexpected different compressive strain obtained for the S-EG and CVDEG layers has also been presented. It has often been argued, that the origin of compressive strain in
S-EG comes from the different thermal expansion coefficients for graphene and SiC. In the case of SEG growth, the origin of Si sublimation from SiC surface is probably connected with atomic steps and
also with all kind of defects present on the SiC surface, in particular with dislocations. Thus, the
graphene layer can be pinned to the SiC surface at many randomly distributed points. This will
inevitably lead to much larger strain in the S-EG layers and eventually to their poorer quality. In the
case of CVD-EG the nucleation sites of graphene layer are probably connected only with atomic steps
of SiC surface and will be much less sensitive to surface defects. Subsequently grown layers will
weakly interact with the ones already grown, and may more easily relax the strain. It may explains
superior quality of the CVD-EG layers.
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Fig1. Typical histograms obtained from micro Raman maps for epitaxial graphene layers
grown on 4H-on axis SiC(0001) by chemical vapor deposition (CVD-EG) – red area, and by
conventional Si sublimation (S-EG) – green one.
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While the zero bandgap in graphene leads to exceptional electronic properties, it hampers attempts to
make transistors for digital applications. This presentation describes how the presence of substrates
might be used to solve this problem. Recent experimental work has shown that there may be bandgaps
in graphene on certain substrates: There has been significant debate regarding whether a gap is
present in monolayer graphene on silicon carbide [1,2] and ARPES measurements have found a gap in
graphene on a monolayer of intercalculated gold on ruthenium [3]. While there is significant controversy
about the origin of the gap seen in Ref. [1] and the nature of the reconstruction of the surface of the SiC
system (see e.g. [4]), the authors of Ref. [3] have found evidence for the opening of the gap in the
ruthenium system due to a breaking of the symmetry of the two carbon sub-lattices in graphene. Given
this surprise gap opening, there are likely to be many other systems in which gaps can be generated by
a substrate.

The existence of substrates that can modify the electronic structure of graphene raises the interesting
possibility of using the substrate to induce interactions between the electrons in the monolayer. In a two
dimensional material, effective electron-electron interactions can be induced via a strong interaction
between the electrons in the layer and phonons in a strongly polarizable substrate because of limited
out of plane screening [5]. I calculate the effects of electron phonon interaction on electrons in both a
linear chain (1D analogue) and a honeycomb lattice (graphene) where a gap has been opened with a
modulated potential. I present results for both systems, computed using the numerically exact
diagrammatic quantum Monte Carlo technique. The results show an increase in the gap on increased
electron-phonon coupling, until the gap becomes filled when polaron side bands form. This
demonstrates the potential to use substrate (or superstrate) induced electronic correlations to engineer
the electronic properties of graphene.

155

References
[1] S. Y. Zhou, G.-H. Gweon, A. V. Fedorov, P. N. First, W. A. De Heer, D.-H. Lee, F. Guinea, A. H.
Castro Neto and A. Lanzara Nature Materials 6 (2007) 770
[2] A. Bostwick, T. Ohta, T. Seyller, K. Horn and E. Rotenberg. Nature Physics 3 (2007) 36
[3] C. Enderlein, Y. S. Kim, A. Bostwick, E. Rotenberg and K. Horn. New J. Phys. 12 (2010) 033014.
[4] Y. Qi, S. H. Rhim, G. F. Sun, M. Weinert and L. Li. Phys. Rev. Lett. 105 (2010) 085502
[5] A. S. Alexandrov and P. E. Kornilovitch. J. Phys.: Condens. Matter 14 (2002) 5337
Figures

Spectral functions A(E) of A and B type electrons at the edge of the Brillouin zone on a chain with modulated
potential used as a 1D analogue of the graphene substrate system. Note the increase in the band gap as the
electron-phonon coupling () is increased, and the polaron side band which forms in the gap at large coupling.
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Single-atom sensitive imaging of two-dimensional MoS2 nanoparticles
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The anisotropic, layered structure of graphite is encountered in a variety of complex compound
materials such as the transition metal disulfides MS2 (M=Mo, W). These compounds consist of S-M-S
layers with covalent intralayer bonds and with a weak van der Waals interlayer interaction. Like
graphene, such S-M-S layers have within the last two decades been found to form numerous of
nanoscale polymorfs (including fullerene-like structures, nanotubes/wires and platelets), each with
unique physico-chemical properties significantly different from the corresponding bulk materials [1].
Here, we focus on planar, single-layer MoS2 nanoparticles, which is of broad, current interest as catalyst
for the industrial oil refining, hydrogen evolution and photo-oxidation.

It is well-known that the catalytic reactivity of MoS2 is associated with the edges of its 2-dimensional SMo-S layers. Detailed edge structure information is thus essential in order to understand the nature of
the catalytic active sites [2]. Previously, unprecedented insight into the atomic structure of single-layer
MoS2 nanoparticles prepared under ultra high-vacuum conditions on planar model substrates have been
obtained from scanning tunneling microscopy (STM) and from density functional theory (DFT)
calculations [2]. However, the information from the model systems is difficult to relate to catalyst
particles synthesized by industrial-style methods because the precise structure and distribution of the
edge sites are sensitive to the preparation conditions, edge-attached promoter atoms, and interactions
with support media [2]. For long, it has therefore been a key goal to obtain high-resolution electron
microscopy images of industrial-style, supported MoS2 catalysts, viewed in the (001) projection, but the
lack of sufficient contrast and resolution has prevented such images to be obtained [3].

Recent advances in high-resolution transmission electron microscopy (HRTEM) have now made it
possible to obtain images of unsupported graphene-type structures with single-atom sensitivity [4]. In
this contribution, we demonstrate how this HRTEM approach also provides atomically resolved
information of MoS2 nanoparticles dispersed on a high-surface-area graphite support [5]. Figure 1
shows the HRTEM reconstructed phase image of a hexagonal MoS2 nanocrystal supported on a few
graphene-layers thick flake. A detailed contrast analysis of the image provides an unambiguous
identification of the single- and double-layer domains in the MoS2 nanocrystal and thus information
about the types and concentration of the edge sites. It will be discussed how this atomic-scale
information about the industrial-style catalysts may be related to catalytic reactivity and assist new,
improved structure-functionality relationships to be established.
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Figure 1: (a) Reconstructed aberration corrected HRTEM phase image of a MoS2 nanocatalyst supported on
graphite recorded in MoS2 (001) projection as revealed from the Fourier transform (inset). (b) Close-up of region
near the edge of the MoS2 particle illustrating the atomic arrangement of single- and double layer MoS2 structure
[5].
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Interlayer Hopping Effects on Energy Bands in Bilayer Graphene
(Boron-Carbon-Nitride) Nanoribbons with Zigzag Edges
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The graphite, multi-layer, and single-layer graphene materials have been studied intensively, since the
electric field effect has been found in atomically thin graphene films [1]. These materials can be
regarded as bulk systems. On the other hand, nanographenes with controlled edge structures have
been predicted to have localized states along the zigzag edges [2]. The presence of the edge states has
been observed by experiments of scanning tunneling spectroscopy [3,4]. Thus, the studies of the edge
states are one of the interesting topics of the field. The recent atomic bottom-up fabrication of
nanoribbons really promotes experimental and theoretical investigations [5].

In this paper, bilayer graphene (and boron-carbon-nitride) nanoribbon with zigzag edge is investigated
with the tight binding model. Two stacking structures, α and β, are considered. Their structures are
shown in Fig. 1. In the α structure, the upper layer is shift by the bond length downward to the position
of the lower layer. In the β structure, the lower layer is shift to the right-down direction. In the boroncarbon-nitride nanoribbons, the upper edge atoms are replaced with borons, and the lower edge atoms
are substituted with nitrogens. The band splitting is seen in the α structure, while the splitting in the
wave number direction is found in the β structure (Fig. 2). The local density of states in the β structure
tends to avoid the sites where interlayer hopping interactions are present. The dependence of the
number of states on energy reflects the band structures, and this will appear in quantization of
conductance experimentally.

In detail, the energy band structures of the systems with the zigzag line number 10 are displayed in Fig.
2, for the single layer (a), the

structure (b), and the

structure (c). The interlayer interaction strength

is t1=0.1t. In Fig. 2 (b), the split of the energy bands is seen compared with Fig. 2 (a). In contrast, split
in the perpendicular direction is negligibly small in Fig. 2 (c). The nearly flat band due to the edge state
in 2 /3 < |kd| <

is present at the energy E~0 in Figs. 2 (a-c), where d is the unit cell length of the one

dimensional direction of Figs. 1 (a) and (b). The energy bands starts at E=1.0t at |kd|= , typical to the
graphene structure. Comparing Fig. 2 (b) with Fig. 2 (c), the energy split is not seen in Fig. 2 (c), and
split in the wave number direction is found.
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Figure 1

A-B stacked bilayer graphene nanoribbon with zigzag edges. The upper layer is shown by the solid
lines,and the lower layer by dotted lines. In the

structure (a), the upper layer is shift by the bond

length downward to the position of the lower layer. The region surrounded by the dashed line is the unit
cell in the direction of the one dimensional direction. At the circles, two carbon atoms of the upper and
lower layers overlap completely, and there is the weak hopping interaction t1 here. In (b), the

structure

is shown, where the lower layer is shift to the right-down direction so the stacking pattern is different
from that of the

structure.

Figure 2

Energy band structures in the single layer (a),
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structure (b), and

structure (c).

Graphene-Graphane ribbons on substrate
Ari Harju1, Mari Ijäs1, Paula Havu1, Pirjo Pasanen2
1Aalto

University School of Science, Espoo, Finland
Research Center, Helsinki, Finland
ari.harju@aalto.fi

2Nokia

Ever since the first experimental discovery of graphene and its extraordinary electronic properties [1],
the search for practical applications for this new material has been intense. As the lack of a band gap is
a hindrance for applications, various methods have been suggested to induce a gap, among them
cutting the material into thin stripes, graphene nanoribbons (GNRs). Confinement induces a width- and
edge- dependent gap [2], but manufacturing these experimentally with atomic precision is challenging.
An interesting possibility to generate graphene nanoribbons is by selective dehydrogenation of
graphane [3], the fully hydrogenated graphene.

We have theoretically studied the stability of the one-side hydrogenated graphane on the oxygenterminated silicon dioxide surface. Scanning and relaxing around 500 initial configurations, we have
found the two most stable graphane configurations shown in Fig. 1. Both configurations are insulators
but their band gaps differ considerably. The quarter-hydrogenated configuration has only a small band
gap of 0.46 eV, and for the half-hydrogenated graphane the magnitude is 3.7 eV. Whereas our
simulations show that graphene binds to the silicon dioxide via the van der Waals forces, graphane
binds to the surface covalently.

We have formed graphene ribbons on graphane by removing hydrogens from the half-hydrogenated
configuration, see Fig. 2. In experiments, this can be done using STM tip [4]. For the electronic structure
of the resulting ribbons, both antiferromagnetic and ferromagnetic spin order were found, the
antiferromagnetic ones being lower in energy. In addition, the coupling of the graphane to the substrate
leads to an interesting electronic structure: As the substrate is not symmetric on the two edges, see Fig.
2, and because the edge atoms in the ground state have opposite spins, the spin symmetry of the
ribbons is broken by the substrate and the two spin channels turn out to have gaps of different
magnitude. As a result, the system shows a half-semiconducting band structure. The gaps in ribbons
typically get smaller as the ribbons get wider, and in this case the electronic structure might change to
half-metallicity.
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Figures

Figure 1: Quarter- (left) and half-hydrogenated (right) graphanes on substrate.

Figure 2: Graphene ribbon created by removing rows of hydrogen.
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All-carbon ferromagnetism derived from edge states in graphene nano-pore arrays
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on the spin interaction between two edge lines (e.g., in
graphene nanoribbons (GNRs) that are 1D restriction of
graphene with edges on both longitudinal sides) and
become responsible for magnetic behaviour such as
ferromagnetism or antiferromagnetism3,5-7,13,14. This is
because the nonbonding states of carbon atoms (i.e.,
dangling bonds) at the zigzag edge are half filled and
behave like the outer shell of a ferromagnetic atom, which
is not stable when spin is taken into account. The exchange
interaction requires the spin in these orbitals to be
maximized, similar to Hund’s rule for atoms. It determines
whether either ferromagnetism or antiferromagnetism
appears in GNRs, which in turn strongly depends on the
termination of edge carbon atoms by foreign atoms (e.g.,
hydrogen or oxygen).
Many works have theoretically predicted the appearance
of ferromagnetism in graphene-related systems such as
GNRs1-7, antidot-lattice graphenes (ADLGs) with
honeycomb-shaped antidots13, and graphene nano-flakes
(nano-islands) with triangular and hexagonal shapes14.
However, there have been no reports of the experimental
observation of ferromagnetism, although experiments to
observe and control graphene edge structures have been
conducted using approaches such as Joule heating with an
STM probe15, fabrication of GNRs17-19, and formation of
ADLGs with edges around the antidots20,21.
Figure 1a shows the top view of a scanning electron
microscopy (SEM) image of a nanoporous alumina
template23 (Al2O3; NPAT) that was then used as an etching
mask to form the antidot lattice (ADL) on the graphene
(Supplementary information (1)). Atomic force microscopy
(AFM) images of ADLG and one antidot formed by
optimized low-power Ar gas etching using the NPAT are
shown in Fig. 1b. The inset of Fig. 1b proves the hexagonal
shape of the antidote (Supplementary information (2) - (4)).
Figure 1c shows an STM image obtained in a ∼10-layer
ADLG with hydrogen termination (Supplementary
information (5)). It demonstrates the possible presence of
high EDOS (white regions) at the antidot edges on the
surface graphene layer, although the high EDOSs are
smeared due to the blurred tip of top of the STM probe.
Figure 2a shows a magnetization curve of the
hydrogen-terminated monolayer ADLG at T = 2 K
(Supplementary information (5)). A ferromagnetic-like
hysteresis loop is clearly observed. In contrast, this feature

Ferromagnetism in carbon-based materials is unique
as compared to conventional ferromagnets arisen from
3d or 4f electrons, because only s and p orbital electrons
form it. Many theoretical works have predicted the
appearance of ferromagnetism in carbon-based systems
from viewpoints of edge-localized electrons1-7. However,
few independent observations have reported the
existence of ferromagnetism in controllable systems
with high reproducibility, such as poor reproducibility
in uncontrollable graphite-related systems8-10. On the
other hand, the edge structures of graphene are of
particular interest11-22. Theoretically, the so-called
zigzag edge has strongly localized electrons due to the
presence of flat bands near the Fermi level1. The
localized electron spins are also strongly polarized,
resulting in the emergence of ferromagnetism3,5,13,14.
However, no study thus far has experimentally reported
ferromagnetism. Here, in the present work, we
fabricate honeycomb-like array of nano-sized pores on
graphenes (antidot-lattice graphene) with a large
ensemble of hydrogen-terminated nano-pore edges by a
non-lithographic and low-damage method using
nanoporous
alumina
templates3.
We
observe
room-temperature ferromagnetism derived from the
polarized electron spins at the nano-pore edges. This
promises the realization of all-carbon magnets and
spintronic devices based on a spin Hall effect22,24-27.
Ferromagnetism in graphite-related systems has been
poorly demonstrated such as in highly oriented pyrolytic
graphite (HOPG) detected specifically at defects8 and
activated carbon fibers (ACFs)9. The origin of
ferromagnetism has been interpreted in terms of high
electronic density of states (EDOSs, i.e., edge states),
which exists at the zigzag edges of a two-dimensional (2D)
array of point defects at HOPG grain boundaries and the
3D disordered network of nano-graphite domains in ACFs.
However, the origin of ferromagnetism remains ambiguous
because of those complicated and uncontrolled structures.
Only edge states have been possibly observed in graphite
using scanning tunnel microscopy (STM)10.
On the other hand, the zigzag edge of graphene has
theoretically high EDOSs owing to its strongly localized
electrons (edge states), which have been introduced by
presence of flat bands near the Fermi level (EF)1. The
localized electron spins are strongly polarized depending
1
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Figure 1. Top view images of samples. a, SEM of a nanoporous
alumina template (NPAT) with antidot diameter φ ∼ 80 nm and
antidot spacing Ls ∼ 20 nm (i.e., corresponding to the width of
GNRs); b, AFM of an ADLG formed by using a as an etching
mask; inset of b, one antidot in main panel proving its hexagonal
shape (the scale bar is 100nm); and c, STM of the ∼10-layer ADLG
obtained at a temperature of 80 K in a constant-current mode.
Lighter regions at antidot edges denote higher EDOSs. In the
present ADLG, the narrow space between two antidots can be a
GNR (Fig.4b). Consequently, the ADLG can provide a large
volume of GNRs and edge structures, which result in a large signal
of magnetism.

Figure 2. Magnetization of monolayer ADLGs (Supplementary
information (5)) with φ ∼ 80 nm and Ls ∼ 20 nm for a, d
hydrogen-terminated and b, e oxygen-terminated antidot edges, and
c, f bulk graphene without ADL, measured by a superconducting
quantum interference device (SQUID; Quantum design) at T= 2K
and room temperature, respectively. Magnetic fields were applied
perpendicular to the ADLG. Y axis’s for a, b, d, and e are noted for
magnetic moment per edge carbon atom at dangling bonds of
hexagonal antidots, assuming that only the carbon atoms ((estimated
as ∼1013 using two lengths (Fig.4a) and number of carbon atoms of
166/(40 nm length of one boundary of a hexagonal antidot)) have
magnetic moment. Those for c and d are just for magnetization per
unit area.

becomes an antimagnetism-like weak hysteresis loop in
oxygen-terminated ADLGs (Fig.2b) (Supplementary
information (5)). Bulk graphene without antidots show no
such features (Fig. 2(c)). These results suggest that
ferromagnetism observed in Fig. 2a is strongly associated
with the hydrogen-terminated ADL, because this
non-lithographic method gives less damage to the antidot
edges (Supplementary information (3)) and there are no
damage and impurities in bulk graphene regions covered
by the NPAT with a thickness over 5 μm. The structure is
quite simple and highly reproducible compared with
previous
graphite-related
systems
to
observe
ferromagnetism. To date, 5 samples of the measured 11
samples have shown ferromagnetism like Fig.2a
(Supplementary information (5))
Moreover, we find the features observed at T = 2K
appear even at room temperature with a larger magnitude
of hysteresis loops (Figs. 2d – 2f), although the amplitude
of magnetization decreases.
In Fig. 3, magnetizations of the hydrogen-terminated
ADL-graphite with the same ADL structure parameters are
shown at T = 2K and room temperature. Although
ferromagnetic-like hysteresis loops still remain at both
temperatures, the magnitude of loops decreases drastically.
The saturation magnetization (Ms) value corresponds to
a magnetic moment of ∼1.2 ×102 μB per edge carbon atom
(Fig. 2d; μB is the Bohr magneton), based on the origin of
ferromagnetism discussed later. This value is mostly 100
times larger than those reported in theory5 and indicates
that other carbon atoms possessing weakly localized
π-electrons also contribute to magnetization. Assuming that
all carbon atoms within 7 nm from the zigzag edge
(estimated as ∼1015) equally contribute to magnetization, a
magnetic moment of ∼1.2 μB per edge carbon atom is
estimated. This value is in good agreement with theory5.
As mentioned in a latter part, spin interference, caused by

a

Figure 3. Magnetization of ADL-Graphite with the same ADL
structure parameters as those for Fig.2 (with hydrogen-terminated
antidot edge), measured at a T = 2K and b room temperature. Y axis
is noted for magnetization per unit area because of unknown layer
number and stuck structures of Kish graphite.

both zigzag edges of a GNR, at every carbon site in a GNR
determines the appearance of either ferromagnetism or
antiferromagnetism (Fig. 4a), depending on termination by
foreign atoms and the width of the GNR. The width of
space between the present two antidots (i.e., GNR width)
of ∼20 nm (Fig. 4b) is narrow enough for this spin
interference. This implies that carbon atoms located
notonly at the zigzag edge but also away from the zigzag
edge can actually contribute to magnetization, although
carbon atoms located at the dangling bond of the zigzag
edge should have magnetic moment larger than ∼1.2 μB.
The disappearance of the antimagnetism of bulk
graphene in ADLGs (Figs. 2c and 2f) is attributed to the
formation of ADL, because it drastically reduces the area
of bulk graphene sufficient for the presence of loop
currents to produce antimagnetism at the presently applied
magnetic-field range (i.e., only GNRs with W = ∼20 nm
2
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between antidots can correspond to this space (Fig. 4b).
The radius of cyclotron motion electrons is given by Rc =
(πnS)1/2(h/2π)/eB. From observing magnetoresistance (i.e.,
commensurability peak), we estimate nS ∼ 4 × 1011 cm-2 in
the present ADLGs. Based on this ns value, Rc is estimated
to be as large as ∼400 nm even for the presently applied
largest magnetic field of 1000 gauss in Fig. 2. Indeed, this
Rc value is 20 times larger than W = ∼20 nm between the
present antidots and prohibits the emergence of loop
currents for diamagnetism.
We discuss the origin of the observed ferromagnetism. It
is theoretically known that the chemical modification of
zigzag-edges GNRs with foreign atoms produces various
types of magnetism3,5-7,9(Supplementary information (6)).
In particular, the band structure of mono-hydrogenated and
di-hydrogenated GNRs with a large width were shown by
tight-binding calculations in Ref. 5 in detail. There are
three types for hydrogen terminated edge structures as
following. (1) Mono-hydrogenated both edges with a flat
band and localized π-orbital edge states at 2π/3 ≤ k ≤ π. (2)
Di-hydrogenated edges on both ends with a flat band and
localized edge states at 0 ≤ k ≤ 2π/3. (3) Both types of
edges present (i.e., GNRs with mono-hydrogenated one
side and di-hydrogenated the other side) with a flat band in
the whole range of band structures at 0 ≤ k ≤ π. Electrons
strongly localize at any k values. This case is consistent
with Refs. 3 and 4, and the most suitable for the observed
ferromagnetism here (Figs.2a and 2d)
The localized electron spins at each edges are
ferromagnetically (FM) polarized due to maximizing of
exchange energy gain5. When the width of a GNR is
smaller, two different edge states in different edges for case
(3) can be misconceived as an intrinsic property of GNRs.
Two different spin configurations are theoretically
considered on both edges (Fig. 4a). Under absent hydrogen
terminations, antiferromagnetical (AFM) state is stable due
to the magnetic tails’ interaction which maximizes
exchange energy gain (Fig. 4a), while FM state becomes
stable when the abovementioned case (2) is realized5.
From the calculated band structures of the majority and
minority spins of the FM configuration and the up- and
down-spins of the AFM configuration under case (3)5, it
was found that the FM configuration had a lower energy
than the AFM configuration by 4.9 meV per edge atom.
Therefore, ferromagnetism can stably emerge in GNRs for
case (3). This was also consistent with Ref. 3, which
showed that the flat band for up-spins were below EF and
entirely filled, resulting in the appearance of
ferromagnetism. The ferromagnetism observed in Figs. 2a
and 2d reflects this FM edge configuration.
Here, the regions between the antidots in the present
ADLGs behave as GNRs with a width of ∼20 nm (Fig. 4b).

a

b

Figure 4. Shematic views of spin configurations of GNRs.
a, Spin configuration for ferromagnetic and antiferromagnetic
ordering in GNRs without hydrogen termination. Arrows mean
electron spins on each sites. The dangling bond states localized at the
edge contribute significantly to the total magnetic moment with a
large exchange splitting, which in turn enhances the exchange
splitting of the π-orbital states localized at the edge. Due to the
lattice symmetry, the tails of the π-orbital wave function extend into
the inner sites of the GNR. The exchange interaction requires the
spin ordering on each carbon site to be maximized, similar to Hund’s
rule for atoms. b, Schematic view of graphene masked by an NPAT
with hexagonal-shape antidots, showing the alignment of the antidot
boundaries with the zigzag edge structure. The space between two
antidots corresponds to a GNR with a width of ∼20 nm.

Therefore, the ferromagnetism observed in Figs. 2a and 2d
correspond qualitatively to case (3). This also suggests
presence of zigzag edge at hexagonal antidot edges
(Supplementary information (7)). This is consistent with
STM observation (Fig.1c).
On the other hand, Ref. 6 reported that the formation of
a spin-paired carbon-oxide (C–O) bond drastically reduced
the local atomic magnetic moment of carbon at the zigzag
edge of GNRs and suppressed the emergence of
ferromagnetism. The disappearance of ferromagnetism in
Figs. 2b and 2e can be qualitatively consistent with this
configuration.
Moreover, Ref. 7 showed that regardless of the stacking
sequences, either AB or AA, the magnetic moment caused
by the localized orbital states disappears upon the
interlayer stacking of graphite with hydrogen-terminated
edges. This also qualitatively explains the reduced
ferromagnetic-like loops in Fig. 3.
Although an atomic-scale observation of the edge
structures (Supplementary information (7)) is indispensable
to confirm this discussion, all the present results are
qualitatively consistent with theories. Apart from the edge
effect, Ref. 13 also predicted the appearance of
ferromagnetism in ADLGs with honeycomb-shaped
antidots from a group-theoretical consideration based on
the tight-binding model. Although the study did not
mention edge termination by foreign atoms, the structures
directly correspond to the present ADLGs with
honeycomb-shaped antidots (Fig. 1b) and might explain the
present ferromagnetism.
Here, three reasons are considered about why evident
3
165

ferromagnetism can be observed in the present system as
following. Approximately 50% of the fabricated hydrogen
-annealed ADLG samples (number of 5/11; Supplementary
information (5)) have exhibited ferromagnetism to date.
(1) The benefit of the non-lithographic fabrication
method, which exploits NPAT in conjunction with
low-power gas etching and high-temperature annealing.
This process ensures only slight damage to the graphene
edges. (2) The lattices of the hexagonal-shaped antidots can
result in the formation of a large number of GNRs with
sufficient length (e.g., 40 nm in the present case) due to the
presence of six boundaries among the neighbouring six
antidots for each one antidot in comparison with lattices of
the square- and round-shaped antidots. In the actual ADLG,
it is speculated that zigzag- and arm-chair edges exist with
mixed states in one GNR (one boundary), as in the STM
observation in Ref. 9. Nevertheless, the large number of
GNRs in the present ADLGs can yield a large area of
assembled zigzag-edge GNRs. (3) The hexagonal-shaped
antidot transferred from the pore of the NPAT. When a
hexagonal-shaped antidot is fabricated on graphene
consisting of hexagonal carbon lattices, the six boundaries
(edges) of an antidot tend to have the same atomic structure
(Fig. 4b). Once an NPAT mask is placed onto the graphene
so that one boundary of the antidot coincides with the
zigzag edge, all the antidot edges acquire a zigzag
structure.
These three factors have an equal probability for antidots
with a zigzag, arm-chair, or mixed structure
(Supplementary information (7)). However, if only the
zigzag edge is likely to be formed with low damage by Ar
gas etching as it is the most stable, these advantages will
effectively contribute to the observed ferromagnetism.
Recently, the possibility of a spin filtering effect22 and a
(quantum) spin Hall effect (QSHE)25-27 utilizing edge spin
current of graphene has been predicted, assuming enhanced
spin-orbit interaction. SHE is expected to realize novel
spintronic devices24, because electron spins are controlled
by electric fields and are carried without energy dissipation
even in paramagnetic materials. The ferromagnetism
observed here turned out spin polarization at the graphene
zigzag edge and promises the appearance of a
large-magnitude spin current. This must open a new door to
a 2-D (Q)SHE and carbon spintronic devices by
modulating flat bands.
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Thermal fluctuation of graphene: origin of ripples
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We use nonperturbative renormalization group techniques to calculate the momentum dependence of
thermal fluctuations of graphene, based on a self-consistent calculation of the momentum-dependent
elastic constants of a tethered membrane [1,2]. In the infrared limit, such tethered membranes are
known to exhibit highly unusual properties, such as anomalous fluctuations with a large anomalous
exponent, a negative Poisson's ration and non-linear stress-strain relations. We analyse the membrane
fluctuations and find a sharp crossover from the perturbative to the anomalous regime. Our results are
for all momenta in excellent agreement with Monte Carlo results [3] for the out-of-plane fluctuations of
graphene, and we give an accurate value for the crossover scale. Our work is the first renormalization
group analysis to compute the membrane fluctuations at finite momenta and strongly supports the
notion that graphene is well described as a tethered membrane. We find a simple and natural
interpretation of ripples in free standing graphene. The characteristic scale of the ripples coincides with
the Ginzburg scale of the non-linear elasticity of the membrane.
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Pressure-Dependent Nucleation and Growth of Graphene Islands on Cu
by Chemical Vapor Deposition
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Naoki Harada, Naoki Yokoyama
Green Nanoelectronics Collaborative Research Center (GNC), AIST
West 7A, Onogawa 16-1, Tsukuba, Ibaraki, Japan
hayashi.kenjiro@aist.go.jp
We observed the initial stages of graphene growth on Cu catalyst films by thermal chemical vapor
deposition (CVD) under various growth conditions. It was revealed that the graphene growth mode,
represented by the shape and spatial density of graphene islands, sensitively depends on the partial
pressure of the source gas (Psource). Our results also suggest that the morphology of the Cu surface,
such as grain boundaries and steps, can play a crucial role in the nucleation and growth of graphene
islands under a relatively-high Psource condition.
Since the discovery of extraordinary electronic properties of single-layer graphene, a number of efforts
have been made toward the preparation of graphene and its device applications. Recently, high-quality
graphene has been synthesized on metal catalysts, such as Ni, Co, Ru, by means of the thermal CVD
method. Especially, Li and co-workers found that single-layer graphene with good uniformity can be
formed on the surface of Cu foil [1]. Since it is difficult to synthesize single-layer graphene uniformly with
other catalysts, graphene growth using Cu is a promising way to prepare graphene for various
applications. Initial stages of graphene growth on Cu surface have also been investigated by several
groups [2, 3]; however, many questions still remain to be solved, which include the nucleation and
growth mechanisms, and their dependence on the growth condition and Cu-surface morphology.
Understanding these issues is essential to control the domain size and the number of graphene layers.
We investigated graphene islands on Cu films formed by the thermal CVD method, and found that the
graphene growth mode sensitively depends on experimental conditions such as Psource, growth time and
the nature of the Cu catalyst surface.
In our experiments, graphene was synthesized on a sputtered Cu film on Si/SiO2 wafer placed in a coldwall type high-vacuum chamber using C2H4 or CH4 diluted by Ar and H2 as the carbon source. After H2 /
Ar annealing, graphene growth was performed at temperatures ranged from 700 to 1000 ºC. Psource was
0.1, 0.7, or 4.5 Pa, while the total pressure was kept at 1 kPa. The growth time was varied from several
seconds to 60 min.
Graphene islands grown at Psource of 0.1 Pa yielded mottled patterns (dark regions) on the Cu surface
where some islands stepped over the Cu grain boundaries as seen in scanning electron microscopy
(SEM) images in Fig. 1. As Psource increases, while the total amount of source gas supply [Psource ×
growth time] is kept constant, the island size becomes smaller and the islands’ density becomes higher
as shown in Fig. 2 (Psource = 0.7 Pa). In addition, the islands form into a scale-like shape and they tend to
be aligned along steps on the Cu surface. This result indicates that the surface morphology such as
grain boundaries and surface steps strongly influences the graphene growth mode under this condition.
The graphene islands grown at Psource of 4.5 Pa (Fig. 3) can be seen to be elongated along the steps.
This kind of island shape is different from those reported in previous papers [2, 3]. It was also reported
that the shape of islands depended on the total gas pressure [4], but our results clearly indicate that the
shape also depends on Psource .
We then made back-gate field-effect transistors using graphene grown at Psource of 0.7 Pa. For transistor
fabrication, graphene was transferred to an SiO2/Si substrate and patterned by the conventional
photolithography technique. The fabricated transistors were successfully modulated by the gate voltage,
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and exhibited ambipolar behavior. The transistors were found to have fileld effect mobilities exceeding
1000 cm2 / Vs.
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Figures

Figure 1

Figure 2

Figure 3
Figure caption
SEM images of graphene islands grown at lower (Fig.1), at medium (Fig.2) and at higher (Fig.3) Psource conditions.
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Scanning Tunneling Microscopy Studies of CVD Graphene on Mica
Kevin T. He, Joshua D. Wood, Eric Pop, and Joseph W. Lyding
University of Illinois at Urbana-Champaign, Beckman Institute, 405 N. Mathews Ave., Urbana, IL, USA
lyding@illinois.edu

Research in graphene has skyrocketed in recent years due to its unique electronic and
mechanical properties [1]. Graphene has become not only a sandbox for scientists to study rare
physical phenomena [2], but also a potential material for use in future semiconductor devices [3].
However, many issues still need to be resolved before graphene can be commercially viable. For
instance, depending on the substrate on which graphene is deposited, there is a major shift in
measured carrier mobility [4]. It was recently shown that the ultraflat, insulating boron nitride substrate
helps to preserve many of the electronic properties normally seen only in suspended graphene [5].
However, sheets of single-crystal boron nitride can be difficult to obtain, leading to the investigation of
other flat, insulating substrates on which graphene can be incorporated.
One widely available mineral which satisfies these conditions is mica. Muscovite (KAl2(Si3Al)O10(OH,F)2) is the most common form of mica, with a perfect cleavage plane along the [100] direction,
resulting in easily obtainable, atomically flat surfaces. Mica is already used as an insulator in the
electronics industry due to its high electronic band gap (~7.8 eV), making it a good candidate for a
substrate in graphene-based devices.
Recent atomic force microscopy (AFM) studies of graphene deposited onto mica surfaces have
yielded some very interesting results in terms of surface topology [6] and the effect of water adlayers [7].
We present the next logical progression of that work, which is using scanning tunneling microscopy
(STM) to characterize the surface with atomic resolution. We transfer graphene grown via chemical
vapor deposition (CVD) of methane on copper onto a cleaved mica surface. From the wet transfer
process, one or more adlayers of water are adsorbed to the mica surface and become trapped between
the mica and graphene after deposition. The graphene acts as a protective covering over the water,
preventing evaporation during insertion into ultra-high vacuum (UHV) and subsequent high-temperature
degas. Raman spectroscopic analysis confirms the presence of monolayer graphene. The D and G
bands on the graphene have large intensities, suggesting locally defective graphene regions or the
presence of ice [7].
An STM image of the graphene-water-mica surface can be seen in figure 1. A very interesting
spider-web structure appears on the surface, most likely caused by a layer of adsorbed water. We
believe that this spider-web structure appears from the high wettability of water on mica [8]. The height
of the layer is ~4 Å, closely matching the height of the water layer reported by Xu et al [9]. The entire
surface is covered in a layer of graphene, and the honeycomb graphene lattice is easily resolved, as
seen in the inset. The top water layer appears fairly rough, with a non-periodic structure permeating
over the entire surface. As of yet, it is still unclear whether the depression is graphene over bare mica,
or graphene over a bottom water layer. The measured roughness of the areas in the depression is
much lower than that of the top water layer; whatever it may be has a non-amorphous crystal structure.
Figure 2 shows a 3D image rendered from an STM topograph containing a graphene grain
boundary. A hexagonal Moiré pattern with period ~2.8 Å can be seen over the left grain. The cause of
this Moiré pattern is unknown. The structure suggests that it could be due to two misaligned graphene
lattices, but we observe areas where the Moiré pattern is imperfect, which would not occur with stacked
graphene.
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Figures

Figure 1:Scanning tunneling microscope topograph of graphene deposited onto the mica surface.

Figure 2: 3D rendering of an STM topograph showing a graphene grain boundary and Moiré pattern.
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Scanning Tunneling Microscopy Simulations of Nitrogen- and Boron Doped single layer
and bi-layer graphene
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The control of the doping of few layer graphene and carbon nanotubes represents a challenge that
could lead to a production of carbon nanosystems with precise structural and electronic properties or
chemical reactivity. Nowadays however, the first experimental data on chemical modification of carbon
nanosystems with boron and nitrogen raise fundamental questions on the atomic configurations of the
'defect sites'. What are the most stable chemical modification atomic configurations ? Does the final
configuration depends on the production method ? What are the chemical and physical properties of
those configurations ? In this contribution, we present density-functional theory based simulations on
the electronic properties and on the scanning tunneling microscopy (STM) signature of single layer and
bi-layer graphene.

For monolayer graphene [1], the shift of the Fermi level away from the Dirac point and the position of the
localized states associated with the defect is studied for several atomic configurations (substitution,
pyridine like systems, adsorption, …). The associated STM patterns and STS spectra are deduced
within the Tersoff-Hamman approach. For example, for metallic nanotubes, a shift of the Fermi level
together with a localized donor (acceptor) states are observed for nitrogen (boron) substitution.
Semiconducting tubes tend to become metallic under n and p substitutional doping. Finally, STM
fingerprints of the localized states have been computed. We compare also our data with the few
available experimental works.

Bi-layer (and multilayer) graphene are known to present electronic properties close the Fermi level
dependent on the number of layer and their stacking [2]. For example, the well described massless
fermion behavior of single layer graphene is destroyed by the interaction with a second layer, except in
the case of rotationally disordered stacking. As a consequence the symmetry of the STM pattern
depends on the layer stacking. Here, we show that the substitutional doping on bilayer graphene could
also lead to a modification of the STM pattern symmetry, as a result of the asymmetry of the charge on
the layer of the doped systems.
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Figures

Computed STM images of pristine and doped graphene: (a) pristine, (b) pyridine (locations of 3N are
denoted by black circles), (c,d) N-substitution, (e,f) B-substitution. One dashed hexagon is represented
on the different images to highlight the atomic network. The color scales for height are in Angstroem.
(From Ref 1)
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Transmission and conductance across a square barrier potential in monolayer graphene
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The transport properties and the tunneling resonant in graphene have attracted very attention [1], [2].
We have studied the transmission coefficient (T) and the conductance across a square barrier in
monolayer graphene.
We obtain an analytical expression for the transmission coefficient of a square barrier in graphene
which depends on the one hand, of the energy (E) and the angle (

of the carrier incident, and on the

other hand of the barrier potential (V0) and of the barrier length (D):
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We study the T versus the incident angle for different values of the energy, the height of potential, and
the barrier length. The T is an even function of the incident angle, and T is always the unity when the
incidence is perpendicular to the barrier due to the Klein paradox [3], but we also found there are others
incident angles that make the T to achieve the unity.
Afterwards we calculate the conductance in the scope of the Landauer-Büttiker formalism [4]
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We define the effective conductance like the conductance by the unit of width W in a sheet of graphene
2

on fundamental units e /h. By using the previous expression of the T, we have obtained the effective
conductance across a square barrier in monolayer graphene
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We note that this expression depends on the Fermi energy (EF), because has been obtained for the
case of very low temperatures. We represent in Fig. 1 the effective conductance versus the incident
angle for a particular value of the Fermi energy and the barrier length and for three different values of
the potential barrier (V0). We observed that increasing the potential barrier the conductance takes
relevant values for a wider set of incident angles.

Finally we consider that in a experiment of electronic transport across a barrier in a graphene sheet the
carriers will arrive with different angles and therefore could have sense to calculate a weighted
conductance in accordance with a certain probability distribution to the incidence angles on the barrier.
Two typical cases are considered by using a delta function (only one angle is possible) and the
arithmetical average function (all angles have equal probability).
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In a standard configuration with the barrier perfectly perpendicular to the current, without considering
any scattering mechanism, we can expect all carriers will achieve the barrier with angle
particular case (

. In this

) the transmission coefficient is the unity and therefore the effective conductance is

maxima, and only depend on the Fermi energy. We can prepare a different set-up as proposed in [5]
just preparing the barrier with a particular angle

with the electrical current direction then all carriers

will achieve the barrier with this particular angle, again in the absence of any scattering. Nevertheless
in this situation the T will not need to be the unity and will depends also of the rest of parameters.
In the case of high scattering we could expect that all angles will have the same probability and then by
using an arithmetical average function we can study such a situation showed in Fig 2 as a function of
both the Fermi energy and the barrier potential.
References
[1] N.M.R. Peres, J. Phys.: Condens. Matter., 21 (2009) 323201.
[2] H.C. Nguyen, V.L. Nguyen, J. Phys.: Condens. Matter., 21 (2009) 045305.
[3] M.I. Katsnelson, K.S. Novoselov, A.K. Geim, Nature Phys., 2 (2006) 620.
[4] S. Datta, Electronic transport in mesoscopic systems, Cambridge University Press (2006).
[5] T. Low, J. Apenzeller, Phys. Rev. B, 80 (2009) 155406.
Figures

Figure 1 : Conductance effective for EF = 80 meV, V0 = 100(red), 130(green), 200(blue) and D = 100 nm

Figure 2 : Conductance with arithmetical average function for D = 100 nm with EF in meV and V0 in mV
178

Orbital magnetism in ballistic graphene nanostructures
L. Hesse, J. Wurm, I. Adagideli, K. Richter
Universität Regensburg
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We study the effect of small external magnetic fields on quasiparticles in graphene
nanostructures within a semiclassical approach. Therefore we are focusing on magnetic
susceptibilities of billiard-systems arising from the orbital motion of the charge carriers To this
end we derive the semiclassical expression for the density of states which is closely related to
the magnetic susceptibility, starting from an exact expansion for the Green function of a
graphene flake. The results depend sensitively on the geometry of the billiard and the types of
edges and differ from those of comparable 2DEG systems.
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Scanning Raman spectroscopy of graphene antidot lattices: Evidence for p-type doping
S. Heydrich, M. Hirmer, C. Preis, T. Korn, J. Eroms, D. Weiss, and C. Schüller
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Since the first report about the preparation of graphene single layers via mechanical exfoliation
technique, the interest in this seemingly ideal two-dimensional system has grown enormously. For the
most part, this is motivated by the vision that the two-dimensional carbon system is potentially a
promising candidate for future electronic devices. Scanning Raman spectroscopy has proven to be a
powerful technique for the characterization and investigation of graphene samples. It enables a fast and
nondestructive investigation of the electronic and structural properties of layered and laterally-structured
samples with micron or even submicron spatial resolution.
We have investigated antidot lattices, which were prepared on exfoliated graphene single layers via
electron-beam lithography and ion etching, by means of scanning Raman spectroscopy. The peak
positions, peak widths and intensities of the characteristic phonon modes of the carbon lattice have
been studied systematically in a series of samples. In the patterned samples, we found a systematic
stiffening of the G band mode, accompanied with a line narrowing, while the 2D mode energies are
found to be linearly correlated with the G mode energies. We interpret this as evidence for p-type
doping of the graphene antidot lattices [1].
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Figures

Fig. 1 (a) Microscope image of a single-layer graphene flake, patterned with antidots in areas A and B. Distance of
the etched holes is 80nm in both sections. The diameter of the antidots is about 60nm in area A and about 50nm in
area B. Region R was left unpatterned as reference section. (b) and (c) SEM images of parts of regions A and B.
from Ref. [1].
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Fig. 2: Raman scan of single-layer graphene flake depicted in fig. 1. (a) shows the intensity of the G peak, (b) the
intensity of the D peak. (c) and (d) show the position (energy) and FWHM (full width half maximum) of the G peak.
The G peak is stiffened on the patterned areas and appears sharp everywhere on the flake. from Ref. [1].
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Grains and Grain Boundaries in Single-Layer CVD Graphene: An Atomic Patchwork Quilt
Pinshane Y. Huang, A.M. van der Zande, C.S. Ruiz-Vargas, W. S. Whitney, M.P. Levendorf, J. W.
Kevek, Y. Zhu, J. Park, P. L. McEuen, D.A. Muller
Cornell University, Ithaca, NY, USA
ph269@cornell.edu
Single-layer graphene can be produced by chemical vapor deposition (CVD) on copper substrates on up
to meter scales(1, 2), making their polycrystallinity(3, 4) almost unavoidable. Understanding the grain
structure of CVD graphene is critical because graphene grain boundaries have been predicted to
significantly alter the electronic(5-8), magnetic(9), chemical(10), and mechanical(11-13) properties of
graphene monolayers. By combining aberration-corrected scanning transmission electron microscopy
(ADF-STEM) and dark-field transmission electron microscopy (DF-TEM), we image graphene grains and
grain boundaries across six orders of magnitude in CVD graphene grown on copper. Combining these
images with scanned probe and transport measurements, we probe the electrical and mechanical
properties of the grain boundaries. These results, reported in Reference (4), will enable studies on the
structure, properties, and control of graphene grains and grain boundaries.

To characterize graphene membranes at all length scales, we first approached the atomic-scale using
ADF-STEM imaging at 60 kV. The resulting atomic-resolution images of graphene grain boundaries
reveal that different grains stitch together predominantly via pentagon-heptagon pairs (Figure 1b). We
next used diffraction-filtered imaging to map the shape and orientation of several hundred grains and
boundaries on the scale of tens of nanometers to tens of microns. These images reveal an intricate
patchwork of grains connected by tilt boundaries, with average grain sizes ranging from 250 nm up to 2-4
microns (Figure1a). We used these DF-TEM methods to directly correlate grain size with growth condition
and demonstrate that the graphene grain size can be increased by over an order of magnitude with only
slight changes to the growth conditions.

By correlating grain imaging with scanned probe and transport measurements, we show that grain
boundaries dramatically weaken the mechanical strength of graphene membranes, but do not as
dramatically alter their electrical properties. We first examined the failure strength of the polycrystalline
CVD graphene membranes using atomic force microscopy (AFM). We used AFM phase imaging to locate
grains and then pressed downward with the AFM tip to test the mechanical strength of the membranes.
We next probed the electrical properties of polycrystalline graphene by fabricating electrically-contacted
devices using graphene from graphene grown with three different growth methods on copper. By
comparing these measurements against corresponding DF-TEM images from each growth, we find that
surprisingly, while mobility is clearly affected by growth conditions, high mobility does not directly correlate
with large grain size. These methods will be crucial both for exploring synthesis strategies to optimize
grain properties and for further studies on the microscopic and macroscopic impact of grain structure on
graphene membranes.
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Figures

Figure 1: Images of the grain structure of CVD graphene grown on copper. (a), Composite, colored DF-TEM image
of graphene grains. Each color represents graphene of a small (~5 degrees) range of in-plane crystallographic
orientations. Scale bar 2 microns. (b) ADF-STEM image of the atomic structure of a grain boundary in which the two
grains meet with a relative crystallographic rotation of 27 degrees. Pentagons (blue), heptagons (red), and disordered
hexagons (green) make up the meandering, aperiodic structure at the grain boundary. Reproduced from Reference 4,
scale bar 5 angstroms
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Protein immobilization is central to the development of new bio-assays or sensing platforms as it is
directly linked to such issues as protein conformation and subsequently to whether they remain active or
not after immobilization. Immobilized enzymes are routinely used in the biotechnology industry but there
are numerous problems with their immobilization for industrial usage [1]. Here we are exploring
graphene as a surface for enzyme immobilization and activity detection. Graphene has shown extreme
(down to single-molecule) sensitivity to environmental changes [2] and progress in its synthesis now
allows its growth on large areas [3], thus making it a potentially superior candidate for the bio/inorganic
interface.

The 2-oxo acid dehydrogenase protein complex (OADHC) (Figure 1c) is one of the largest enzyme
complexes, which is central to energy metabolism [4]. It consists of a dihydrolipoyl acyl-transferase (E2)
protein core, on which 2-oxo acid decarboxylase (E1) and dihydrolipoamide dehydrogenase (E3)
proteins bind non-covalently, but specifically [4]. In this work we first succeeded in immobilizing the E2
monomer directly onto the graphene surface and then investigated the supramolecular assembly of the
E2 core as well as of the whole 2-OADHC complex. Finally, the retention of activity of the whole
complex is tested through its redox electron transfer to a Field-Effect graphene sensor.

Our approach is different to those taken in prior studies of protein binding on graphene, where only
small proteins, simple in structure and with single function have been used (see for example [5]).
Contrary to them, our thermostable E2 protein offers extensive flexibility for tailoring protein-protein
interactions and resulting functions, and with its enhanced thermostability, constitutes a model system
for scaffolding of complex, multidomain protein systems.
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Figure 1: (a) E2 has attached non-covalently onto graphene (thus preserving graphene electronic properties); (b)
shows that the His-tag of the E2 protein is accessible for specific binding, tested here with an Anti-His Antibody
(Anti-His AB), whose presence is then confirmed by the attachment of a complementary, secondary antibody (SecAB).The build-up of this scaffolding system is shown through topographic changes obtained through Atomic Force
Microscopy, directly in images as well as in changes in the distribution of surface site heights; (c) the full 2-OADHC
complex.
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Realizing high-speed (high ft) graphene transistors requires the high capacitance of a thin top-gated
dielectric structure. The deposition of a top-gate dielectric can significantly reduce mobility due an
increased density of trapped charges [1] and damage to the graphene during the deposition process.
However, high-κ dielectrics such as ionic liquids have been observed to enhance mobility [2], explained
by dielectric screening of charged impurities. The effect of a dielectric on mobility remains not fully
understood [3,4]. Moreover, a graphene field effect device is doped by adsorbates according to the
chemical nature of the dielectric surface in contact with the graphene [5]. We report an experimental
study on the field effect mobility and doping of large area graphene field effect devices encapsulated by
two top-layer dielectrics: SiO2 (εr~3.9) and Si3N4 (εr~3.9) grown by magnetron sputter deposition.
Graphene was grown on Cu foils in a tube furnace with a methane/hydrogen gas mixture at a growth
temperature of 900°C. The graphene was transferred to insulating substrates using a poly(methyl
methacrylate) (PMMA) handle and sacrificial etch of the Cu in ammonium persulfate (0.1M). Further
details of the growth and transfer process are described elsewhere [6,7]. Heavily doped Si (n-doped, 820 mΩ-cm) with 300 nm of dry, chlorinated thermal SiO2, was chosen as the substrate for back-gated
electrical measurements. Standard photolithography, electron beam evaporation and lift-off techniques
were used to define Ohmic contacts (10nm Ti/100nm Au). Subsequent photolithography and oxygen
plasma treatment was used to isolate graphene sheets in a 4-point van der Pauw geometry (Fig. 1).
Raman spectroscopy at a 514.5nm pump wavelength was used to characterize the graphene before
and after deposition of a top-side dielectric. The sheet resistance RS was measured by the van der
Pauw technique as a function of back gate voltage VGS. All electrical measurements were performed in
−5

a variable environment probe station following a 400K, 10 Torr anneal over a minimum of 12 hours.
Sheet resistance measurements were taken before and after deposition of a top-side dielectric.
Magnetron sputtering with a Si target and RF plasma source was used to deposit 10nm of SiO 2 (20sccm
of Ar and O2 gas at 5mbar, 20nm/min growth rate) or 10nm of Si3N4 (25sccm of Ar and N2 gas at 5mbar,
3.3nm/min growth rate).
−1

Raman spectroscopy reveals an increase in D-peak (~1350cm ) intensity following deposition of either
dielectric, as well as an increase in background fluorescence (Fig. 2). The origin of the fluorescence is
possibly due to plasma induced damage of graphene during sputtering [8]. Sheet resistance R S versus
back gate voltage VGS measurements (Fig. 3) reveal that both SiO2 and Si3N4 top-dielectric layers
significantly reduce the doping of the field effect transistors, presumably due to the reduced presence of
−1

water [5]. The carrier mobility, μ = [CRS(VGS−VNP)]

2

where C = 11.8nF/cm is the back-gate capacitance
12

2

and VNP is the neutrality point back-gate voltage, was compared at an electron density n = 10 /cm for a
series of devices before and after deposition of top-gate dielectrics (Fig. 4). Carrier mobilities as high as
2

~2000cm /Vs were achieved with a top-dielectric. Our results are comparable to that of microscopic
exfoliated graphene samples encapsulated with nitride by chemical vapour deposition [9]. In several
devices, a minimal change in mobility was observed before and after Si3N4 deposition. Future work to
incorporate top-gated large-area graphene devices in high-frequency compatible structures is
underway.
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Figures
Fig. 1 : Graphene is transferred,
etched and contacted into a van
der Pauw sample on a SiO2/Si
substrate for back gating. A
dielectric top layer of 10nm SiO2
or 10nm Si3N4 is sputtered for
encapsulation.

Fig. 2 : Raman spectra (λ=514.5nm) of large area
graphene as transferred to SiO2/Si. Following
deposition of a Si3N4 dielectric top layer, an
-1
increase in D-peak (~1350cm ) scattering and
background fluorescence is observed. A more
intense D-peak and greater background
fluorescence is observed with SiO2 deposited as a
dielectric top layer.

Fig. 3 : Sheet resistance RS
measured by van der Pauw
technique versus back-gate
voltage VGS. A device before
and after SiO2 top-dielectric
deposition (left) shows a
reduction in doping and a
reduction in mobility. A
device before and after Si3N4
deposition (right) shows a
reduction in doping and a
negligible change in mobility.

Fig. 4 : Carrier mobility μ at
12
2
electron density n = 10 /cm
inferred from RS versus VGS.
The mobility is compared
before and after dielectric
deposition.
The
mobility
normalized to that of the bare
device before deposition is
also compared. In several
cases, a minimal change in
mobility is observed.
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Formation of few layer epitaxial graphene on SiC substrate by Si sublimation is one of the most
important issues to obtain the high quality and large area graphene with controlled layer numbers.

[1]

From the various application viewpoints, we think that it is necessary for the epitaxial graphene with
large area to transfer from the SiC original surface onto the arbitrary insulator layers such as SiO 2 layer
formed on Si substrates. We have already reported that such transfer process of the large area epitaxial
graphene from the Si-face SiC substrate onto the SiO 2 layer can be successfully established using the
Ti intermediate layer deposited on the graphene and we have successfully achieved to obtain the large
area (4mm × 7mm) mono- and bi-layer transferred graphene on the SiO2/Si substrate.

[2]

However, there

is one serious problem in this transfer process, that is, some defects are induced in the final stage of the
transfer process. Therefore, the repair technique for the defects of the transferred graphene on the
SiO2/Si substrate should be necessary to obtain the high quality transferred graphene on the SiO2 layer.
In this work, we have investigated that a new repair technique for the defects by carbon MBE are very
effective to improvement the quality for the process-induced defects of the large area transferred
epitaxial graphene.
We have investigated about the thermal stability of the defective transferred graphene at 800℃, 900℃,
-9

and 1000℃ under the ultra high vacuum (UHV) better than 1.0×10 Torr, before the investigation of the
repair technique of the defects. The carbon MBE onto the defective transferred graphene surface was
-9
performed at 900℃ under the ultra high vacuum better than 1.0×10 Torr to explore a possibility of the
repair of process-induced defects. We used carbon heater as a carbon beam source for MBE to supply
carbon atoms onto the transferred graphene surface. The quality of the transferred graphene before and
after the repair by the carbon MBE was characterized by the microscopic laser Raman spectroscopy.
Figure 1 shows Raman spectra from the two points of A and B with the different quality on the
transferred graphene before and after the UHV annealing. All Raman peaks from both points of A and B
shifted to the high energy side by annealing. The increase of Raman intensity between the D and the G
peaks indicates that the defective transferred graphene net easily changed to the amorphous carbon by
the UHV annealing. Figure 2 shows the typical Raman spectra from the transferred graphene before
and after the repair process by the carbon MBE. We can easily observe the drastically decrease of the
defect originated D- and the D’-band peak intensities after the carbon MBE and the result strongly
indicate that the repair of the defects by the carbon MBE is expected to improve the quality of the
transferred graphene.
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Fig. 1 Raman spectra from transferred graphene by UHV annealing
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The interaction of collective vibrations of crystal lattice (phonons) and electrons has fundamental
implications on properties of materials. This interaction takes an unusual form in graphene [1] leading to
breakdown of Born-Oppenheimer approximation [2] or the anomaly of the optical phonon [3]. In light of
this peculiar electron-phonon interaction, and recent interest in collective excitations of electrons in
graphene – plasmons (e.g., see [4] and Refs. therein), here we consider plasmon-phonon coupling in
graphene. We predict [4] that plasmon-phonon coupling occurs with a peculiar crossing of polarizations:
longitudinal plasmons couple exclusively to transverse optical phonons, whereas graphene's transverse
plasmons couple only to longitudinal optical phonons. This is calculated within the framework of the selfconsistent linear response formalism.
To understand physical mechanism behind this unusual crossing of polarizations, let us look at the band
structure of graphene. Near high symmetry K point (shown in Fig. 1b.) electrons are described by Dirac
cones with effective Hamiltonian given by the tight-binding approximation [1]:

vF

He

 
k (1).

If we now imagine a collective oscillation of electrons, i.e. a plasmon, we can describe it with a mean



field vector potential A (scalar potential is gauged to zero) which acts on the electrons in a self-



consistent way. To quantify this interaction we use a general substitution k
that electron-plasmon interaction can be written as:
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Turning our attention to phonons let us first assume that u (u A u B ) / 2 denotes a small
displacement of the atoms A and B in the basis as shown in Fig. 1c. Within tight-biding approximation
this results in the interaction Hamiltonian given by (see [3] and Refs. therein):
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Aeff (3).

When comparing this to Eq. (2) one can see that Eq. (3) is equivalent to the presence of an effective


Aeff


u which simply shifts original Dirac cone to a new position as show in Fig. 1d.


The peculiar property of graphene is that vector Aeff is perpendicular to the displacement vector u so
vector potential

that the oscillation of logitudinal (transverse) optical phonons creates an effective vector potential, and
thereby an effective electric field, in the transverse (longitudinal) direction. On the other hand, since
longitudinal (transverse) plasmons are accompanied by longitudinal (transverse) electric field this will
lead to the mentioned crossing of polarization of the two collective excitations. The plasmon-phonon
coupling will be greatest when phonon energy and momentum match that of the appropriate plasmon
mode since then the effective electric field created by phonon will have a huge response due to
collective motion of electrons. These points are clearly shown in Fig. 2.
Finally we note that the frequency shift of the transverse optical phonon due to interaction with collective
electron excitations (Fig. 2a.) is much larger than the one where phonon interacts with single particle
excitations which was recently measured in the Raman experiment [2]. In this context plasmon-phonon
coupling can serve as a magnifier for exploring the electron-phonon interaction in graphene, while it also
offers novel electronical control over phonon frequencies. To point out the technological implications we
note that there has been an increased interest for plasmons in graphene in the context of plasmonics
and metamaterials and we have shown in another paper [5] that plasmon-phonon interaction plays an
important role there.
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Fig. 1. (a) Bravais lattice of graphene with two atoms A and B in the basis. (b) Brillouin zone with Dirac
cones at K and K’ points. (c) displacement of basis atoms corresponding to the profile of optical phonon
mode and (d) the resulting movement of the Dirac cones which can be described trough the action of
effective vector potential


Aeff



u . We also show in figure (c) the orientation of wave vector q for

different polarizations of phonon modes.

Fig. 2. Dispersion relation for coupled: (a) longitudinal plasmon-transverse optical phonon mode at
doping value EF 0.82 eV , and (b) transverse plasmon-longitudinal optical phonon mode for doping
value EF 0.1eV . The coupled (uncoupled) modes are depicted by solid (dashed) lines and note that
phonons are effectively dispersion-less for these wave vectors. Finally note that, since dispersion
/ c on ordinate axis in
relation of transverse plasmons is very close to the light line, we plot q q
figure (b).
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Three new different synthesis methods of graphene and few layer graphene (FLG) materials were
developed.
Two of them were based on the use of the microwaves irradiation, the first one: to induce the catalytic
unzipping of the carbon nanotubes and an exfoliation of the expanded graphite in the second one [1, 2].
The last method, very recently developed, was based on the use of the mechanical thinning of graphite
based materials [3]. All methods have different advantages: unzipping of the carbon nanotubes allows
the control of the number of the graphene sheets in the final products, the FLG obtained from the
expanded graphite consist of big size (up to few tenth micrometers) sheets and finally the third method
results in high yield (up to 60%), low cost and process simplicity which make it very promising for the
industrial scale applications. The obtained graphene and FLG were characterized by different
microscopic and spectroscopic techniques such as TEM, TEM-SAED, TEM-DF-SAED AFM, XPS, IR.
The theoretical simulations using Reactive Forcefields show that the presence of the catalyst
nanoclusters and oxygen at the carbon nanotubes decreases the energy barrier during their unzipping
process. An example of the TEM of few micrometer size graphene sheets and TEM-DF-SAED are
presented on the figure below.
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Figure: TEM (left) and TEM-DF-SAED (right) images of the graphene materials obtained by exfoliation of the
expanded graphite under microwaves irradiation.
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Antidot lattices defined on graphene (GAL) have been promoted as a flexible platform for creating a
tunable band gap thereby possibly allowing the realization of a number of technological applications [1].
The antidot lattice can be viewed as a regular nanoperforation of the pristine graphene sheet.
Theoretically the properties of triangular GALs have been examined already quite substantially (e.g.,
optical properties [2], excitons [3], electronic properties [4,5], electron-phonon coupling [6], detection of
edge states [7], or details of band gap scaling [8]). Most importantly, the experimental techniques for
fabricating GALs have evolved rapidly [9-11], presently reaching lattice constants of a few tens of
nanometers, where many of the interesting quantum mechanical effects predicted by theory should
become visible.
GALs may be designed in many different ways, as far as their microscopic structure is concerned. Here
we report results for two specific aspects: (i) the effect of the symmetry of the antidot lattice, and (ii) the
effect of the atomic arrangement at the edge of the etched holes.
(i) The block-copolymer technique for fabricating GALs [10,11] may yield many different lattice
symmetries. Our calculations show, perhaps surprisingly, that only one-third of the rotated triangular or
rectangular lattices lead to sizable band gaps (Figure (A), middle and bottom panels) while all triangular
lattices display a gap (Figure (A), top). An explanation of these regular patterns of the gap formation
can be given based on Clar structures [13]: structures allowing a full benzenoid structure are most
stable (triangular structures belong to this class, while only one-third of rotated triangular or rectangular
lattices do so), and therefore display a sizable gap. A full discussion will be given soon [12].
(ii) In view of possible thermoelectric applications, it is of interest to examine how the electronic and
phonon transmission properties of graphene samples are affected by embedded GALs, and, in
particular, whether the details of the hole edges have a significant effect. In Figs. (B) and (C) we report
such a study; full details will be discussed soon [14]. Remarkably, the structure where the holes have a
zigzag edge displays an additional splitting up of the GAL minibands (top panel in (B), inset), while a
similar armchair structure does not (bottom panel in (B), inset). This can be traced to the much more
pronounced structural relaxation that takes place in the structure with zigzag holes [14]. The GAL
suppresses both electronic transmission and the phonon transmission ((B) and (C); respectively),
however for phonons the reduction in transmission is much stronger which in turn leads to an
enhancement in ZT, the thermoelectric figure of merit. In some of our simulations we have recorded
ZT’s approaching one-half – rather remarkable for graphene-based structures which usually have an
exceedingly low ZT due to the high intrinsic heat conductivity.
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Figures
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Figure caption. (A) Band structures for triangular (top), rotated triangular (middle), and rectangular (bottom) GALs.
The insets define the details of the respective lattice structures [12]. (B) Electronic transmission for graphene
samples with zigzag (top) and armchair (bottom) holes, red curve. The insets show the electronic bandstructures.
(C) Phonon transmission for the geometries in (B). The black curves in (B) and (C) give the pristine electronic and
phonon transmissions, respectively.
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Interactions between a substrate and graphene have been a major interest in graphene research field,
because it could alter the electronic properties of graphene, such as carrier concentration, band gap,
and mobility. The interactions are induced by a bonding or stacking between them. Especially, the
substrates used for graphene growth by chemical vapor deposition (CVD) have received huge attention
to investigate the role of catalytic behavior. Ni substrate was firstly used for CVD graphene growth, but it
showed difficulties in layer thickness control. Cu foil was suggested as a substrate for the growth of
monolayer graphene with the self-limiting process, since it has lower carbon solubility than those of Ni
and Fe.[1] Recently, scanning tunneling microscopy study revealed the multi-domain graphene growth
on Cu(111) surface,[2] which is in contrast to the graphene growth on Ni(111). The various domain
formations on Cu foil by CVD growth were also reported, in which the domain width can be varied by
growth condition.[3] However, the band structure of multi-domain graphene on Cu substrate has not
been yet reported despite its importance.

In this study, we investigated the band structure of epitaxial graphene on Cu(111) surface using angleresolved photoemission spectroscopy (ARPES). The experiment was performed at the beamline 3A2 of
the Pohang Light Source in Korea. Graphene was grown on Cu(111) surface in an ultra-high vacuum
chamber connected to the ARPES chamber equipped with R4000 analyzer (VG-Scienta) by introducing
C2H2 at 1250 K. The band structure of graphene was observed at the K point after C2H2 dosing of 10 L
(1 L = 1x10-6 Torr for 1 sec.). At the same time, the Shockley surface state of Cu(111) at Г was split into
two states. The one appeared at the lower binding energy side exhibited the charge transfer from Cu
surface to graphene, resulting in the band structure of graphene with n-type doping. As increasing the
dose of C2H2, several linear bands of graphene were observed as expected from STM results.[2] Every
graphene band showed a similar n-type doping character regardless their orientations, and the band
images were not changed except their intensity until the Shockley state was emerged by one with ptype doping character, which implies the formation of monolayer graphene on Cu(111) surface. We
would like to discuss more detail about the results on site.
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Figure

Fig. 1: Band structures of Cu(111) surface around the (a, b) Г and (c, d) K points before and after graphene growth,
respectively.
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We produced large area graphene oxide (GO) sheets with fewer defects on the basal plane by
application of shear stress in solution to obtain high quality reduced graphene oxide (RGO) sheets
without the need for post annealing processes. This is described as rheologically-derived RGO which is
shown in Figure 1a. The large area GO sheets were generated using a homogenizer in aqueous
solution, which induced slippage of the GO in the in-plane direction during the exfoliation process, in
contrast with the conventional sonication method. The effects of chemical reduction under mild
conditions demonstrated that the formation of structural defects during the exfoliation process affected
the RGO properties. In the Raman spectra, the ID/IG ratio of the homogenized-RGO (HRGO) increased
more than that of the sonicated-RGO (SRGO) due to the large number of ordered sixfold rings on the
basal plane. The enhanced sheet resistance of the HRGO thin film was found to be 2.2 kohms/sq at
80% transmittance as shown in Figure 1b. This result is comparable to the values reported by others in
studies of the optoelectrical properties of RGO using hydrazine reduction.[1-5] The effective exfoliation
method has great potential for application to high performance RGO-transparent conducting films.
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Figures

(a) Schematic diagram for the exfoliation mechanism of GO via sonication (S) or homogenization (H),
and optical and AFM image of the homogenized GO samples. (b) Sheet resistance vs. transmittance
plot of RGO-TCFs fabricated from previously reported results and our work.
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Graphene has emerged as a candidate material for future nanoelectronic devices. Aside the impressive
mechanical properties, graphene exhibits very high mobility (105 cm2/V-s) and saturation velocity (108
cm/s), together with a promising ability to scale to short gate lengths and high speeds by virtue of its
thinness. The main problem is the absence of a gap, therefore limiting the usefulness of graphene in
digital applications. Several approaches have appeared in the last years to open a gap. For instance,
graphene nanoribbons providing quantum confinement, bilayer graphene, or strained graphene have
been suggested. However, zero gap graphene could still be very useful in analog and radiofrequency
(RF) applications where high ON/OFF current ratios are not required [1]. For instance, for small signal
amplifiers, the transistor is operated in the ON-state and small RF signals that are to be amplified are
superimposed onto the DC gate-source voltage. Instead, what is needed to push the limits of analog/RF
performance is an operation region where high transconductance together with a small output
conductance is accomplished. This situation is realized for state-of-the-art graphene field-effect
transistors (GFETs). Specifically, for large-area GFETs, the output characteristic shows a weak
saturation that could be exploited for analog/RF applications. Recently, cutoff frequencies in the range
of hundreds GHz [2] have been demonstrated and operation in the THz range is envisioned.

At this stage of development of GFET technology, modeling is a key aspect for device design
optimization, projection of performance, and exploration of circuit designs providing new functionalities.
We have done this modeling effort in the framework of the drift-difussion theory. This theory has proved
to be successful in explaining the electrical behavior of GFETS [3,4]. In this work we present a fully
analytic physics-based electrical model of the useful for analog/RF research community. Explicit closeform expressions for the drain current have been derived and benchmarked with experimental results
[5].
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Figure 1. Transfer and output characteristics of a prototype GFET as computed with the analytical model
benchmarked with experimental results reported by Kedzierski et al., IEEE Electron Device Lett. 30, 745 (2009).
The device under test is a top-gate GFET with channel length of 10 m, gate width of 5 m, top dielectric is hafnium
oxide with thickness of 40 nm and permittivity  16. The flat-band voltage was tuned to 0.85 V according to the
2
location of Dirac point from the transfer characteristics. A low-field mobility of 7500 cm /V-s for both electrons and
holes, source/drain resistances of 300 , and phonon effective energy
 100 meV was considered. These
values are consistent with the extracted values from measurements. As input parameter a sheet carrier density
11
-2
=310 cm was used for the final fine tuning. Symbols: experimental results. Solid line: model results.
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Substrate enhanced stability of hydrogen adsorption complexes on graphene on Ir(111)
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We present temperature programmed desorption (TPD) measurements investigating the interaction of hydrogen
with graphene supported on an Ir(111) substrate. These experiments demonstrate how the substrate influences
the reactivity of graphene towards atomic hydrogen, as well as the stability of the resulting hydrogenated
graphene compounds. The presented data reveal a distinctively different behavior for hydrogenated graphene
on an Ir(111) substrate as compared to hydrogenated graphite.
Figure 1 shows a TPD spectra for D2 desorbing from graphene on an Ir(111) substrate for a series of relative D
coverages with respect to that at saturation. A distinct asymmetric peak is evident in the spectra. Analysis of the
spectra revealed that the barrier to D2 desorption is significantly larger than what is found for the desorption of D2
from graphite [1]. It has previously been suggested that hydrogen chemisorbed on graphene on an Ir(111)
substrate form a graphane-like structure [2]. Such a graphane model can successfully explain the observed
enhanced stability of the hydrogen adsorbates.
It was also found that the absolute coverage of D adsorbed on graphene on an Ir(111) substrate at saturation is
independent of the kinetic energy of the impinging D atoms. This is in contrast to the behavior observed for
HOPG, where the absolute coverage at saturation is reduced for lower D beam temperatures. Such a
temperature dependence is directly related to the existence of adsorption barriers, which are a consequence of
surface reconstruction during the C-H bond formation [3]. These adsorption barriers are most likely modified by
the presence of the underlying Ir(111) substrate resulting in different kinetics for hydrogenation than those
observed for HOPG. Hence, even though graphene on Ir(111) exhibits electronic properties that are essentially
unchanged from those for free standing graphene, the chemical properties of graphene are observed to be
severely modified by the underlying substrate.

Figure 1 TPD spectra of D2 desorbing from graphene on an Ir(111) substrate following exposure to
atomic D. The employed temperature ramp was 1 K/s. The individual traces are labeled with coverage
relative to that achieved at saturation.
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Tuning the electronic properties of graphene is necessary in order to broaden its possible field
of applications. In microelectronic devices, such as ﬁeld transistors, the active material for the
transport layer needs the presence of an energy gap by which the conducting behavior of electrons or
holes as charge carriers can be controlled with the voltage [1].
In this context, theoretical studies ([2,3]) have shown that different doping configurations of
graphene with nitrogen would shift the Fermi level away from the Dirac point and induce a valenceconduction bands asymmetry. STM images have been simulated for various kinds of doping
(substitution, pyridine like bonding,...) [3].
According to literature [4-7], graphene can be obtained by annealing a 6H SiC (000-1) single
crystal. In our work, we exposed SiC at 850 °C to a Si flux, followed by annealing at 950 °C to produce
a 3x3 reconstruction. Finally, annealing at 1080°C resulted in the graphene formation. STM operating
at room temperature showed Moiré patterns as reported in [5,6] and atomic resolution was achieved
revealing the typical honeycomb structure (figure 1).
The sample was then exposed to a flux of atomic nitrogen produced by a remote plasma
source. After nitrogen exposure, several defects were created on the originally defect-free graphene
surface. As shown on figure 2, the overall shape of a single typical defect presents a localized
triangular pattern of 1 nm size. Variations of the pattern with bias voltage have been observed (figure
2).
With the support of Density-Functional Theory, we tentatively attributed the observed pattern
to pyridine-like doping (figure 3). Similarities and differences between experimental data and more
theoretical simulations are to be discussed during the talk.
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Figure 1: Graphene (Vs = -0.5V; I = 3nA)
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Figure 2: I=8nA. Above: Vs=+0.5V; below: Vs=-0.5V
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Figure 3: STM simulation of a pyridine-like N-doping (Vs = + 0.5 V)
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The graphene discovered in 2004 from Dr. Geim et al., it has been touted as a “next generation
materials” because of its remarkable optical, electronic, and thermal properties, chemical and
mechanical stability, and large surface area for applications in emerging field such as transistors,
sensors, polymer nanocompoistes, energy devices.
In general, shape memory polymers are very usefully materials in bio and medical research area.
Specially, polyurethane block copolymers are able to recover the original shape almost completely at
appropriate conditions when they are deformed. These materials have the advantages of light weight,
and excellent processability. For this reason, polyurethane block copolymer may play an important role
in thin area. Consequently, the combination of shape memory polyurethane with graphenes allows to
creating new polymeric materials with unique high performance properties.
In this study, we have used highly quality graphenes, prepared by the solvent exfoliation process from
expended graphite (EG). To understand the effects of the exfoliation quality of graphenes and
dispersion property of graphenes within the PU, graphene solution in NMP were prepared under strong
sonication and centrifuge. Finally, graphene/PU composite films were evaluated in terms of their optical,
mechanical and thermal properties as well as electrical conductivity.
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Figure 1. SEM and TEM images of pristine expanded graphite (a,b), and exfoliated graphene (c,d)

Acknowledgment
We acknowledge the support from the Regional Innovation Cluster Program of Nagano, granted by MEXT of
Japan.

207

208

Electrochemical doping of CVD Graphene
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Recent advances in chemical vapor deposition (CVD) synthesis have now allowed the preparation of
large and uniform monolayer graphene flakes. The CVD prepared graphene thus significantly simplifies
the materials processing and more detailed studies with such samples can be readily performed. The
successful application of graphene requires a detailed understanding of its electronic properties,
including both its neutral and doped states. The doping of graphene leads to a shift of the Fermi level
and for this reason doping provides a simple way to control the transport and optical properties. In our
study the electrochemical charging has been applied to study the influence of doping on the intensity of
the various Raman features of chemical vapor deposition –grown graphene. Three different laser
excitation energies have been used to probe the influence of the excitation energy on the behavior of
both the G and G’ modes regarding their dependence on doping. The intensities of both the G and G’
modes exhibit a significant but different dependence on doping. While the intensity of the G’ band
monotonically decreases with increasing magnitude of the electrode potential (positive or negative), for
the G band a more complex behavior has been found. The striking feature is an increase of the Raman
intensity of the G mode at a high value of the positive electrode potential. Furthermore, the observed
increase of the Raman intensity of the G mode is found to be a function of laser excitation energy.
Ref.:M. Kalbac, A. Reina-Cecco, H. Farhat, J. Kong, L. Kavan, and M. S. Dresselhaus: The Influence of
Strong Electron and Hole Doping on the Raman Intensity of CVD Graphene. ACS Nano, 4 (10), 60556063(2010).
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Ballistic transport in step edge aligned cross junctions on epitaxial graphene
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We studied ballistic transport in nanoscale orthogonal cross junctions fabricated from epitaxial
monolayer graphene grown on the Si-face of SiC. Measurements were performed on
conventionally grown [1] and hydrogen intercalated graphene films [2, 3]. The devices were
aligned parallel to the step edges of the SiC substrate. Using ac and dc measuring techniques,
we obtained a negative bend resistance for low temperatures, which indicates electronic
transport in the ballistic regime. As temperature is increased, a transition to the diffusive regime
is observed.
Sample A is prepared by thermal decomposition of SiC(0001) under Ar atmosphere [1]. Sample
B was additionally hydrogen intercalated after film growth, resulting in a quasi-freestanding
monolayer graphene film [2, 3]. Hall bar structures (600 nm wide and 3 µm long) for film
characterization and cross junctions with four identical leads of 50 nm width and 400 nm length
are prepared using a mix-and-match process [4].
First of all samples A and B are characterized by Hall measurements in a temperature range of
1.5 K ≤ T ≤ 300 K. At T = 4.2 K for sample A a mobility of µA = 4180 cm2V−1s−1 and an
electron density of n2D,A = 2.6 . 1012 cm-2 are determined, which is equivalent to a mean free
path of le = 78 nm. As temperature is increased to T = 300 K the mobility decreases nearly
linearly to µA = 1470 cm2V−1s−1. For sample B we obtain a mobility and hole density of about
µB = 1920 cm2V-1s-1 and p2D,B = 5.1 . 1012 cm-2, respectively. These values are constant in
the whole temperature range and correspond to a mean free path of le = 50 nm.
For sample A the cross junctions are studied in bend resistance geometry by dc transfer
measurements [Fig. 1, (b)]. A bend resistance of R12,43 = –175 indicates ballistic transport
[Fig. 1 (a)]. The negative slope is nearly the same for all four measurement configurations due
to the geometrical symmetry of an orthogonal cross junction. Corresponding measurements for
unaligned devices on another sample demonstrated a strong dependence of the bend
resistance on the measurement configuration [5], which indicates that scattering at step edges
destroys ballistic transport. Since the mean free path of sample B is close to the device
dimensions, the bend resistance of the device is close to zero in the absence of magnetic field.
Therefore we used lock-in technique to study the differential bend resistance r12,43 as a
function of a perpendicular magnetic field B [Fig. 2 (b)]. Figure 2 (a) shows r12,43 for sample B
as a function of B at T = 4.2 K. The magnetic field dependent negative peaks indicate ballistic
transport. The maximum value r12,43 = −147 at B = 200 mT is comparable to the results of
sample A and former ballistic transport measurements [5]. As temperature is increased to T =
50 K the signatures of ballistic transport disappear which indicates a transition from the ballistic
into the diffusive transport regime. These results point out that in contrast to 2D measurements,
which yield a mean free path le independent of T, and surface spectroscopy measurements [3],
which promise epitaxial graphene-based ballistic devices even at room temperature, additional
scattering in 1D systems plays an important role and must be studied in detail.
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Low-frequency noise in graphene
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The most common source of low-frequency 1/f noise in transistor structures is the tunneling of
carriers between a conductive channel and surrounding impurities [1]. The scattering of carriers is highly
sensitive to the distribution of these impurities. As a result, 1/f noise can be used as a tool to investigate
the mechanisms of scattering.
Carrier scattering in graphene is unusual and not fully understood. We have studied 1/f noise in
monolayer graphene structures on Si/SiO2 substrates in the frequency range from 10 to 400Hz at room
2
temperature. In conventional Si MOSFET structures the normalised noise power SR/R diverges at the
conductance threshold. In contrast, 1/f noise in graphene is seen to exhibit a pronounced dip at the Dirac
point where a maximum in resistance occurs (Figure, a) [2].
The 1/f noise in graphene has been observed to change in the presence of water. We show that
water acts as an acceptor of electrons. The normalised noise power increases after doping, indicating
that water molecules are a significant source of scattering (Figure, b). The mechanism of scattering by
water can be understood from the change in the shape of the noise dependence on gate voltage.
We discuss possible reasons for the suppression of 1/f noise at the Dirac point in monolayer
graphene, and the origin of 1/f noise in the presence of water molecules.
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Adhesion and frictional characteristics of CVD-grown graphene
1

1

2

3

3

3

Kwang-Seop Kim , Hee-Jung Lee , Changgu Lee , Seoung-Ki Lee , Houk Jang , Jong-Hyun Ahn ,
1
1
Jae-Hyun Kim , Hak-Joo Lee
1

Department of Nano Mechanics, Nano Convergence and Manufacturing Systems Research Division,
Korea Institute of Machinery & Materials, 104 Sinseongno, Yuseong, Daejeon, 305-343, Republic of
Korea
2
School of Mechanical Engineering, Sungkyunkwan University, 300 Cheoncheon, Jangan, Suwon,
Gyeonggi, 440-746, Republic of Korea
3
School of Advanced Materials Science & Engineering, Sungkyunkwan University, 300 Cheoncheon,
Jangan, Suwon, Gyeonggi, 440-746, Republic of Korea
kskim08@kimm.re.kr

Surface forces such as adhesion and friction forces are crucial in the fabrication and operation of
microelectromechanical systems (MEMS) and nanoelectromechanical systems (NEMS) as well as in the
nanofabrication processes such as nanoimprint lithography and contact printing process [1]. Various
lubricant materials, patterns, and surface treatment processes have been developed for control of the
interfacial forces and lubrication between contacting surfaces. We think that graphene can be one of
good candidates for lubrication in the small scale because graphene is very thin as a few nanometers
and is expected to have good properties of graphite for lubrication. Large-area graphene grown by CVD
process can be transferred easily onto various substrates and the transferred graphene would be used
as a solid lubricant for contacting surfaces. Recently, it was reported that the surface properties of
graphene can be altered [2], and graphene sheets more than five layers show friction forces as small as
for bulk graphite [3]. Graphene plates were added to oil in order to increase the lubrication performance
of oil [4].
In this study, we characterized the adhesion and frictional properties of CVD-grown graphene to
investigate the feasibility of graphene as a thin solid lubricant. CVD-grown graphene has a great merit
as a surface coating because of its excellent scalability and transferability. The graphene was
synthesized on Cu foil and Ni film by chemical vapor deposition (CVD) process and transferred on
SiO2/Si substrate by a wet transfer method [5,6]. Adhesion and friction tests were performed by a
home-built microtribometer to investigate the adhesion and frictional characteristics of the graphene in
microscale.
Figure 1 shows optical images of Cu-grown graphene and Ni-grown graphene on SiO2/Si substrate. The
optical image of each graphene film shows clear contrast between areas with different numbers of
graphene layers. To investigate the adhesion properties of the graphene, the adhesion test was
performed using microtribometer. Figure 2 shows the pull-off force measured by microtribometer. In
microscale contacts, the graphene reduce the pull-off force significantly. Figure 3 shows the frictional
characteristics of graphene films. The results show that the graphene effectively reduced friction force.
The Ni-grown graphene on SiO2 shows relatively durable and low friction coefficient compared to the
Cu-grown graphene on SiO2, In summary, the CVD-grown graphene is so effective to reduce the
adhesion and friction forces, and have strong potential to be used as a thin solid lubricant.
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Figure 1. Optical micrograph of the graphene films transferred on SiO2/Si substrate.

Figure 2. Pull-off force on the graphene samples measured by microtribometer.

50

Friction force (mN)

SiO2 substrate
Monolayer graphene
Multilayer graphene

40
30
20
10
0

0

10

20

30

40

50

60

70

Load (mN)
Figure 3. Friction force as a function of load for graphene films.
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Recently, the successful preparation of grapheme [1,2]- has provided the opportunity of theoretical and
experimental research of one-atom layer nanoelectronics. Naturally, quantum dot, which confines quasiparticles in zero dimensional states, is an important building block for nanoelectronic application. In
graphene where the quasi-particles are described by massless Dirac Fermions, confinement is nontrivial
issue since the quasi-particles can penetrate large and wide electrostatic barrier through Klein
tunneling[3]. To overcome the obstacle of the confinement, it has been suggested to confine
quasiparticles via electrostatic potential in graphene stripes[4,5,6], or via magnetic barrier[7]. In
principles, graphene dots can be realized by a spatially inhomogeneous magnetic field[8,9]. The
required magnetic field strength, however, is too big for nanoelectronics application.

Here, we will show that graphene quantum dot can be formed via experimentally accessible size of
strain due to its unique topology and strength of the pseudo-magnetic field formed in graphene. More
interestingly, the orbital magnetic response of the strained graphene will be very sensitive to the applied
strain, which might be useful for sensor application. The pseudo magnetic field appears when lattice
defects, the intrinsic and extrinsic curvature of the graphene sheets and the variation of hopping
energies by elastic strains enter into the Dirac equation [10,11,12,13]. It will be demonstrated here that
the strained graphene breaks its mirror reflection symmetry (MRS) and time reversal symmetry (TRS)
by application of `real' magnetic field, which originated from the particular symmetry of the pseudomagnetic field. It will be shown that the interplay between the real and pseudo magnetic field manifests
by the orbital diamagnetism of the localized state in graphene quantum dot.
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Graphene is an attractive material for device applications due to its high carrier mobility in two
dimensional charge carrier transport [1]. The transport behavior of two dimensional electron gas has
been studied using three terminal ballistic junctions based on III-V semiconductors [2-8]. Recent study
has also demonstrated non-linear electrical properties at low temperature on graphene using three
terminal junctions fabricated by etching three trenches on a graphene flake [9]. Here we have further
investigated electrical properties of the graphene device with three terminal T-branch structure at room
temperature and shown that the rectified effect is around 10% at room temperature.

T-branch devices were patterned on exfoliated single layer graphene prepared on a 300-nm-thick silicon
dioxide using O2 plasma etching (Fig. 1a). The width and length of the channel from the left to right is
200 nm and 600 nm, respectively. The center branch is around 100 nm wide and 300 nm long. The
metal contact is formed with Ti/Au (5 nm/40 nm) by e-beam evaporation.
In the measurements anti-symmetric voltage sources, so-called push-pull configuration (VL=-VR), are
applied to the left and right terminals simultaneously and the output voltage is measured at the center
branch with various the backgate voltages. The substrate of highly doped silicon is used as a global
back gate electrode. All measurements were carried out at room temperature.
As shown in Fig. 2(b), when the left and right terminals are biased by push-pull manner with a backgate
voltage, the output voltage at the center branch is dominantly negative or positive regardless of the sign
of input voltage. Moreover, the output voltage becomes almost zero when the backgate voltage reaches
the carrier neutrality point as expected. The Dirac point is found around 20 V of the backgate voltage
(Fig. 1c). Also, the curvature of rectification becomes stronger when the Fermi level is increased by the
backgate voltage. This implies that the curvature of rectification is dependent on the carrier density.
Furthermore, the sign of the rectified curve is altered by changing the carrier (hole or electron) type.
Positive rectification occurs at electron transport region and negative rectification at the hole transport
region.
We assume that the inhomogeneous charge carrier distribution can result in non-linear rectification of
the electric potential along the channel [11-12]. The carriers can be also affected by the impurities and
space charge on the graphene surface. It is important to understand this type of effect since they can
have a large impact on how circuits made of graphene will behave.
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Figures
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Figure. 1. (a) SEM image of T-branch structure and schematic of measurement configuration. (b) Measured output
voltages at the center terminal C as a function of anti-symmetric bias voltage V0 (push-pull, VL = -VR) with various
backgate voltages at room temperature. (c) Resistance of the channel between the left and right terminals as a
function of the backgate voltage when the left terminal is biased and others are grounded.
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Semiconductor quantum dots (QDs) of group II–VI compounds have been one of the most prominent
research topic in the past two decades. QDs show great promises for uses in various applications, such
as photovoltaic devices, solar cells and organic/inorganic light emitting devices because II–VI QDs have
relatively small band gaps and thus are capable of harvesting photons in the visible and infrared
regions. In photon harvesting devices, one of the important aspects to realize is fast electron transfer to
the substrates such as indium tin oxide (ITO), fluorine-doped SnO2 transparent conducting oxide (FTO),
and carbon support materials. However, almost all of the researches show problems of inefficient
electron transfer. One of the possible reasons for this problem arises from the interface between QDs
and the substrate. In this regard the interface between QDs and substrate is a very important factor in
improving the solar cells efficiency [1-3].
Recently, hybrid materials based of semiconductor QDs and graphene have motivated active
optoelectronic devices studies. Graphene has several unique electronic properties such as high carrier
mobility, high transparency, and enhance charge transfer. Therefore, this line of researches may lead to
multifunctional materials or even materials with completely new properties. However, at present, the
study of QDs/graphene hybrid materials is very limited. Xiumei Geng et al. reported that the flexible and
transparent optoelectronic films fabricated from chemically converted graphene (CCG) and QD
composites showed improved photosensitivity with the loading of QDs increasing. However, due to the
indirect contact between CCG and CdSe QDs capped with Pyridine, the transfer efficiency of the
photoinduced carriers is still limited. Probably, it is because of the difficulty in forming junctions between
QDs and graphene [4-6].
In our previous work [7], we synthesized CdSe QDs arrays on the graphene basal plane by using
electrochemical synthesis method and a mesoporous silica thin film template. This approach produced
8 nm–sized CdSe QDs ordered into a hexagonal array on graphene. The electron diffraction (ED)
pattern taken from the top of the graphene plane shows that the (001) planes of the hexagonal CdSe
QDs are missing. This suggests that the CdSe QDs are grown epitaxially to the graphene layer, which,
in turn, indicate that the interface between the CdSe QDs and the graphene surface has some chemical
interaction, desirable for fast electron transfer. In order to prove this possibility and also to develop
photon harvesting devices based on our CdSe QDs/graphene hybrid materials, we investigated its
photocurrent properties.
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Figures

Figure 1. Scheme of the photo-device by CdSe QDs arrays on graphene sheet.

Figure 2. Current-voltage characteristics of the CdSe QDs (240s)/graphene/quartz with and without the
2
irradiation under a 100 mW/cm light illumination condition. The amount of electrodeposited CdSe QDs
on graphene is the same each other, but the number of layers of grephene is controlled as follows: bilayer and tri-layer graphene.
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Suspended graphene films can be used as mechanical resonators with applications in, e.g., radio
technology and mass sensing. In this theoretical study we consider nanomechanical graphene
resonators operating in the quantum limit where the mechanical motion exhibits quantum effects.
Compared to one-dimensional beam resonators, using graphene literally adds another dimension to
quantum nanomechanical systems. For instance, symmetric graphene structures exhibit degeneracies
in their vibration spectra and nonlinearities become important already at very small amplitudes. This
naturally limits excitation amplitudes and facilitate mode coupling. Here we propose to use
asymmetrically applied gate voltages to achieve a controlled breaking of the degeneracies as well as
tuning of the nonlinearities.

This opens many possibilities for studying mechanical effects in the

quantum regime.
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It is crucial for the future applications to understand the nanoscale electronic properties of graphene
considered in terms of the electron local density of states (LDOS) on different substrates. This is
because a substrate or deposited coating can considerably affect nanoscale electronic properties of
graphene. Particularly, it has been proved theoretically using density functional theory (DFT) and van
der Waals density functional (vdW-DF) calculations that the unique conical dispersion relation around
K/K’ points in graphene is preserved on (111) surfaces of Al, Cu, Ag, Pt, and Au [1-3]. However, this is
accompanied with the change of position of the Dirac point (E D) relative to the Fermi level (EF) due to
the presence of substrate (doping effect). This is especially important in the case of Au which is widely
used in fabrication of metal-graphene contacts in graphene devices.
In the presentation we will show detailed scanning tunneling microscopy and spectroscopy (STM/STS)
studies of graphene interactions with gold substrate. The obtained experimental results will be
discussed in the frame of theoretical models. Mono-, bi- and tri- graphene layers (MG, BG, TG) were
deposited on 8 nm of Au, with 0.5 nm Cr adhesion layer sputtered onto 100 nm SiO 2 (Graphene
Industries, UK). This type of substrate enables to create a setup suitable for the STM/STS experiments
without micro fabrication processes and studies of LDOS on multilayer graphene systems [4].
Identification of MG, BG and TG were carried out using optical microscopy (OM), Raman spectroscopy
(RS) – (Renishaw InVia) and scanning electron microscopy (SEM) - (Vega Tescan). All the STM/STS
experiments were carried out at room temperature in UHV condition using VT-STM/AFM microscope
integrated with the XPS/UPS/AES/LEED/MULTIPROBE P system (Omicron GmbH).
The STM results show that the height of MG relative to Au substrate is close to 0.5 nm, the height of BG
relative to MG varies from 0.30 nm up to 0.50 nm, while TG relative to BG gives the value 0.35-0.50 nm.
The detailed STM topography of MG/Au border structure is presented in Fig.1a.The STM topographies
for MG/BG/TG on Au at atomic resolution present triangular structure typical for graphite with the
distance between atoms equals about 0.25 nm. We would like to emphasize that honeycomb lattice
typical for unperturbed MG with the distance between atoms equal to 0.142 nm has never been
observed.
The STS results prove that holes are donated by Au substrate to graphene which becomes p-type
doped i.e. EF is located below ED. Particularly, ED for MG is located in the range of 0.35 - 0.43 eV; for
BG varies from 0.22 eV up to 0.30 eV, and for TG is close to 0.1- 0.15 eV. Estimated positions of the
Dirac point show that the higher number of graphene layers the lower Fermi level shift is observed.
Typical STS results for MG and TG are presented in Fig.1b,d and Fig.2b,c,d,e. Additionally the STS
results show presence of energetic heterogeneity considered in terms of changes LDOS measured at
different places on the surface. This is particularly well seen in the case of TG on Au – see Fig.2a,d.
Finally, graphene-gold interactions were studied using both local density approximation and van der
Waals density functionals. In the LDOS profiles the Dirac points were clearly identified and compared
with the positions of Dirac cones in the bandstructure. The theoretical results will be compared with
experimental STM/STS data.
This work was financially supported by Polish Ministry of Science and Higher Education in the frame of
grant N N202 204737.
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Figures

Fig.1

Fig.2

Fig.1 (a) 450 nm x 450 nm STM topography showing the details of MG and Au border line. (b) dI/dV (E, line) map
recorded on MG/Au along arrow in figure (a). Colors: blue, green, red - low, intermediate, and high value of the
LDOS, respectively. (c) dI/dV profile of Au. (d) Typical dI/dV profile of MG/Au.
Fig.2 (a) 200 nm x 200 nm dI/dV (E, x, y) map recorded at 0.05 eV on TG/Au. Colors: blue, green, red - low,
intermediate, and high value of the LDOS, respectively.(b, c, d) dI/dV (E, line) maps recorded on different TG/Au
regions denoted by #1, #2 and #3 lines on figure (a). (e) Typical dI/dV profile of TG/Au showing Dirac point.
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Wafer-scale growth of monolayer graphene is a critical step to allow integration of graphene into future
nanoelectronic devices. Chemical vapor deposition (CVD) growth of graphene on copper is an area of
focused research efforts due to the ability to grow predominantly monolayer graphene with the right
growth conditions [1]. Recent experimental work elucidated the graphene grain boundary topology [2,3],
and recent theoretical calculations simulated the electrical transport properties of ideal boundaries [4,5].
Nonetheless, to date there have been few scanning tunneling microscopy (STM) studies of graphene
grown by CVD on Cu and no studies of the electronic properties of the films’ grain boundaries on the
atomic scale. To address this gap, we study grain boundaries in graphene grown by CVD on Cu foil
using ultrahigh vacuum scanning tunneling microscopy (UHV-STM) and spectroscopy (STS).
The graphene was grown on 1.4 mil copper foil using methane in an Atomate CVD system at 1000 °C
for 30 min. and transferred onto a SiO2/n+ Si substrate after growth. Figure 1(a) shows an optical image
of the graphene after the post-growth transfer to the SiO2/Si. The dots indicate the location of the
Raman spectra shown in Fig. 1(b). The G’/G ratios for these spectra suggest that the transferred
graphene was indeed one monolayer. The D’ band in the green spectra suggests that there was more
local disorder. We degassed the sample in the UHV-STM system by direct current heating through the
Si substrate at a temperature of 600–700 °C for 24 hours. Figure 1(c) shows a small STM topograph
from a clean area of the sample, clearly showing the monolayer graphene lattice.
We have studied grain boundaries with misorientation angles between the grains of approximately 6°,
9°, 20°, 22°, 26°, 30°, and 32°. These grain boundaries were continuous across large protrusions and
wrinkles in the graphene and other surface topography. Figure 2(a) shows the spatial derivative of an
STM topograph of the meeting point of three grain boundaries. The misorientation angles between the
lower-left and top grains, top and lower-right grains, and lower-left and lower-right grains approximately
9°, 22°, and 30°, respectively. Figure 2(b) shows a map of the tunneling conductance (dI/dV) recorded
along the dashed green line shown in Fig. 2(a) with the color map to the right and the purple line
indicating the approximate location of the grain boundary. The bottom of the dashed green line
corresponds to the left side of the spectra map, and the top of the line corresponds to the right side of
the spectra map. The map clearly shows larger dI/dV in empty states on the grain boundary than for
spectra taken on the graphene away from the boundary. Figure 2(c) shows a comparison of the density
of states (DOS), (dI/dV)/(I/V), and the dI/dV for a spectrum taken on the same grain boundary as data in
Fig. 2(b) and a spectrum taken in the lower-right grain away from the boundary. These two individual
specta show enhanced dI/dV in empty states and also a somewhat higher density of states in empty
states at the grain boundary.
Depending on the misorientation angle between the graphene grains, we observe strong standing wave
patterns adjacent to the actual grain boundaries. Figure 3(a) shows a grain boundary between two
grains with a relative misorientation angle of approximately 32°. There is a clearly visible standing wave
pattern on both sides of the grain boundary. Figures 3(b) and 3(c) show the fast Fourier transform (FFT)
for the left and right grains, respectively, with the graphene lattice filtered out. This leaves standing
waves, from which we extract their spatial extent in Fig. 3(e). Based on the misorientation angle and
theory [4,5], we determine a possible grain boundary geometry, which has heptagons and pentagons as
shown in Fig. 3(d). Consequently, standing waves originate from interference [6] with that particular
geometry. The standing waves possess decay lengths of ~2 nm (left) and ~1.3 nm (right).
For the first time, we probe the atomic-scale electronic and topographical nature of graphene grain
boundaries using STM and STS, complementing previous experimental [2,3] and theoretical work [4,5]
in the field. We find that standing waves arise for scattering off particular grain boundary geometries and
misorientation angles. Hence, the grain boundaries with standing waves will be deleterious for transport.
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Figures

Figure 1. (a) Optical image of transferred monolayer graphene on 80 nm of SiO 2. Raman spectroscopy taken at
spots indicated. Scale bar is 20 μm. (b) Raman spectroscopy of graphene, showing G’, G, and D bands and
Lorentzian fits in black. The green spectra has a D’ band, indicating higher order disorder. All spectra have high
IG’/IG ratios, indicating monolayer coverage. (c) STM topograph of a clean area of the graphene. Scale bar is 1 nm.

Figure 2. (a) Spatial derivative of an STM topograph of a meeting point of three grain boundaries. The
misorientation angles between the graphene grains are ~22º between the top and lower-right grains, ~30º between
the lower-left and lower-right grains, and ~9º between the lower-left and top grains. (b) Tunneling conductance map
of calculated dI/dV spectra taken along the green dashed line from (a). The map shows a very clear enhancement
of the tunneling conductance in the vicinity of the grain boundary, as indicated by the purple line on the map. (c)
Comparison of tunneling conductance and normalized tunneling conductance (DOS) for a point on the grain
boundary between the top and the right grains and a point away from the grain boundary in the right grain. The
plots show the larger empty states dI/dV and somewhat higher empty states DOS for the spectra point on grain
boundary compared to the spectra point taken away from the grain boundary.
Figure 3. (a) Spatial derivative of
an STM topograph of a type II
grain boundary with standing
waves; the misorientation angle
between the two graphene lattices
is ~32º. Fast Fourier transforms for
the left (b) and right (c) graphene
grains, with the graphene lattice
filtered out, showing standing
waves. (d) Schematic diagram of
left graphene lattice near the
heptagon-pentagon
grain
boundary. Light blue regions
indicate interference localization
along C-C bonds, giving a
backscattering standing wave of
wavelength λF (blue line, Fermi
wavelength). (e) Spatial extent of
standing waves, where line
sections correspond to (a-c). Left
grain standing wave extends ~2
nm, and right grain extends ~1.3
nm. All scale bars are 1 nm.
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Graphene has recently attracted a great deal of interest as material for future nanoelectronic devices
due to its excellent electronic transport properties. However, to date most investigations of graphene
imply the deposition of graphene flakes on a substrate, necessitating an unambiguous identification of
mono- and bilayers with optical microscopy. While it is well known that e.g. a 90 nm SiO 2 [1] or 72 nm
Al2O3 [2] layer on top of a silicon substrate provides sufficient contrast to observe a monolayer of
graphene this fact limits at the same time experiments to be done on a single layer substrate. However,
the deposition of graphene on a multi-layer system providing for instance buried gates is desirable as
well as the incorporation of alternative materials such as high-k gate dielectrics.
This work presents an investigation and optimization of the identification of graphene mono- and
bilayers on various multi-layer substrates. Instead of the mere contrast between substrate and
substrate/mono/bilayer systems [1], the luminance differences are used to obtain optimum visibility,
based on the work presented in Ref. [2]. Our approach uses a genetic algorithm is employed that not
only allows optimizing the visibility of graphene on a single layer substrate but also enables finding the
most appropriate composition of a multi-layer systems in terms of materials in use and their thicknesses.
In addition, a major benefit of our approach is the possibility to qualify appropriate layer systems with
respect to their manufacturability.
The reflection spectra of a multi-layer system with and without graphene layer are computed using the
Fresnel-equations and a transfer matrix formalism [3] as illustrated in Fig. 1. From these spectra colors
can be extracted using the CIE-Lab color space [4] which includes the color perception of the human
eye. Eventually, three so called color-luminance-difference values (CLD) are obtained where CLD1
describes the luminance difference between the colors of a monolayer graphene and the top of the
multi-layer system, CLD2 between a mono- and a bilayer graphene and CLD 3 describes the luminance
difference between a bilayer and the multi-layer system's surface. A genetic algorithm is then used to
optimize the multi-layer system with respect to obtaining maximum differences between the three CLDvalues, i.e. obtaining the best visibility and possibility to distinguish between graphene mono- and bilayers.
Fig. 2 presents a number of multi-layer systems generated automatically with the genetic algorithm.
Obviously, which allow a clear colored identification of graphene. The calculated colors for
substrate/mono/bilayer graphene are illustrated in row calculated colors. The substrate's color
surrounds the monolayer (top) and the one of the bilayer (bottom). All presented systems provide a
rather large tolerance in terms of the visibility of grapheme even with thickness variations of each layer
of up to +/- 10 nm. Fig. 3 illustrates the visibility of graphene for the multi-layer system 10 (cf. Fig. 2) as
a function of the thickness of the three respective layers. All three layer can even vary more then +/- 10
nm, while graphene will still be visibile with optical microscopy.
In summary, by using a genetic algorithm to generate multi-layered-systems, it is possible to achieve an
arbitrary multi-layered-system, allowing a clear visibility and identification of mono- and a bilayer of
graphene including a large tolerance of layer thickness variations during manufacturing.

229

References
[1] P.Blake, K. S. Novoselov, A. H. Castro Neto, D. Jiang, R. Yang, T .J. Booth, A. K. Geim, E. W. Hill,
Appl. Phys. Lett. 91, 063124, Making graphene visible (2007)
[2] Libo Gao, Wencai Ren, Feng Li, Hui-Ming Cheng, ACS Nano, Total Color Difference for Rapid and
Accurate Identification of Graphene (2008) 1625 - 1633
[3] M. V. Klein, T. E. Furtak, Springer, Optics (1988) 230 - 234
[4] M. Richter, Gruyter, Einfuehrung in die Farbmetrik (1981)

Figures
bility of graphene depending on the thick-nesses of
thelayers in the case of stack 10 in Fig. 2.Kannst du das
noch mit z.B SiO2 oder Al2O3 vergleichen?

Fig. 1. Fresnel-law-based multi-layered system
to achieve the reflection spectra R0, R1 and R2,
which are functions of the layer's thicknesses
d1,d2...dn and of the refractive indexes ñ1,ñ2....ñn.

substance
Graphene
SiO2
Al2O3
Si3N4
HfO2

stack1
300 nm

stack2

stack3

stack4

Fig. 3. Visibility of graphene depending on the three layers's
thicknesses for stack 10 in Fig. 2.

stack5

90 nm

stack6
65 nm

72 nm

stack7
61 nm
25 nm

stack8

stack9

37 nm

stack10
81 nm
85 nm

stack11

stack12

83 nm
221 nm

85 nm
131 nm

25 nm

10 nm

55 nm
25 nm

CaF
Ag
Si

45 nm

90 nm

242 nm

95 nm
20 nm

20 nm

Calculated
colors:

CLD1
CLD2
CLD3
Σ CLD

1.2
1.1
2.2
4.5

2.2
2.2
4.4
8.8

0.5
0.4
1
1.9

1.8
1.8
3.6
7.2

2.3
2.2
4.5
9

2.1
2.1
4.3
8.5

2.2
2.2
4.3
8.7

2.2
2.2
4.5
8.9

2.3
2.3
4.6
9.2

1.9
1.9
3.8
7.6

2.1
2
4.1
8.2

1.4
1.4
2.8
5.6

Fig. 2. Multi-layered-systems generated using a genetic algorithm, which offer a clear visibility and identification of
graphene and at least +/- 10 nm fault-tolerance by layer-manufacturings (cf Fig. 3).

230

Tailoring the Atomic and Electronic Structure of Two-Dimensional Carbon and Boron-Nitride
Systems with Electron and Ion Beams
1,2

A.V. Krasheninnikov,

1

1

2

J. Kotakoski, O. Lehtinen, N. Berseneva, and R.M. Nieminen

2

1

2

Department of Physics, University of Helsinki, Finland
Department of Applied Physics, Aalto University, Finland
akrashen@acclab.helsinki.fi

Recent experiments (see Refs. [1,2] for an overview) on ion and electron bombardment of
nanostructures demonstrate that irradiation can have beneficial effects on such targets and that electron
or ion beams can serve as tools to change the morphology and tailor mechanical, electronic and even
magnetic properties of various nanostructured materials.

We systematically study irradiation effects in nanomaterilas, including two-dimensional (2D) systems
like graphene and hexagonal boron-nitride (h-BN) sheets. By employing various atomistic models
ranging from empirical potentials to time-dependent density functional theory we simulate collisions of
energetic particles with 2D nanostructures and calculate the properties of the systems with the
irradiation-induced defect. In this talk, our latest theoretical results on the response of graphene and hBN to irradiation will be presented, combined with the experimental results obtained in collaboration with
several groups [3,4]. The electronic structure of defected graphene sheets with adsorbed transition
metal atoms will be discussed [5], and possible avenues for tailoring the electronic and magnetic
structure of graphene by irradiation-induced defects and impurities will be introduced [4,6]. The effects
of ion and electron irradiation on boron-nitride sheets and nanotubes will also be touched upon. Finally,
we will discuss how electron irradiation and electron beam-assisted deposition can be used for
engineering hybrid BN-C nanosystems by substituting B and N atoms with carbon with high spatial
resolution.
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Abstract:
Experiments on hexagonal graphene-like structures using microwave measuring
techniques are presented [1]. Employing dielectric discs between two metallic
plates and a TE-antenna we establish a tight-binding configuration baring a
lot of opportunities realizing different lattice structures. In measurements on
graphene-like sheets the vanishing density of states at the Dirac point is observed
as well as the linear slope close to it as is shown in the figure below.

Taking advantage of the high flexibility of the setup we move the antenna to
zigzag edges of the lattice and find edge states that can not be found in the interior of the sheet or at an armchair edge in agreement with theoretical predictions.
The consequences of introduced disorder are investigated and an imitation of
boron-nitride- a hexagonal crystal consisting of two different sorts of atoms- is
implemented. The experimental results are confirmed by numerical simulation
assuming the tight-binding model.
[1] U. Kuhl, S. Barkhofen, T. Tudorovskiy, H.-J. Stöckmann, T. Hossain, L.
de Forges de Parny, and F. Mortessagne. Dirac point and edge states in a
microwave realization of tight-binding graphene-like structures. Phys. Rev. B
100, 094308 (2010).
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We present a process for fabricating large area TEM support using CVD graphene grown on copper foils.
The thinness of graphene and low atomic number of carbon facilitates imaging of nanoparticles and
biomaterials. The TEM supports are composed of graphene held sandwiched between two sets of
perpendicular exposed and annealed photoresist lines, whose dimensions can be varied as needed. Unlike
other methods, graphene is strongly adhered to this mesh structure, providing it mechanical stability. The
mesh is mechanically strong enough to be handled by tweezers. We display large area structures covering
whole TEM grids (3 mm). Further, the whole structure is carbonaceous and therefore, can undergo harsh
chemical treatments and is biocompatible. The characterisation of graphene available on these samples was
done using STEM, TEM and Raman spectroscopy, showing good quality monolayer graphene. Small amount
of organic contaminants, leftover from fabrication, can be cleaned using a process developed in our group.
Finally, we use these grids for imaging nanoparticles and show their advantages compared to normal TEM
grids.

Figures:

a

b

c

d

a) Optical image of copper TEM grid covered with carbon mesh. b) STEM of carbon mesh made of
photoresist lines and graphene. c) TEM image and d) ED pattern of graphene in mesh. The width of
photoresist lines in (b) is about 1 µm.
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We critically discuss the stability of edge states and edge magnetism in zigzag edge graphene
nanoribbons (ZGNRs). We point out that magnetic edge states might not exist in real systems, and show
that there are at least three very natural mechanisms - edge reconstruction, edge passivation, and edge
closure - which dramatically reduce the effect of edge states in ZGNRs or even totally eliminate them.
Even if systems with magnetic edge states could be made, the intrinsic magnetism would not be stable
at room temperature. Charge doping and the presence of edge defects further destabilize the intrinsic
magnetism of such systems. We conclude that edge magnetism within graphenes ZGNRs is much too
weak to be of practical significance, in particular for spintronics applications. We further discuss the
influence of nonmagnetic edges on the electron transport through ZGNRs.
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The Landau levels in graphene are spin and valley degenerate. In order to lift the spin degeneracy
completely, fields of a few hundred Tesla are necessary. However, even in fields of 30 T spin splitting
already becomes visible as a reduction of Shubnikov-de Haas (SdH) oscillations. We present recent
results exploring the spin-splitting by means of tilted-field magnetotransport experiments at magnetic
fields up to 30 T.

The Landau level splitting in a graphene flake increases with a magnetic field Bn perpendicular to the
flake. It follows a square root dependence in single layer graphene (SLG) [1] and an almost linear
dependence in bilayer graphene (BLG) [2,3]. Spin-splitting of each Landau level increases linearly with
the total magnetic field B. Therefore, tilting a sample in a magnetic field increases the ratio between the
Zeeman splitting and the Landau level splitting and, as a consequence, reduces the amplitude of the
SdH oscillations.

To observe the spin-splitting we have measured the longitudinal resistance as a function of charge
carrier concentration in SLG and BLG in tilted magnetic fields. Our measurements show that increasing
the total magnetic field B at a constant perpendicular field Bn leads to a damping of the SdH oscillation
amplitudes (Fig.1). We fitted the experimental dependences by the Lifshitz-Kosevich formula and
determined the SdH oscillation amplitudes, reduced by the Zeeman splitting with an added in-plane
field. The amplitudes found for BLG are plotted in Fig.2 as a function of total field B for a constant
perpendicular field Bn = 8 T and for different Landau level indices N. The reduction of the SdH amplitude
⎛ π g * m* B ⎞
⎟ [4] for particles with an effective g-factor g*
can be quantitatively described by a factor cos ⎜⎜
⎟
2
m
B
e n
⎠
⎝
2
h dS( E )
, where S( E ) = πk 2 is the area in k-space of the Landau orbits at
and a cyclotron mass m * =
2π dE
the Fermi energy. This allows us to extract g*m* from our measurements.

Assuming a parabolic dispersion at low magnetic fields for BLG and using a constant effective mass
m*=0.032 me [5] results in the effective g-factors g* plotted in the inset of Fig.2. The experimental g* are
enhanced compared to the free electron g-factor with increasing enhancement for the higher Landau
levels. We note that such an enhancement can also be caused by increasing the cyclotron mass with
carrier concentration [6]. For SLG preliminary results suggest that g* is comparable to free electron gfactor for low Landau levels ( N = ±1 ), though we cannot yet exclude an enhancement for the higher
levels as seen in BLG.
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Figure 1: (color online) SdH oscillations of longitudinal resistance as a function of carrier concentration in SLG
(a) and BLG (b). The traces are recorded for different tilt angle/total field and a constant perpendicular field Bn at
T=0.4 K

4

Amplitude

g*

Bn=const=8T
N=6
N=5

3
2

2 3 4 5 6
N

N=4
N=3
N=2

0

10

20

30

B (T)
Figure 2: (color online) Oscillation amplitude as a function of total field B at a constant perpendicular field Bn=8 T in
⎛ π g * m* B ⎞
⎟ , the g* extracted from this is shown in the inset as a function of Landau
BLG. Solid lines are fits by cos ⎜
⎜ 2m B ⎟
e
n
⎝
⎠
level index N
240
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We present a truly biomimetic approach for building nanocomposites by using engineered biomolecules,
nanocellulose and graphene flakes. Biomimetics is used as a tool for understanding how high
performance materials can be built by the means of specifically binding matrix molecules. A significant
reinforcement of cellulose film could be obtained when graphene, interfaced with a novel bi-functional
protein HFBI-DCBD, was embedded in it. HFBI-DCBD is a recombinant protein where an amphiphilic
hydrophobin molecule (HFBI) has been fused with two cellulose binding domains (CBD) as presented in
Scheme 1. Due to the strong interactions that the proteins create between the components,
nanocomposites prepared by this method showed excellent values for toughness (20.2 GPa), strength
2

(278 MPa) and work-of-fracture (5.8 J/m ). The method uses sustainable materials and is readily upscalable.

Scheme 1. A schematic presentation of the structure of the composite from macroscopic to molecular level. Top
view: Graphene flakes are interlocked in the percolating network of cellulose, which provides structural rigidity.
Cross section: Cellulose fibrils and protein-coated graphene form a layered structure where protein is facing both
graphene and cellulose. The scheme on molecular level shows how the fusion protein HFBI-DCBD is oriented at
the interface between cellulose and graphene. The violet part represents the amphiphilic hydrophobin (HFBI) which
attaches to graphene. Blue and purple parts are two the cellulose-binding domains (CBDs).

The studied composite matrix was formed from cellulose and graphene flakes [1], which were coated
with a layer of fusion protein HFBI-DCBD. The two functional parts of the fusion protein appear in nature
for totally different purposes compared to what we are now using them. Instead of breaking down
241

materials, which is how the host organism (Trichoderma reesei) of these proteins operates, we use
these molecules for building new materials. Hydrophobins are amphiphilic and assemble at interfaces
[2], thus forming monolayers at surfaces of hydrophobic materials, such as graphene.[3] The second
4

part of the molecule, CBD, originates from a cellulase, which uses it for anchoring to cellulose surfaces.
5

Functionalizing of nanofibrillar cellulose (NFC) with CBD-containing molecules provides a soft nondestructive way to add function and to modify its properties. It was shown that exfoliation of graphene in
a mixture of HFBI-DCBD and NFC resulted in suspension of graphene flakes attached to the cellulose
nanofibrils. This suspension was then vacuum filtrated into films whose mechanical properties were
characterized. The composite has excellent mechanical properties (See Figure 1), is light-weight and all
its components are from sustainable sources.

Figure 1. Mechanical properties of composites consisting a varying amount of graphene. Amount of graphene is
given as a w-% of graphene to nanocellulose. Stiffness (a) and ultimate tensile strength (b) and toughness (c) of the
composite significantly increased when graphene content was increased and reached a maximum level at
graphene content 1.25 %. d: Example stress vs. strain curves from samples containing different amounts of
graphene. Graphene fraction is given as percentage to the mass of NFC.
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We present an ab initio multiscale study and quantum transport simulations using the Kubo formalism
[1] of chemically modified graphene based materials, whose properties are tuned by changing the
density and nature of grafted molecular units. Depending on the nature of the introduced molecular
bonding different conduction mechanism are obtained, including transition from weak to strong
Anderson localization [2,3], as well as spin-dependent phenomena[4]. Experimental results[5]
supporting the interpretation as a metal-insulator in the case of ozone treatment are also provided.
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Figures

Functionalization of graphene due to ozone treatment
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Thermal conductivity of suspended single-layer graphene measured by Raman spectroscopy
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Since Balandin et al. first reported an extremely large value for the thermal conductivity of ~5,000
–1

–1

Wm K

for single layer graphene [1], the superior thermal properties of graphene has attracted much

interest. Several groups since have measured thermal conductivity of mechanically exfoliated [1-3] or
chemical vapor deposition (CVD)-grown [4,5] graphene using different methods. For suspended,
–1

–1

exfoliated single-layer graphene, the reported values range between 660 and 5,300 Wm K

[1,2].

Given the importance of this key parameter for device applications, an accurate measurement is crucial.
In this work, we present the measurement of the thermal conductivity for suspended single-layer
graphene at temperatures between 300 K and 500 K using Raman spectroscopy on a clean sample
prepared directly on a patterned substrate without involving a transfer process.
The substrates with round holes with various diameters were prepared by photolithography and dry
etching of Si substrates covered with a 300 nm-thick SiO2 layer. The depth of the holes is ~1.7 µm,
deep enough to prevent interference from laser light reflected and scattered from the bottom of the
holes [6]. The diameters were 2.6, 3.6, 4.6, and 6.6 µm. The samples were prepared directly on the
cleaned substrate by mechanical exfoliation from natural graphite flakes. No chemical treatment of the
sample was involved in the preparation process. This ensures that the sample surface is free from
chemical contaminants that may affect the measured thermal conductivity values. The sample used was
2

a single-layer graphene flake of 35×60 µm dimensions identified by the Raman spectrum [7,8]. The
514.5-nm (2.41 eV) beam of an Ar ion laser was focused onto the graphene sample by a 50×
microscope objective lens (N.A. 0.8), and the scattered light was collected and collimated by the same
objective. The laser spot size was measured using the modified knife-edge method [5], and the beam
spot size was approximately 0.29 µm in radius. The scattered signal was dispersed with a Jobin-Yvon
Triax 550 spectrometer (1800 grooves/mm) and detected with a liquid-nitrogen-cooled charge-coupled–1

device detector. The spectral resolution was about 0.7 cm .
The light absorption induces local heating that raises the temperature in the vicinity of the laser spot.
In a steady state, there exists a temperature gradient that depends on the total power supplied by the
laser beam, thermal conductivity, and the boundary conditions at the edge of the hole. The local
temperature at the laser spot can be estimated from the Raman spectrum. The temperature coefficients
of the G and 2D bands for suspended graphene were measured recently by Chen et al. [4]. Since the
2D band is more sensitive to temperature than the G band, we used the 2D band for the estimate of the
temperature. As the laser power increases, the 2D frequency redshifts due to increased heating.
In order to estimate the thermal conductivity, we used the heat diffusion equation ignoring the heat
conduction to the ambient air. We considered heat conduction through suspended graphene and
graphene on the substrate as well as between graphene and the substrate. The substrate is assumed to
be a heat sink at the ambient temperature. From analyses with the heat diffusion equation, we
estimated the thermal conductivity of suspended graphene. It decreases as the temperature increases:
–1

–1

–1

–1

from ~2000 Wm K near 300 K to ~690 Wm K at 500 K.
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Figures

(a) Schematic diagram of experiment which measured the thermal conductivity of suspended pristine graphene. (b)
Estimated the thermal conductivity of graphene as a function of temperature.
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One of important themes in recent graphene-based research is to investigate changes in
physicochemical properties of graphene as a function of the layer number.

[1,2]

In this presentation we

show surface-enhanced Raman scattering (SERS) of graphene was investigated by depositing Au and
Ag nanoparticles using thermal evaporation.

[3,4]

With increasing the number of graphene layers, the

SERS enhancement factor of the G band decreased; 1L > 2L> 3L. Also, the interaction between
graphene and metal was investigated by studying the G band splitting in SERS spectra of single-, bi-,
and tri-layer graphene. In particular, the G band was split into two distinct peaks in the SERS spectrum
-1

-1

of graphene. The extent of the G band splitting was 13.0 cm for single-layer, 9.6 cm for bi-layer and
-1

9.4 cm for tri-layer graphene, whereas the G band in the SERS spectrum of thick multi-layer was not
split. These results indicate that there is a correlation between the SERS enhancement factor and the
extent of the G band splitting, and the strongest interaction occurs between metal nanoparticles and
single-layer graphene. Furthermore, the Ag and Au deposition on graphene can induce doping of
graphene. The intensity ratio of 2D and G bands (I2D/IG) decreased after the metal nanoparticles
deposition on graphene, indicating doping of graphene. From changes in positions of G and 2D bands
after the metal deposition on graphene, the Ag deposition induced n-doping of graphene, whereas the
Au deposition p-doping.
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Figure

Figure 1. Schematic illustration of the interaction between metal and graphene depending on the number of the
graphene layers (a) before and (b) after metal deposition. (c) SERS (red curve) and normal Raman (black curve)
spectra of single layer graphene on which Au of 4 nm was deposited and (d) the extent of G band splitting after
deposition of Ag nanoparticles depending on the graphene layers.
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Nucleation and growth of magnetic nanoclusters on graphene moiré
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Arrays of magnetic nanoclusters can have important technological implications, such as magnetic
recording media for the new generation high-density data storage applications. In a search for an
appropriate non-magnetic template for cluster arrays, van-der-Waals surfaces are a promising
alternative to the reconstructed noble-metal surfaces. Recently, a new two-dimensional form of boronnitride was discovered [1]: highly regular structure of hexagonal boron nitride with a 3 nm periodicity and
a 2 nm hole size can be formed by self-assembly on Rh(111). Graphene was also shown to form Moiré
superstructures, with a periodicity of about 3 nm as a result of lattice mismatch, on Ir(111) [2] and
Rh(111) [3] surfaces. This regular graphene nanostructure can serve as a template for the preparation
of monodisperse nanocluster arrays [2], e.g., magnetic nanoclusters (NCs) [3]. On the other hand
magnetic materials in contact with graphene are of interest for spintronic applications such as spin filter
e.g. [4]. In this work, we use a graphene moiré grown on Rh(111) or Ir(111) as a template.
Submonolayers of ferromagnetic metals including Ni, Fe and Co are deposited on the graphene moiré
template at room temperature and at low temperature around 150 K and are investigated by scanning
tunneling microscopy (STM) and by x-ray magnetic circular dichroism (XMCD). Additionally, we study
the process of intercalation of ferromagnetic materials underneath the graphene layer.
In the first step a graphene layer is prepared on the metallic surface by thermal decomposition of
hydrocarbons. Subsequently ferromagnetic metals are deposited on the graphene surface. Fig. 1 (a)
shows STM topographs of a small amount of Ni deposited on graphene/Rh(111) at 150 K. Large
terraces and steps of graphene/Rh(111) covered with Ni nanoclusters (NCs) can be clearly
distinguished. The NCs show mostly hemispherical shapes with at least some cluster edges which
appear to be oriented along the in-plane < 1-10 > direction. The apparent height of the clusters was
measured to be 0.85 ± 0.1nm which roughly corresponds to four fcc (111) planes of Ni. The diameter
distribution of the clusters is very narrow with the average cluster diameter being 3.1 nm. Most of the Ni
clusters were found to be located on the regular grid showing a quite high unit cell occupation
probability for the deposited amount. However, the nucleation of NCs obviously occurs at two different
regions within the moiré unit cell (top-fcc and top-hcp). The randomized occupation can be attributed to
the fact that the deposition temperature of 150 K is below the optimum temperature. Upon increasing Ni
coverage no visible order of the cluster arrangement can be realized. At higher coverage Ni clusters
exhibit a distinctly different size distribution compared with that at lower coverage. The lateral size of the
clusters is more spread.
Ni deposited at room temperature exhibits a completely different growth mode compared with deposition
at 150 K. Instead of small compact NCs, Ni forms triangular-shaped islands with their edges roughly
aligned with the close packed < 1-10 > directions of the Rh(111) substrate as shown in Fig. 1 (b). The
existence of large islands nucleated at terraces indicates that Ni atoms are highly mobile on the
graphene surface at room temperature. On the other hand, it is remarkable that, in spite of the weak
bonding strength between Ni and the graphene surface, the moiré structure imposes registration and
orientation on the Ni nanostructures. The average apparent height of the islands is 1.8 nm and the size
defined by the length of the edges is ranging from about 5 nm to about 18 nm.
Deposition on graphene on Rh(111) at room temperature shows significant differences in the growth
mode for Ni compared to Fe and Co [compare Fig. 1 (b) and (c)]. Whereas Ni preferentially forms flat
triangles with alignment to the moiré structure of the graphene template, the growth of Fe clusters
shows only little faceting. In the case of Ni/Gr/Rh(111) the clusters are of order 20 nm in size and show
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a broad size distribution. For Fe/Gr/Rh(111) the clusters are slightly smaller, around 8 nm. XMCD
measurements on the Ni clusters are currently in progress to study the impacts of the different
geometries on the spin and orbital moments and on magnetic anisotropies.
Partial intercalation of the room temperature grown Ni and Fe clusters can occur upon soft annealing
and yields mono-atomically thick epitaxial islands incorporated between substrate and graphene layer.
The moiré structure of the graphene layer is preserved on top of the intercalated clusters. In the
intercalated state both materials show a strong alignment of the borders to the moiré structure.
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Figures

Fig. 1
(a) STM topograph (40 nm x 40 nm; U=1.03 V; I=0.13 nA) of Ni nanoclusters deposited at 150 K on
Gr/Rh(111)
(b) STM topograph (60 nm x 60 nm; U=1.54 V; I=1.14 nA) of Ni clusters deposited at room
temperature on Gr/Rh(111) (c) STM topograph (33 nm x 33 nm; U=1.11 V; I=0.49 nA) of Fe clusters deposited at
room temperature on Gr/Rh(111)
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Graphene, a single thick perfectly two-dimensional lattice of sp carbon atoms, has emerged in recent
years as a novel class of nanomaterial with remarkable electronic and mechanical properties. However,
a major obstacle of graphene materials is the preparation of a single-layer graphene and its inherent
lack of solubility. These two handicaps make difficult the handling and manipulation during processing.
We present a scalable and easy technique for exfoliation of graphite flakes in the presence of
melamine. This methodology permits the exfoliation of single- and few-layer graphene sheets by ballmilling processes under absence of solvent. Afterwards, the materials were suspended in a variety of
aqueous solutions and organic solvents by means of soft sonication conditions. This procedure presents
a powerful approach in order to form stable dispersions of single- and few-layer graphene sheets for
several days. Layers of graphene were characterized by several techniques such as UV-vis
spectrometry, Raman spectrometry, thermogravimetric analysis and transmission electron microscopy.
This new approach opens the way to carry out different organic reaction on stable graphene sheets, in
order to produce specific structures for several applications.

(a)

(b)

Figure: (a) Graphite in dimethylformamide (left) and graphene in dimethylformamide (right). (b) TEM image of
graphene flakes.
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Graphene, a single carbon plane arranged on a honeycomb lattice, has sparked out a lot of activities
both from experimental and theoretical point of view in the last few years. The striking physical
properties of this recent material are due to a peculiar electronic structure which yields notably to room
temperature quantum hall effect, large coherence length and a high electronic mobility.
Graphene is expected to become a material of choice for future nanoelectronics. Nevertheless, this
requires the capability to fine control the electronic and transport properties of this material.
Graphene is also an excellent platform to investigate the fundamental aspects of the localization
phenomena. The existence of pseudospin is expected to induce weak antilocalization.
Parametrized on ab initio calculations, a tight-binding model for graphene with structural defects is used
to study its transport properties with an order-N real-space Kubo-Greenwood formalism [1,2]. It is shown
that a large plateau of minimum of conductivity is developed for 1% of Stone-Wales and
divacancies defects (Fig.1). The structural defects are characterized by strong resonant scattering
energies [3,4,5] which yield to an enhanced contribution of quantum interferences leading to strong
localization effects. Rather short localization lengths suggest that Anderson localization should be
observable in two dimensional irradiated graphene containing such structural defects.

References
[1] S. Roche, D. Mayou, Phys. Rev. Lett. ,79 (1997) 2518
[2] A. Lherbier, X. Blase, Y. M. Niquet, F. Triozon, S. Roche, Phys. Rev. Lett. ,101 (2008) 036808
[3] T. O. Wehling, S. Yuan, A. I. Lichtenstein, A. K. Geim, M. I. Katsnelson, Phys. Rev. Lett. ,105 (2010)
056802
[4] Y. V. Skrypnyk, V. M. Loktev, Phys. Rev. B , 82 (2010) 085436
[5] A. Lherbier, S.M.-M. Dubois, X. Declerck, S. Roche, Y.M. Niquet, J.-C. Charlier, submitted to Phys.
Rev. Lett.
Figures

Figure 1: Three structural defects in graphene:
(a) Stone-Wales, (b) Divacancy 585, and (c) Divacancy 555-777
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The edges of graphene-based systems possess unusual electronic properties, originating from the nontrivial topological structure associated to the pseudo-spinorial character of the electron wave-functions.
These properties, which have no analogue for electrons described by the Schrodinger equation in
conventional systems, have led to the prediction of many striking phenomena, such as gate-tunable
ferromagnetism and valley-selective transport [1-3]. In most cases, however, the predicted phenomena
are not expected to survive the influence of the strong structural and chemical disorder that unavoidably
affects the edges of real graphene devices. Here, we present a theoretical investigation of the intrinsic
low-energy states at the edges of electrostatically gapped bilayer graphene (BLG), and find that the
contribution of edge modes to the linear conductance of realistic devices remains sizable even for highly
imperfect edges (see Figure 1 below). This contribution can dominate over that of the bulk for
sufficiently clean devices, such as those based on suspended BLG samples. Our results illustrate the
robustness of phenomena whose origin is rooted in the topology of the electronic band-structure, even
in the absence of specific protection mechanisms.

This work has been published on Nature Physics 7 (2011), 38-42.
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Figures

Figure 1: Edge states in gapped BLG. Panel a shows a schematic view of the device. By controlling the gate
voltages applied to the top and back gates separately, an energy gap in the bulk of BLG can be opened and tuned,
while maintaining the Fermi energy in its center. Panel b shows the dispersion of the sub-gap edge states in
gapped BLG at a zig-zag edge. At both edges, the states are helical with respect to the valley degree of freedom,
with states in opposite valleys propagating in opposite directions. This conclusion holds for periodic edges of rather
general shape (i.e. not only for zig-zag), but it does not hold for the ideal armchair edge, where two valleys (K and
K') are fully coupled and no sub-gap edge states are present. Panels c and d show the typical probability density
near zero energy for strongly disordered BLG zig-zag (c) or armchair (d) edges. In the presence of realistically
strong disorder, the existence of such edge states -- and their long localization length -- is a universal property of
gapped BLG (the panels correspond to a BLG that is approximately 100 nm long).
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Electronic and Magnetic Properties of Hybrid Graphene Nanoribbons
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Using spin-polarized first-principles computations, we have systematically studied the electronic and
magnetic properties of a new class of infinitely long hybrid graphene nanoribbons (HGNRs), which are
constructed

on

heterojunctions.

1

the

basis

of

experimentally-observed

zigzag/armchair

graphene

nanoribbon

HGNRs are initially nonmagnetic semiconductors, and then covert to magnetic

semiconductors with increasing the length of zigzag segments. Interestingly, although the edge states of
two zigzag edges in HGNRs are antiferromagnetically coupled to each other, the magnetization on two
edges is not equal. Further investigation demonstrates that the electronic properties of HGNRs are
mainly controlled by the zigzag segment length and the ribbon width. The electronic properties of
nonmagnetic HGNRs are rather robust to the external electronic field. In contrast, the electronic
properties of magnetic HGNRs are rather sensitive to external electronic field, and intrinsic half
metallictiy can be realized under a critical value of 0.8 V/Å.
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Figures

Atomic structure of HGNR (lz,la,w). Carbon and hydrogen atoms are denoted with green and light yellow balls,
respectively. The rectangle marks one-unit supercell in the ribbon axis direction.
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Thermally-Limited Current Carrying Ability of Graphene Nanoribbons
1

2

2

3

3

2

1

Albert D. Liao , Justin Wu , Xinran Wang , Kristof Tahy , Debdeep Jena , Hongjie Dai , Eric Pop
1

Dept. of Electrical & Computer Eng., Univ. Illinois at Urbana-Champaign, Urbana, IL 61801, USA
Dept. of Chemistry & Lab for Advanced Materials, Stanford University, Stanford, CA 94305, USA
3
Dept. of Electrical Engineering, University of Notre Dame, Notre Dame, IN 46556, USA
aliao@illinois.edu

2

Graphene nanoribbons (GNRs) are essential building blocks of future graphene electronics [1],
however many unknowns persist about their electrical and thermal properties. Among these, the maximum current density of GNRs and their behavior under high-field transport are of both fundamental and
practical importance. Here, we measure current densities of GNRs up to ~3 mA/μm near breakdown,
but ultimately find that heat dissipation is the key mechanism limiting transport and reliability. Finally, we
extract the GNR thermal conductivity for the first time, k ~ 80 W/m/K or more than an order of magnitude
lower than that of 2-D graphene [2-4], most likely limited by edge roughness scattering.
GNRs devices (predominantly bilayer) with two-terminal Pd contacts were prepared from multi-wall
carbon nanotubes [1] on SiO2(300 nm)/Si substrates (Fig. 1). High-field measurements were combined
with breakdown thermometry analysis [5] used previously for carbon nanotubes. Breakdown was carried
out by applying an increasing DC voltage between source and drain until the device breaks irreversibly
from Joule heating and oxidation in air (Fig. 1B). The breakdown temperature of graphene and nanoo

tubes in air is known, TBD ~ 600 C [5]. In addition, the gate voltage is set at VG = -40 V to minimize hysteresis (Fig 1C). Similar devices of micron-sized 2-D exfoliated graphene (ex-G) were studied as well.
We find that the device breakdown power (PBD) increases with the square root of the device surface
area (Fig. 2A). To understand this trend, a self-heating model is used to predict the breakdown power,
PBD in our devices. The calculations take into account the Joule heat dissipated into the oxide, the contacts, as well as within the GNR itself. We note that our model is in good agreement with our data. Examining Fig. 2A, we note that data for GNRs < 0.3 μm varies more than that for graphene > 0.3 μm. The
spread in the data can be described by varying the graphene thermal conductivity, k in the model, thus
pointing out the increased role this parameter has on power dissipation at small dimensions.
In Fig. 2B we plot the breakdown current density (IBD/W) vs. device width. The results show that the
maximum current density scales inversely with width, and can reach >3 mA/μm for GNRs ~15 nm wide.
To find the cause of this trend, we study how the total thermal conductance per unit area, G” and the
thermal conductance per unit area into the underlying substrate, h scale with width in Figs. 3A and 3B.
From both figures, we observe a similar inverse scaling with width for both h and G” as we did for the
current density. Such dependence can be explained by Figs. 3C-E. Figure 3C diagrams how heat is
dissipated both into the contacts and into the underlying substrate. In addition, we find that for larger 2D graphene sheets >0.3 μm (Fig. 3D), dissipation occurs mainly ‘vertically down’ into the SiO2. However
for narrow GNRs (Fig. 3E), the lateral heat spreading into the SiO2 becomes a significant contributor for
dissipation, leading to an increase of G”, the total thermal conductance per unit area.
Likewise, heat dissipated in GNRs at high field depends on the thermal conductivity (k) and length
(L) of each sample, as indicated by Figs. 3A and 3B. Here, GNR lengths were L = 0.2-0.7 μm. By fitting
the measured breakdown power and current density with our thermal breakdown model, we extracted
the GNR thermal conductivity for the first time. We found the range k = 63-450 W/m/K for our 15 GNR
o

o

samples, with a median k ~130 W/m/K at TBD ~ 600 C, or k ~ 78 W/m/K at 20 C, estimated from the T
dependence of heat capacity [5]. The thermal conductivity of such GNRs is an order of magnitude lower
than that of “large” 2-D graphene [2-4] on SiO2 (Fig. 4). The reduction of k suggests a strong effect of
edge scattering on high-field and thermal transport in narrow GNR transistors.
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in this work. (B) Measured current-voltage (ID-VDS) up to
breakdown of GNRs in air; dimensions are (D1) W = 20
nm, L = 510 nm, (D2) W = 16 nm, L = 590 nm, and (D3)
W = 38 nm, L = 390 nm. (C) Corresponding ID-VGS
transfer curves display typical hysteresis in air (arrows
show sweep direction). Data in (B) were taken at VGS =
-40 V where hysteresis is minimal. (D) AFM image of
GNR device D1 after high-current sweep; white arrow
shows breakdown location.
L=0.5 μm

(Area)

1/2

250 nm

Pd

A

0

-1

10

4

10

W∞

10

W∞

100

1000 10

D

C
Length
tox
tsi

W (wide graphene)

100

1000

E
W (GNR)

3

10

Ex-G (on SiO2) [3]
CVD-G (suspended) [4]

2

10

Pd
Ox
Si

Fig. 3. Thermal conductance of device per unit area
(G”) vs. width for graphene of varying (A) thermal conductivity and (B) length. Both parameters affect heat
sinking along the device, as illustrated in (C), affecting
sensitivity to in-plane k. Dashed lines show the modeled
contribution from the graphene/SiO2 thermal boundary
conductance h; horizontal dash-dotted line is the limit
for W → ∞ which applies to the case shown in (D), only
“vertical” heat sinking through oxide. The significance of
lateral heat spreading from GNRs is shown in (E).
260

k (Wm-1K-1)

Ex-G (suspended) [2]

1

10
0.05

GNR (this work)

0.2
0.15
0.1
(Area)-1/2 (µm)

0.25

Fig. 4. Thermal conductivity of GNRs from this work,
compared to large-area graphene measurements from
-1 -1
literature [2-4]. The range obtained is 63–450 Wm K
with a median of 130 W/m/K at the breakdown temperao
ture (600 C). The median value at room temperature is
~40% lower, or ~78 W/m/K, nearly an order of magnitude below that of large-sized exfoliated graphene on
SiO2 [3], illustrating the role of phonon-edge scattering.

Aharonov-Bohm effect in graphene having Aluminum mirrors
1*

2

2

2

1

Niclas Lindvall , Youngwoo Nam , Jai Seung Yoo , Yung Woo Park , Thilo Bauch , and August
1
Yurgens
1

Department of Microtechnology and Nanoscience, Chalmers University of Technology, SE-412 96,
Gothenburg, Sweden
2
Department of Physics and Astronomy, Seoul National University, Seoul 151-747, Republic of Korea
niclas.lindvall@chalmers.se
We observe the Aharonov-Bohm (A-B) effect in graphene rings with aluminum (Al) mirrors. The Al pads
acting as mirrors are deposited in two different configurations, either on the bias lines (L-mirrors) or in
the perpendicular direction (T-mirrors). This is shown in Figure 1a and 1b. Graphene is fabricated using
mechanical exfoliation of Kish graphite and patterned using e-beam lithography (ebl) and oxygen
plasma. Electrodes and Al pads are also defined using ebl.

At temperatures down to 17 mK, we could observe up to the third harmonic of A-B oscillations in the
case of L-mirrors and up to the second harmonic in the case of T-mirrors. This represents an
1

enhancement of the visible phase coherence as compared to earlier A-B experiments on graphene . A
typical measurement of resistance with varying magnetic field at our base temperature is shown in
Figure 1c. Small periodic oscillations are seen on top of the stronger aperiodic universal conductance
fluctuations. In Figure 1d, the FFT spectrum for such measurements is shown for temperatures ranging
from 17 mK to 1590 mK.

We observe the higher order harmonics at magnetic fields up to ~1 T which is lower than in previously
reported experiments but still exceeds the superconducting critical field of Al. This indicates that it is not
superconductivity which is responsible for the observed improved coherence. We believe instead that a
large Fermi-energy mismatch between graphene and aluminum explains this. The Al pads act as
mirrors, confining the electrons within the A-B ring making the higher number of revolutions more
probable. From weak localization measurements we estimate the phase coherence length to be 1.1 µm
and 1.4 µm for L- and T-mirrors, respectively.

Our measurements were performed at temperatures down to 17 mK which is lower than for previously
reported A-B experiments on graphene. At such low temperature we also observe a small transport gap
of less than 1 mV. Assuming Coulomb-blockade effects, the size of the gap can be reasonably
explained.
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Figures

Figure 1: a), b) The graphene is shaped into a A-B ring with several electrodes connecting to it. The grey
rectangles correspond to Al pads deposited on the bias lines (L-mirrors) or in the perpendicular direction (T-mirrors)
as shown in a) and b), respectively. c) Resistance of a graphene structure with L-mirrors as a function of magnetic
field at 17 mK. There are small periodic oscillations on top of the large aperiodic universal conductance fluctuations.
d) FFT spectrum of traces such as that in c) for temperatures ranging from 17 mK to 1590 mK. At our base
temperature of 17 mK, we can see up to the third harmonic and at 1590 mK the first harmonic is still visible. The
blue, red and green arrows correspond to the first, second and third harmonic peak as estimated from the device
geometry.
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In our postgenomic era, understanding of protein–protein interactions by characterizing the
structure of the corresponding protein complex is becoming increasingly important. An important
problem is that different protein complexes have different degrees of stability over time; many protein
complexes have a half-life of only several or several tens of minutes. The typical purification methods for
protein complexes, such as tandem affinity purification and multiple chromatographic separations, are
time consuming and therefore are only suitable for stable protein complexes. Up till now, a quick and
efficient protein complex purification method for 3D structure characterization has not been developed.
My new research-line aims at developing a quick and efficient method that is suitable for structural
characterization of unstable protein complexes. In this project, single walled carbon nanotubes (SWNTs)
and graphene oxide (GO) are used to ‘fish’ the target protein complex through affinity interaction by
chemically binding affinity pairs on SWNTs and GO and the target protein complex respectively, as
shown in Figure 1 A-E.
The protocol will be validated in single particle structure determination by cryo-EM, as shown in
Figure 1 F-G. Any captured protein complex on a SWNT can be flash frozen and transferred into a cryo
electron microscope (EM) for imaging without removal of the SWNTs, because SWNTs are compatible
with EM characterization. The native structure of the protein complex can be kept intact during the
whole process without any additional treatment.
We developed a novel method for preparing SWNT(GO)•streptavidin complexes via the biotin–
streptavidin recognition.[1,2] Capturing biotinylated DNA, fluorophores, Au nanoparticles (NPs), and
DNA/protein complexes on the SWNT (GO)•streptavidin complexes demonstrate their usefulness as a
docking matrix, especially in our project, for purification of unstable protein complexes and structural
characterization using cryo-electron microscopy.
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Figures

Figure 1 Schematic representation of capturing protein complex using SWNT and GO.
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Hydrogen adsorption on palladium clusters deposited on graphene
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The Palladium might enhance hydrogen storage in porous carbons by surface reactions, especially by
hydrogen spillover which consists in the dissociation-storage-recombination of hydrogen in the material.
To gain some insight on the possible structures formed by palladium on nanoporous carbons, and on
the role played by palladium in the storage of hydrogen, we have investigated the adsorption of
palladium on a graphene surface and the adsorption and dissociation of molecular hydrogen on the Pd
clusters. Density functional calculations show that, even at the earlier stages of Pd deposition on the
graphene surface, the Pd atoms have a strong tendency to form clusters [1]. Three-dimensional clusters
are more stable than planar clusters and the transition from planar to three-dimensional Pd clusters
adsorbed on graphene occurs very early as a function of cluster size, at Pd 4. This tendency is a
consequence of the strong Pd-Pd interaction. We have also investigated the adsorption and the
dissociation of molecular hydrogen on the deposited Pd clusters as a function of cluster size. The
mechanism for the activation of the hydrogen molecule and its possible subsequent dissociation is
discussed. We also discuss the implications for the hydrogen storage capacity of Pd-doped nanoporous
carbon materials.

Figure 1: Pd6 cluster deposited on graphene (left), and H2 dissociated on the deposited Pd cluster
(right).
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Harvesting energy from thermal noise through mechanical non-linearity of suspended
graphene sheets
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It has been demonstrated that harvesting power from wide band noise energy sources can be
more efficiently performed through non-linear bistable transducers [1]-[2], instead of using
conventional linear micromechanical resonators. It is expected that the extrapolation of this
concept to the energy extraction from thermomechanical noise [3]-[4] will need the small
dimensions of a NEMS based transducer. In the present contribution a numerical model is
proposed for the design of a bistable sheet of suspended graphene based on the analysis of its
response to the thermomechanical noise driving force. As it is shown in Figure1, bistability
behavior is obtained by the compression induced buckling of the suspended graphene layer.
The mechanical characteristics of the grapheme sheet are defined by geometry, quality factor,
Young modulus and density. The model allows solving numerically the motion equation of the
bistable device when driven by the force associated to the thermomechanical noise (white and
Gaussian).
A sweep of the compression parameter allows finding the maximum vibration amplitude (rms) of
the grapheme sheet, which corresponds to the conditions of barrier height between potential
wells that maximize the probability of the sheet to jump from one potential well to the other.
The shape of the potential energy, as a function of the out of plane displacement ( ) of the
sheet centre, is obtained from ab initio calculations. Figure 2 shows how this shape is modified
depending on the intensity of the compression. With the appearance of the barrier, a bistable
system is conformed, although the non compressed case is also nonlinear.
The motion equation to be solved numerically is the following:

Where

is the noise force where

represents a

stochastic process,
stands for the effective mass of the suspended sheet and
the mechanical damping of the system.

represents

Figure 3 and 4 show the mechanical vibrational response to the noise force of such a system for
different values of the compression. An evaluation of the vibration speed
allows to
determine the rms value of the mechanical power (
).
As it is shown in Figure 6, a local maximum of 6fW is harvested close to the optimal
compression corresponding to the maximum vibration amplitud
. However, an absolute
maximum power around 7fW is obteined at 0% compression, which is consistent with the
nonlinear shape of the potential energy in this conditions.
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Figure 2: Potential energy vs. z displacement for different compression.
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Figure 4: Time evolution of z displacement for a 5.0%
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Temperature dependent interaction of graphene with thin TiO2 and Al2O3 layers
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In many graphene device concepts a single or few layer graphene is neighboring device elements
composed of metals, dielectrics or semiconductors forming interfaces [1]. The properties of these
interfaces and their evolution during technological processing are likely to have a big impact on the
performance of graphene devices. In this work, using Raman spectroscopy, we investigate the
interaction of thin TiO2 and Al2O3 layers with single layer graphene during annealing treatment to shed
some light on the interface reactivity and thermal stability in these material systems.

Graphene flakes were exfoliated from natural graphite and deposited onto 300 nm SiO2/Si substrates.
Subsequently the samples were covered with thin (5-15 nm) layers of TiO2 (Al2O3) by atomic layer
deposition at 200°C. Ti (IV) isopropoxide and TMA precursors were used for TiO2 and Al2O3,
respectively. For temperature Raman measurements, graphene flakes sandwiched between TiO2
(Al2O3) and SiO2 were heated up in flowing N2 to the target temperature with a rate of 20°C/min (see
Fig.1). Before starting the measurement samples were held at the chosen temperature for 30 min to
minimize the drift of the laser spot along the surface. The laser beam (λ = 514nm) was focused using a
50x long-working-distance objective lens with NA=0.5. The laser power on the sample surface was ~
0.3 mW.

Fig.2 (a) shows the evolution of the Raman G band of a graphene sample at various experiment stages.
-1

For the as-deposited graphene flake the G peak is located at 1585 cm and is slightly up-shifted with
-1

12

2

respect to the intrinsic graphene samples (~1580 cm [2]) indicating a hole-doping (n ~ 1 x 10 /cm )
possibly due to O2 adsorbed on graphene [3]. TiO2 deposition results in a further blue shift of the G peak
-1

12

2

to ~1591 cm . This shift can be interpreted as either an increased hole-doping (n ~ 4 x 10 /cm ) [4] or
a compressive biaxial strain of ~0.08% in the graphene sheet caused by the TiO2 layer [5]. Increasing
temperature results in a red shift of the G peak. Assuming a linear change of the temperature-induced
-1

Raman shift in the chosen range, a G peak temperature coefficient is estimated to be -0.36 cm /°C [Fig.
2(b)]. This value is significantly higher than that obtained recently for uncovered graphene on SiO2 in
-1

-1

vacuum (-0.019cm /°C) [6] and air ambient (-0.016cm /°C) [7]. The disorder-induced Raman D band (~
-1

2

1350cm ) was not detected during annealing implying a negligible change in the sp hybridization. This
suggests that the SiO2/graphene/TiO2 stack is thermally stable at least up to 600°C and that the
graphene sample is still of high quality after the thermal treatment [8].

Beside Raman signatures, we investigate the morphology and chemical composition of the oxide layers
covering graphene before and after the thermal treatment and discuss the prospects of using them as
barrier dielectrics in graphene high frequency tunneling devices.
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Figure1

Fig.1. Schematic diagram of the experimental setup (a), optical image of single-layer graphene flakes before (b)
and after deposition of ~ 5nm of TiO2 (c).
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Fig.2. Raman spectra of graphene acquired after subsequent preparation steps (a). The dashed line is a guide to
the eye. Variation of the G and 2D peak position as a function of the annealing temperature (b).
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Substrate interactions of graphene directly grown on van-der Waals type insulators
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A few ways to grow graphene are known today, among them the decomposition of SiC surfaces [1] and
graphene catalysis on metals [2] are the most prospective for future applications in microelectronics.
The first is rather expensive due to the costs of the SiC and requires high thermal budgets; the second
needs a layer transfer to Silicon. A possible third way would be graphene growth directly on insulating
materials, which allow device fabrication without layer transfer.
In this contribution, we present the direct growth of few layer graphene down to bilayers on an insulating
van-der Waals substrate containing Si. We will address for the first time the interaction of the grown
graphene with the insulating substrate by means of spectroscopic techniques like Raman and
synchrotron-radiation based XPS.
A freshly cleaved sample of Muscovite with a stoichiometry of KAl2(AlSi3O10)(F,OH)2 and 3T (trigonal)
structure was annealed in UHV to 800-1000°C and exposed to a direct beam from a solid carbon source
(source-substrate distance: 0.3 m). Muscovite is considered as one of the flattest materials available,
similar to graphene, and both are van-der Waals systems. In addition, Muscovite is a good insulator due
to its band gap of 7.8 eV.
The samples were analyzed with µ-Raman spectroscopy (Renishaw InVia) with a wavelength of 633 nm
and a spot size of ~0.5 µm. The laser power at the sample surface was ~0.07 mW. X-ray photoelectron
spectroscopy (XPS) was performed at BESSY II (Berlin/Germany) at beamline U56/2 PGM 2 with a
SPECS / PHOIBOS 100 hemispherical electron analyzer. The beam diameter was 800 x 100 µm.
Figure 1 shows results of the Raman map. The bright areas (points 3 & 4) in the optical micrograph
(panel a) turn out to be few layer graphene with good quality, grown via direct carbon deposition on a
van-der Waals alumino silicate. These points exhibit 2 and 4 layers of graphene, respectively. The
surrounding is composed of “highly reduced graphene oxide” HRGO (point 2) and of “SiC-like” species
(point 1) several 100 µm apart. The spatial distribution of the D-line intensity (the strong intensity of the
HRGO D-line was extracted and excluded by a fitting routine) monitors the quality of the grown
graphene. The observed quality (small D-line, panel b) is highest for higher number of layers (here 4)
(with low 2D/G intensity, panel d). A small shift of the G-line with respect to intrinsic graphene samples
-1

by ~3 cm indicates an unintentional background doping [3], most probably due to interaction with the
insulating substrate.
Spatial resolved XPS is presented in Fig.2. Here, the C 1s emission of the sample was detected when
the sample was stepwise scanned by the synchrotron-radiation beam. Three distinct regions can be
observed. One exhibits a brought emission in the energy range of carbides at 283 eV (blue) and a weak
satellite at 288 eV (carbon-oxygen bonds), for simplicity labeled “SiC-like”. The next spectrum (red) has
one line at 284.7 eV (C-C bonds) [4]. The small width of this XPS emission and its asymmetric character
are typical for highly conducting species like graphene / graphite. The black spectrum has a strong
emission at 288 eV with contributions in the C-C bond and carbide region. In analogy to our Raman
results we label this area HRGO; however the single XPS components do not fully reflect the
characteristic spectrum of a graphene oxide.
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In summary, we demonstrated the feasibility to grow graphene directly on an insulator. In contrast to the
van-der Waals like nature of Muscovite and graphene we have clear evidence that an interaction
stronger than van-der Waals forces appears which includes chemical bonds. This allows high quality
graphene growth for higher numbers of layers but limits the quality of bilayers.
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Figure 1

Fig.1. Raman spectroscopic investigation of few layer graphene grown on insulator. Optical micrograph (a), Raman
intensity maps of the D and G line and the ratio 2D/G (b-d). The corresponding spectra recorded at the points 1-4
(e).

Figure 2
normalized intensity

XPS C1s

295

graphene
graphite
HRGO

290

SiC-like

285

280

binding energy [eV]
Fig.2. Synchrotron radiation based XPS of the C 1s line of few layer graphene grown on insulator. The spectra
represent distinct regions on the substrate.
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The piezoresistance effect in carbon nanotubes and graphene ribbons
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The piezoresistance effect is in the change of the electroconductivity of the semiconductors caused by the
anisotropic deformation of a crystal [1]. The piezoresistance effect in single walled carbon nanotubes [2] of
two geometry modifications "arm-chair" and "zigzag" has been investigated. The electronic structure of
nanotubes has been simulated within the framework of π-electronic approach and Hubbard's model [3]
taking into account only for the energy of electrons in carbon atoms and the energy of the transition
between the neighbor lattice units. The band structure of carbon nanotubes is described by the dispersion
relation for the graphite sheet [2]:


 3k x R 
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 kyR 


2 y
 (kx , k y )   o 1  4cos 
 cos 
 4cos 
 ,

 2 
 2 

 2 

1/2

(1)

where γ0 is the transfer integral, kx and ky are the wave vector components, one of which is continuous
along the tube axis and another is quantized along the tube circumference according to "arm-chair" or
"zig-zag" geometry type, R is the interatomic distance, which has beendefined to be equal 1.44 A.
The bulk and linear deformations have been simulated by small changes of the bond length R. The band
structure change caused by small deformation can be expressed within the framework of the linear
approximation as following:

 (k x , k y )   0 (k x , k y )  R
where


,
R

(2)

 0 (k x , k y ) is band structure of the ideal carbon nanotube expressed by the formula (1), δ - relative

change of carbon-carbon bond length.
The band structure changes, which influence on conducting properties of carbon nanotube and graphene
and cause the piezoresistance effect, have been analyzed. The effect can be used for the identification of
single walled carbon nanotubes and the development of electro-mechanical energy transformers.
The work is supported by Education Ministry of Russian Federation (project NK-16(3)).
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Graphene nanoribbon field-effect transistors (GNRFETs) are promising candidates for nanoelectronic applications.
2 -1 -1
Researchers have demonstrated that one-of-a-kind GNRFETs can have mobility values >1,000 cm V s [1] and
6
Ion/Ioff ratios ~10 [2]. However, such one-of-a-kind GNRFETs use chemically derived or mechanically exfoliated
graphene, neither of which are practical for large scale fabrication. On the other hand, synthesis of graphene by
chemical vapor deposition (CVD) is a promising method [3] for creating wafer-scale transistors and circuits.
In this study we use a novel fabrication technique to demonstrate the first large scale arrays of top-gated GNRFETs
using CVD graphene. This approach can be used to fabricate thousands of GNRFETs on a single test chip, enabling systematic and statistical characterization of device performance as a function of device dimension, material,
and temperature. This method also paves the way toward realistic GNRFET-based circuits.
Our CVD graphene growth and transfer process is illustrated in Fig. 1. CVD growth on copper foil results in monolayer growth (Fig. 2) on both sides of the Cu foil [3]. After growth, one side of the foil is protected with poly-methyl
methacrylate (PMMA), while the other side is exposed to an O2 RIE plasma etch to remove the additional graphene
film. The Cu foil is removed using FeCl3 and the PMMA/graphene film is transferred to a deionized (DI) water bath.
After rinsing, the film is transferred to SiO2 (90 nm) on highly doped Si wafers. When the sample is dry, PMMA is
removed using a 1:1 methylene chloride to methanol solution.
Figure 3 depicts our top-gated GNRFET fabrication process. Electron-beam evaporation is used to deposit source
and drain Ti/Au (1 nm/50 nm) contacts. We introduce a novel technique for defining the nanoribbon while simultaneously providing a sticking layer for the high-κ dielectric. The narrow GNR channel is first patterned between the
source and drain, and then 2 nm of Al is deposited. The sample is removed from vacuum, immediately oxidizing the
thin layer of Al [4]. After PMMA liftoff, the 2 nm AlOx film covering the GNR channel is used as an O2 RIE plasma
etch mask. Etching removes all exposed graphene, defining a nanoribbon between source and drain while electrically isolating all devices on the chip. The nanoribbon is completely covered with AlOx, enabling the high-quality
atomic layer deposition (ALD) of either Al2O3 or HfO2 [4,5]. In this work we deposited 12 nm of Al2O3 over the surface of the sample after the O2 etch. The top gate is patterned and Ti/Au (1 nm/50 nm) is evaporated onto the highκ dielectric. We anneal the samples in vacuum at 200 ºC overnight, reducing contact resistance up to 25%.
We used relatively conservative dimensions in our initial proof-of-concept experiments. Nanoribbons were W = 50
nm wide, with channel lengths from L = 350-500 nm (Fig. 4). The top gate was kept narrow (LG = 100 nm) to prevent overlap with source or drain from misalignment. Measurements were taken in vacuum (Fig. 5) and ambient
(Fig. 6) at room temperature. Device yield was a respectable 63%, even for the initial fabrication runs, highlighting
the large-scale utility of the novel GNR patterning approach. Extracted mobility values were μGNR ~ 100-200
cm2V-1s-1 across all samples, typical of narrow GNRs where edge scattering dominates [2]. It is important to point
out that CVD-grown GNRs had not been evaluated before, but the mobilities estimated here are similar to GNRs
obtained from exfoliated graphene. This may indicate that our GNRs are smaller than the CVD graphene grain size,
and thus edge scattering dominates. Future work must better characterize such issues, improve the parasitics of
these devices, and decrease their dimensions.
In summary, we have demonstrated (to our knowledge) the first large-scale CVD-graphene nanoribbon transistors
with top gates and high-k dielectrics. We have also introduced a novel technique for defining the nanoribbon while
simultaneously seeding the high-k dielectric. Combined, these approaches pave the way toward systematic and
statistical characterization of GNRFETs, and toward the implementation of realistic GNRFET-based circuits.
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Fig. 4. (A) A row of GNRFETs (B) An SEM image of a
top-gated high-κ GNRFET on CVD graphene with
channel W=55 nm L=450 nm and top gate W=100 nm.
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Fig. 3. (A) Large scale GNRFET fabrication commences
with CVD graphene transferred to an SiO2/Si++ substrate.
(B) E-beam evaporation is used to deposit Ti/Au (1 nm/50
nm) contacts. Al (2 nm) is deposited between source and
drain to serve as an etch mask for defining the GNR and as
a nucleation layer for high-κ oxide deposition. The Al instantly oxides into AlOx upon removal from vacuum. (C) An O2
plasma etch defines the GNR and electrically isolates
GNRFETs from each other. Al2O3 (12 nm) is grown by ALD.
A Ti/Au (1 nm/50 nm) top gate completes the large scale
CVD GNRFET fabrication process.
276

25

50

5

2.5

5

(V)

Fig. 5. (A) Room temperature
measurements for a GNRFET
in vacuum with W = 50 nm, L
= 500 nm. (B) TG modulation
for the same device with
VBG = 0 V (top) to VBG = +30 V
(bottom).

10

(V)

TG

(a)

(b)
600

250

VBG = -15V to +15V
450

200

I D (nA)

SiO2

R (k  )

SiO2

0
(V)

0
V

= Al2O3

-25

BG

(b)1400

= AlOx

SiO2

800

V

-5

1500 2000 2500 3000
Raman shift (cm-1)

= Ti/Au

1200

400
-50

600

600

0

40
30

R (k  )

Counts (arb. units)

Fig. 1. (A) Monolayer CVD grown graphene on both sides of
a Cu foil. (B) PMMA is used to protect graphene on one side
of the foil while the other is removed by O2 etching.
(C) PMMA and graphene on Cu foil before FeCl3 etching.
(D) PMMA/graphene film transferred to 90 nm SiO2 on
heavily doped Si. The substrate is used as the back gate in
electrical measurements. (E) PMMA liftoff completes the
CVD growth and transfer process.

750

(a)

D

SiO2
Si++

SiO2
Si++

I

(e)

R (k  )

(d)

150

300

150

100
50
-50 -30 -10

10

V

BG

30

(V)

50

70

0
0

10

20

30

40

V (mV)
D

Fig. 6. (A) Room temperature, ambient R-VBG of a W = 50 nm,
L = 400 nm device. (B) Id-Vd for the same device.

50

Nitrogen-doped graphene for electrochemical oxygen reduction
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Fuel cells could offer an alternative to fossil fuels by using hydrogen generated from renewable sources.
However, oxygen reduction in these devices is performed on a Pt catalyst which is extremely expensive.
If cheap alternatives can be discovered, fuel cells may become serious contenders in the energy sector.
One candidate is nitrogen-doped carbon. Such catalysts have been extensively studied and are
generally made via heat-treatment of Fe/C/N-containing materials. The performance of this class of
1

catalysts is gradually improving. The role of iron in these catalysts is debated, but recent evidence
suggests that Fe-coordination to C and/or N atoms is not needed for efficient oxygen reduction.

2,3,4

However, the performance of these catalysts must improve if they are to rival platinum.
Graphene has recently taken the scientific world by storm. Among its many remarkable properties it is
highly conductive, can support high current density, is chemically stable and has large surface area.
Thus, graphene is an ideal material for use in fuel cells. There are relatively few reports of N-doped
graphene (Figure 1a), but research in this field is growing, with various reported synthesis techniques
(Figure 1b).

5,6,7,8,9,10

Figure 1: (a) Schematic of N-doped graphene, (b) Techniques used to produce N-doped graphene.

Using an organic synthesis protocol we have produced gram-quantities of graphene powder with
extremely high N content, which can be varied by changing the chemical precursors, or by thermal
treatment. This N-doped graphene is an ideal candidate for use as a catalyst for fuel cells. Figure 2(a)
shows transmission electron microscopy of N-doped graphene sheets at least 10 μm in size. Various
folds and crumples can be observed. Figure 1(b) shows the N1s region of the X-ray photoelectron
spectum of N-doped graphene, with a large peak centered at ~400.5 eV attributed to quaternary bonded
N, indicating that a significant amount of N in the basal plane. The smaller shoulder peak at ~398.5 eV
is attributed to pyridinic-type N, which may indicate bonding at edges, or at vacancies in the graphene
plane. Table 1 shows the N content measured by CHN analysis for N-doped graphene derived from
diethanolamine, pyrolysed at various temperatures. The N content varies from 14.83 wt.% for asproduced N-doped graphene to 6.27 wt.% for N-doped graphene subjected to pyrolysis at 1000˚C. This
demonstrates the ability to tune the nitrogen content as desired for a particular application. Additionally,
the nitrogen content remains high even after high temperature treatment, indicating the stability of N in
this material.
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Figure 2(c) shows linear sweep voltammograms for graphene and N-doped graphene catalysts. In these
results, there is an improvement in the current density with increasing pyrolysis temperature for Ndoped graphene, which is attributed to an increase in conductivity, or in the number of available active
2

sites for oxygen reduction. There is also an increase in the onset potential (measured at 2 μA/cm ) from
0.78 V for pristine graphene to 0.84 V for N-doped graphene pyrolysed at 1000˚C.

2
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Figure 2. (a) TEM image of nitrogen-doped graphene. (b) XPS N1s signal for nitrogen-doped graphene. (c) Oxygen
reduction voltammogram for N-doped graphene cathodes.

Precursor

Temperature (˚C )

Nitrogen Content (wt.%)

Ethanol

600

0

Diethanolamine

600

14.83

Diethanolamine

800

10.11

Diethanolamine

1000

6.27

Table 1. CHN analysis of graphene and N-doped graphene pyrolysed at various temperatures.

These preliminary results indicate that N-doped graphene is a suitable candidate for use as an oxygen
reduction catalyst in fuel cells and give some insight into the mechanism of oxygen reduction. This
material is fabricated via a cheap and scalable organic synthesis method. However, this is a work in
progress and efforts are being made to increase the surface area, N content and conductivity of the
material to make N-doped graphene a viable catalyst for oxygen reduction in fuel cells.
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While the excellent electrical performance of few-layer graphene (FLG) has been demonstrated for
exfoliated FLG, the exfoliation process cannot form the basis of a large-scale manufacturing process.
Hence, establishing alternative ways of forming wafer-scale FLG is of great interest from the viewpoint
of large-scale integration, and some new alternative approaches have been proposed. Recently, we
have proposed a new method based on gas-source molecular beam epitaxy (MBE), in which a crackedethanol source is employed [1]. In our previous study, although we showed the feasibility of this growth
method, the quality of the graphene was not sufficient. To optimize this growth method to produce highquality graphene, we examined the substrate temperature dependence of the growth in this study. In
addition, we observed a ridge-structure network, consisting of FLG, on graphene after the growth.

As a substrate, we used graphene, whose layers were around 1.3 monolayers, formed on n-type
SiC(0001) by annealing at 1800°C in Ar ambient at about 100 Torr. For the MBE growth, the substrate
had been heated at temperatures between 600 and 915°C under the flow of cracked ethanol for four
hours. Then, we transferred the samples to the analysis system equipped with a monochromatized Al
K

source (1486.6 eV) and a photoelectron analyzer via an ultra-high vacuum and performed in situ

measurements. Further details are described in [2].

Figure 1 shows the substrate temperature dependence of growth thickness, estimated using the peaks
of graphene and SiC substrate derived from the C 1s spectra by a fitting procedure. We found that the
thickness decreased with increasing substrate temperature. This trend indicates that the substrate
temperature is in a region where the rate-limiting factor is the mass transport, which is higher than the
temperature region where the growth is kinematically limited [3]. The growth limited by the mass
transport means that the growth rate dose not simply increase even when the supply of ethanol gas
increased, which is consistent with the previous study [2]. We obtained a high-contrast transmission
electron microscope (TEM) image of the MBE-grown graphene layer (Fig. 2, closed arrow) at 915°C, the
highest growth temperature in this study. This layer is better than those in the previous study, in which
there are vacancies and fluctuation in the graphene layers [1]. Thus, high-temperature growth improves
the quality of the MBE-grown graphene layers, though the growth rate becomes too slow to be of
practical use. Since the previous study [2] suggests that the rate-limiting factor may be etching reaction,
we believe its suppression is key to increase the growth rate and to improve the graphene quality by the
high-temperature growth.
Further, in the center of the TEM image in Fig. 2, we can see a ridge structure of FLG grown in out of
plane direction. This structure would be formed by the collision between incommensurate domains of
graphene at their interface. An atomic force microscope (AFM) image of the same sample (Fig. 3)
indicates that this ridge structure forms a network on the graphene surface. If our assumption is correct,
these structures indicate the domain boundaries of graphene and the domain size is estimated to be
less than 100 nm.
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Figures

Fig. 1. Substrate temperature dependence of growth thickness.

Fig. 2. Cross-section TEM image after MBE growth at
915 °C. The closed arrow points to the MBE-grown
graphene layer and the open arrow points to the initial
graphene formed by thermal decomposition of SiC.
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Fig. 3. AFM image after MBE growth at 915 °C

Chemically converted Graphene Nanosheets: Langmuir-Blodgett deposition
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Graphene has attracted much interest because of its superior physical, chemical and
mechanical characteristics that make possible its use for thin-film transistors, solar cells, and sensor
2

applications [1]. This material is a single layer of graphite with a perfect sp -hybridized 2D carbon
structure. Graphene has been made by chemical vapor deposition, epitaxial growth or micromechanical
exfoliation; nevertheless, the uniform growth of graphene monolayer is still a challenge. One of the most
promising alternative options, developed in the last years, is the reduction of graphite oxide (GO) in
colloid dispersions or in films adsorbed in solid substrates, however the low productivity of these
methodologies make it unsuitable for large-scale applications [2]. Moreover, dispersions of graphenesheets offer a great deal of flexibility in the creation of novel graphene-based nanocomposites with
many others molecules and nanostructures [3]. According to it, the aim of this work is the preparation
and characterization of graphene layers obtained from reduction of GO by different methodologies. In
the first one, aqueous dispersions of GO were reduced by several reducing agents in the absence and
presence of surfactants forming aqueous dispersions of graphene nanosheets. The chemically
converted graphene, obtained by filtration and sonication, is a water-insoluble material suitable to form
Langmuir monolayers. Thus, these graphene monolayers are transferred onto silicon wafers using the
Langmuir-Blodgett (LB) technique. The third methodology explored in this work is to transfer GO onto
silicon by LB technique and then chemically reduced.

The sheet morphology was observed by Atomic Force Microscopy (AFM) and shows that the LB
technique offers us a great control over the orientation and placement of the sheets on the substrates.
All routes lead to a few-layer graphene. The presence of surfactants in the reduction process of the GO
aqueous dispersions produces lighter graphite flakes. Comparison between the Raman spectra of
graphene sheets prepared by the different methodologies and the graphene obtained by
micromechanical exfoliation (scotch tape) provides us useful information about the properties of the
graphene materials sheets.
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Figure 1. AFM images and line profiles for chemically reduced graphene nanosheets LB deposited onto silicon
wafers. Reducing agents: hydrazine (a) and vitamin C (b).
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Carbon nanotubes (CNTs) and graphene have generated great interest for device applications due to
their particular physicochemical properties and, thus, big efforts are being dedicated to the optimization
of their synthesis. These efforts, however, are not only leading to solve their growth mechanism, but
also to the finding of new material architectures aimed to possible new functionalities [1]. This way, for
example, a new composite material based on multi-walled (MW) CNTs and multi-layer graphene was
presented recently [2].
This contribution presents a CNT-graphene composite similar to that reported in [2] but where a single
graphene layer is formed on top of the CNT array.
The CNT-graphene composite is formed by a vertically aligned array of nanotubes and by a top film that
is formed during the same synthesis process. The synthesis of the composite is performed by thermal
CVD and, first, a few nanometer thick layer of platinum (that is a non-conventional catalyst material for
CNTs and graphene) needs to be deposited on the substrate to catalyze its growth [3]. The synthesis of
the composite is performed at 800ºC and CH4 is used as the carbon feeding gas.
The composite is dark colored. The vertically aligned CNTs are MW, analogous to those synthesized in
previous works [3]. Their diameter is ~10 nm, and their walls are parallel and present low density of
defects. The top film is smooth and flexible, and its roughness is related to the MWCNT array
underneath. Cracks on the top film are only observed close to positions where the composite had been
modified because of scratches or because of squashing. The SEM images in Figure 1 show (a) a
shifted flake of the top film on top of the MWCNT array as a result of a scratch on the composite, and
(b) a tilted view of the composite at a section that had been fabricated by FIB.
The composition of the composite was analyzed by EDX and micro-Raman spectroscopy. These
analyses were performed at different positions of the sample to discriminate the different components of
the composite The EDX analyses determined that the top layer is made of carbon. The Raman analysis
was performed on the squashed composite area shown in Figure 2(a-b). The Raman spectra, A-F, in
Figure 2(c) are related to the positions A-F in Figure 2(a). The low frequency region in these spectra
-1

(1200-1800 cm ) is dominated by the typical spectral features of MWCNTS. The large relative intensity
of the G’ peak in the spectra for positions A, E and F may only match that of graphene [4]. In particular,
the Raman spectra could be attributed to a single layer graphene [5,6] or to a few layers graphene film
where the layers are folded or arranged according to a disordered stacking [7].
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Figure 1: SEM images on the composite material. (a) Shifted top film flake on top of the CNT array. (b) Tilted view
of the FIB made section of the composite.

a)

b)
D

C

B

E

A
F

Raman intensity (a.u.)

5 µm

c)

1 µm
A
D

D

B
E

C
F

G’

G

1500

2000
2500
-1
Raman Shift (cm )

514 nm
X100
0.4 mW

3000

Figure 2: Raman analysis of the composite material at a squashed area. A-F in (a) denote the positions from which
the Raman spectra A-F in (c) were obtained.(b)Detail of the folding of the top film.
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Doping Assisted Formation of a Solid State Charge-Transfer Complex
Wolfgang K. Maser, Cristina Vallés, Pablo Jiménez, Edgar Muñoz, Ana M. Benito
Instituto de Carboquímica (CSIC), Department of Nanotechnology, 50018 Zaragoza, Spain
wmaser@Eicb.csic.es

Formation of a solid state charge-transfer complex is observed upon simultaneous reduction of a
graphene oxide – polyaniline (GO-PANI) composite consisting of GO sheets coated by a thin layer of
PANI. Controlling the reduction conditions and morphology of (GO-PANI) we synthesized a reduced
R(GO-PANI) product, which exhibited an unprecedented donor-acceptor interaction between reduced
graphene oxide (RGO) and PANI in the solid state [1]. Here RGO plays a dual role as electron acceptor
of reduced PANI (leucoemeraldine, LE) and as stable counterion of the doped state of PANI
(emeraldine salt, ES). Hence the doping assisted charge-transfer leads to a partial redox doping of
PANI by RGO stabilizing PANI in an atypical intermediate oxidation state between LE and ES. In
addition, charge-transfer in R(GO-PANI) is responsible for improved material properties including
enhanced conductivity, superior thermal and redox stability, and a remarkably high water dispersibility.
These results may enable opportunities for the development of novel functional materials based [2,3] on
graphene and intrinsically conducting polymers through improved processing routes [4,5].
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Atomic force microscope tip-induced local tunable oxidation of graphene
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Chemical functionalization of graphene is an attractive method for opening a transport gap in graphene
because this method provides wide-range tunability of the transport gap. In this work, we report on a
method for oxidizing graphene in nanometer scale region with variable extent of functionalization by
using atomic force microscope (AFM) tip-induced local anodic oxidation (LAO) lithography.
The schematic setup for the LAO lithography is shown in Fig. 1. We used the contact-mode AFM in the
enclosure box. The relative humidity was maintained at 75%. A negative bias voltage Vtip was applied to
the conducting silicon cantilever with graphene and silicon substrate grounded in order to oxidize
graphene. Fig. 2 shows the width of oxidized area w as a function of the scanning speed of AFM
cantilever vs from 5 to 200 nm/s and Vtip from 0 V to -9.0 V. The value of w depends systematically on vs
and Vtip. The minimum value of w was as small as 18 nm.
We fabricated graphene/graphene oxide/graphene (G/GO/G) junctions and conducted the transport
measurements at T = 4.2 K. The current-voltage characteristic of the G/GO/G junction fabricated with
the sufficiently large bias voltage Vtip = -8 V exhibits strong nonlinearity, which is qualitatively consistent
with the results in metal/graphene oxide/metal junction. The size of the transport gap derived from the
width of plateau in current-voltage curve is 2 eV. The size of transport gap in the junction is independent
of the width of oxidized area w. The current-voltage characteristics are explained by the thermionic
emission over Schottky barriers at G/GO interface.
When Vtip is increased from -8 V to -5.5 V so that the moderate oxidation takes place, the conductance
of G/GO/G junction increases from 0.4 S to 136 S. The size of transport gap decreases from 2 eV to
0.1 meV. This result indicates that the transport gap of graphene/graphene oxide/graphene junction
changes depending on the extent of oxidation in GO.
Thus the transport gap of G/GO/G junctions can be tuned by using LAO lithography using AFM. Since
AFM lithography provides extremely fine oxidized patterns in graphene, one can form various sizes of
transport gaps in graphene in nanometer scale region by using this technique. The results presented
above indicate that LAO lithography using AFM is an attractive method for fabricating graphene-based
nanoelectronic devices.
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Figures

Figure 1 Schematic setup for the local anodic oxidation of graphene. A graphene flake is deposited on a SiO 2/Si
substrate and is contacted by the metal electrodes. A negative bias voltage (V tip) is applied to the conductive silicon
cantilever with the graphene sheet and silicon substrate grounded.

Figure 2 The width of oxidized area w as a function of (a) the bias voltage applied to AFM tip V tip for vs = 50 nm/s
and (b) the scanning speed of the AFM tip vs for Vtip = -8 V.
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The imaging of surfaces using X-ray PhotoElectron Emission Microscopy (XPEEM) has recently
received considerable interest, mainly thanks to the use of high brilliance synchrotron radiation which
facilitates the study of surface properties and chemical selectivity. The use of an energy filter permits
to obtain chemical and work function mapping from real space imaging, which can be correlated, using
reciprocal space imaging, to the complete band structure of a region of interest down to the micron
scale.
We have studied spatial variations and correlations between the work function, chemical and
electronic states of few layer graphene grown epitaxially on SiC(000-1), using full field, energy filtered
XPEEM. Thanks to this technique, microscopic variations in the substrate/graphene interface are
highlighted, depending on the graphene thickness (2-3 monolayers) and continuity. These variations
would not be seen using area-averaged techniques, but are discernible on the length scale relevant
for electronic devices. The full k-space band dispersion relations confirm the very high crystalline
quality of the graphene layers and show a hitherto unobserved diffraction effect of the Dirac cones
related to the registry between commensurately rotated graphene sheets. In the perspective of
graphene for microelectronics, this underlines not only the importance of the sample preparation, but
also the availability of spatially resolved spectroscopic tools to probe the local chemical and electronic
structure.
Complete band structure

Reciprocal
space

C 1s core level
Work Function map

Real space

Figure 1: Work function map of a graphene sample epitaxially grown on a SiC(000-1) substrate. On a selected
area, one can either image the real space, and obtain chemical information, or the reciprocal space and acquire
the full band structure.
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Graphene, a single layer of carbon atoms packed tightly into a honeycomb lattice, has been attracting
wide attention due to its unique electrical, optical and mechanical characteristics. In order to fully
understand this system and put in practical use remarkable effects that are manifested within, detailed
characterization of its optical and electrical parameters is required. Here, we report on optical
characterization of single layer and few layer graphene via infrared spectroscopy and spectroscopic
ellipsometry. Micromechanically exfoliated graphene samples are prepared on SiO 2/Si substrate.
Samples are then used for the characterization in NIR range by FT IR spectroscopy. Obtained
reflectance is used for retrieving complex refraction index and conductivity of the sample in measured
range. In the visible and UV range characterization is done by spectroscopic ellipsometry. Results are
again used for retrieving complex refraction index and conductivity of the sample. In the measured
ranges conductivity saturates to universal optical conductivity due to dominance of its interband
component. Obtained results are in agreement with both theoretical and experimental data reported by
other groups.
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Figures

Figure1: NIR measured reflectance and calculated conductivity for single layer graphene sample.

Figure2: NIR measured reflectance and calculated conductivity for different few layer graphene samples.

Figure3: Spectroscopic ellipsometry measurements of SLG sample (60º incidence angle).

Figure4: Spectroscopic ellipsometry measurements of SLG sample (different incidence angles).

Figure5: Obtained complex refractive index and optical conductivity of SLG sample.
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Large-scale production of high quality graphene thin films is necessary to integrate it into optoelectronic
devices. Chemical vapor deposition (CVD) of graphene on copper is a scalable route for high quality
deposition because copper is easy to etch, facilitating transfer onto insulating substrates [1] and it is
inexpensive. In order to produce graphene films of high quality and variable thickness it is necessary to
understand the mechanism of growth, which is dictated by the nature of graphene nucleation sites and
their kinetics on the Cu surface. However the interrelated mechanisms of activation of graphene
nucleation [2] and density of such sites as a function of the copper morphology, size and
crystallographic orientation of grains, are not yet fully understood.
Here we demonstrate the thickness dependence of graphene on CH4 (carbon precursor source) flow
rate, growth pressure, different polycrystalline textures, morphologies and purity of Cu foils (Figure 1).
We used different gas mixtures, namely CH4 /H2 and CH4/H2/Ar to grow graphene by low pressure (LP)
CVD (0.03-0.5 Torr) and copper foils which underwent different manufacturing processes (Figure 1a).
Uniform graphene coverage (Figure 1b) was obtained at low CH4 flow rate (0.5 sccm) on copper foils
with uniform crystallographic orientations of the grains (Figure 1a). Higher growth pressure increased
the graphene thickness only in specific areas that were higher in roughness. While applying the same
growth conditions on Cu foils with random crystallographic orientation of the grains, the resulting film
was composed of monolayers and 2-3 layers where the distribution of thicknesses reflects the
underlying copper morphologies (Figure 1c). Finally, perceptible difference in the graphene nuclei
growth directions and rate on different Cu orientations [(111) versus (100)] are reported (Figure 1d). Our
results reveal that the graphene nucleation sites can be activated differently from the evolution
dynamics of the Cu surface at high temperature, as well as from the CH4 partial pressure. Hence,
altering the copper texture and the feedstock could lead to control of the graphene thickness.
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Figure 1. Electron Backscatter Diffraction (EBSD) pole
figures display a strong texture of the Cu films in the
first case (left) while a random crystallographic
orientations of the Cu grains in the second case (right);
(b) scanning electron microscope (SEM) image of
single layer graphene
grown on Cu film with
preferential crystallographic orientations of the grains.
Atomic force microscope (AFM) image of the copper
morphology is reported in the inset; (c) optical image of
transferred graphene on 300 nm SiO2. The film
thickness varies depending upon of the pre-existing
copper morphologies. White arrows and circle indicate
the profile of grooves while black arrow indicates areas
of higher roughness; (d) SEM image of graphene nuclei
grown on Cu grains of different crystallographic
orientations. Nuclei with elongated shape are
preferentially found on Cu (111) (blue circle), while
nuclei with isotropic shape are preferentially found on Cu (100). EBSD pole figures display (111) and (100)
orientation of the two adjacent Cu grains.
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Besides the fascinating discoveries on graphene electronic properties [1, 2], much attention has been
recently focused on thermal [3] and thermoelectric [4] properties of graphene structures. The promising
results for two-dimensional graphene [5] have suggested also exploring thermoelectric properties of
one-dimensional structures as the graphene nanoribbons (GNRs). Recently, it has been predicted that
the thermoelectric figure of merit ZT can exceed unity in honeycomb chains of carbon atoms [6] and
also in long rough edge GNRs [7]. However, detailed information on the potential of short GNRs to
provide with a high factor of merit is still missing.
In this work a new way to enhance the figure of merit ZT in GNRs is proposed. The dependence of
electronic and thermal transport on GNR edge orientation is explored and exploited to suggest a GNR
structure with higher ZT values compared to the perfect armchair (AGNRs) and zigzag (ZGNRs)
nanoribbons. The suggested structure is built by alternating different edge orientations in the ribbons
(Mixed-GNR) as presented in Figure 1.a. In the figure are shown a perfect AGNR and a ZGNR with their
elementary cells and a MGNR generated by alternating AGNR and ZGNR portions. The enhancement
of thermoelectric properties in MGNR is connected to two main phenomena: the resonant tunneling of
electrons and the reduction of thermal conductance.
2

In the analyzed ribbons, the figure of merit ZT, defined by the expression T Ge S / κ is evaluated by
solving both the electron and phonon transport equations. The simulation of electron transport provides
the thermopower S, the electronic conductance Ge and the electron contribution to the thermal
conductance κ, while the simulation of phonon transport gives access to the phonon contribution to the
thermal conductance. Charge transport simulations in the GNRs are developed on the basis of the nonequilibrium Green's functions (NEGF formamlism) and an atomistic tight-binding Hamiltonian is used to
model the ribbons [8, 9]. In recent works the NEGF formalism has been successfully applied also to the
phonon transport problem. In most of these works, a force constant model (FCM) limited to the fourth
nearest-neighbors [10,7] was considered for phonons. Here, we use a similar method with a fifth
nearest-neighbors FCM phonon Hamiltonian [11].
To present the enhancement of thermoelectric properties in MGNR the influence of GNR edge
orientation on electronic, thermal and thermoelectric properties is investigated. We compare for instance
18-AGNR, 20-AGNR, 18-ZGNR and two 18-MGNRs with different elementary cells. The main simulation
results may be summarized as follows: the electronic conductance, the thermal conductance, the
thermopower and the figure of merit, calculated at room temperature, are shown in figure 1.b, 1.c, 1.d
and 1.e respectively. Electron transport properties of the MGNR are strongly dependent on the fraction
n of armchair edges and the fraction m of zigzag edges (MGNR (n,m)). As expected from an NNTB
calculation, the ZGNRs have a metallic behavior and the AGNRs have a band gap strongly dependent
on the number of dimmers in the elementary cell. In MGNR, the presence of armchair edges induces a
band gap opening, and the presence of zigzag edges induces edge-localized electron states. So the
armchair edge sections can be seen as barriers for the localized zigzag edge states. This interpretation
is confirmed by the resonant oscillation of the electronic conductance and the positive values of the
thermopower, which is a classical behavior of multi-barrier channels [12]. If the armchair edge section is
narrow, MGNR (1, 1) for instance, the band gap is small and the resonant tunneling effect is not
important. If the fraction of armchair edges over the zigzag ones is increased, as shown for an
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MGNR (4,1), the width of the gap is enhanced and the resonant phenomenon becomes dominant. To
explain this resonant tunneling effect, the atomic LDOS is plotted in Fig. 2 for the chemical potential of
0.3 eV. The figure shows clearly the regions of strong electron density localized at the zigzag edges
separated by depleted armchair zones. In addition to this resonant tunneling effect, MGNRs exhibit very
low thermal conductance compared to perfect AGNRs or ZGNRs. The phenomenon is probably due to
the mismatch of phonon modes between AGNR and ZGNR portions. The resonant tunneling transport
provides a rather high value of S, which induces a high ZT value of more than 0.1, boosted by the low
thermal conductance. It is expected that further optimization of GNR structures with appropriate width
may result in ZT values exceeding unity at room temperature.
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Figure 1. (a) Different edge orientations considered in simulations (b) Electronic conductance Ge as a function of
the chemical potential µ, (c) phonon contribution to thermal conductance as a function of the temperature, (d)
Seebeck coefficient and (e) factor of merit ZT as a function of chemical potential for a 18-AGNR, 20-AGNR, 18ZGNR, 18-MGNR with chirality (1, 1) and 18-MGNR with chirality (4, 1).

Figure 2. Atomic LDOS of the 18-MGNR with chirality (4,1) calculated at the chemical potential of 0.3 eV.
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Since the first observation of graphene in 2004 by Geim and Novoselov [1], the research field of this
new two-dimensional material has rapidly grown. Graphene has exciting physical properties such as
high mechanical stiffness and excellent electronic transport properties [1,2]. These exceptional
properties of graphene are thought to be used in a wide range of applications, from low-dimensional
physics to drug delivery system in biomedicine [3]. One of the limitations to bring these applications to
reality is our lack of understanding in graphene formation which ideally should be highly reproducible
with atomic precision. Most of the techniques used for graphene production are time consuming and
normally delivery material with many defects and impurities, which are not suitable for device
fabrication.
Towards overcoming this problem we propose a new approach for the growth of graphene
from fatty acids and polymers. Using these materials as a source of carbon and a TEM electron beam
to drive the reaction we are able to coat oxide nanoparticles with graphene layers. In situ observations
are presented and discussed. This approach might be an easy and inexpensive route for coating
surfaces and nanoparticles with graphene.
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Recent advancements in production techniques have allowed the synthesis and characterization of
novel nanostructured materials based on graphene.[1] Particularly, recent research efforts have been
targeted to the investigations of low-dimensional nanographenes, such as graphene quantum-dots
(GQDs) and nanoribbons (GNRs). Here, the dimensional confinement at the nanoscale allows the
tuning of the intrinsic electronic properties of graphene, which can potentially be exploited for the
production of next-generation nanostructured electronic devices. Nevertheless, limitations in current
experimental methodologies hinder both the controlled synthesis of nanographenes, with well-defined
electronic properties, and large-scale production. To overcome these issues, the chemical modification
of graphenes has been spotted as a viable route to produce materials with controlled and well-defined
properties with potential use in applications. However, despite recent theoretical and experimental
efforts,[2,3] a comprehensive understanding of the relationships between chemical structure and
electronic properties in nanostructured graphenes is still missing. This concern is particularly critical in
relation to the electron transport properties of chemically-modified graphenes, in view of their use in
nanoelectronics.
In this work, we analyze, by means of density functional theory and non-equilibrium Green’s function
calculations, the electronic and transport properties of low-dimensional graphene nanostructures
subjected to chemical functionalization. Our calculations concern models based on GQDs, GNRs and
functionalized nanostructures thereof, targeting systems of interest in recent experiments, focused on
oxidization and edge-functionalization of nanographenes.[4] In particular, we demonstrate how the
2

remarkably versatile chemistry of sp carbon and the use of traditional organic chemistry concepts[5,6]
provide a reliable guide to rationalize the properties of chemically functionalized graphenes. The
application of rigorous concepts in the definition of model systems and the use of high-performance
computing platforms constitute crucial prerequisites for realistic simulations of low-dimensional carbon
nanostructures aimed at the development of novel materials with potential application in
nanoelectronics.
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Figures

Transmission spectra and I(V) characteristics (inset) of armchair-edge 9-AC (red lines), 10-AC (green lines) and 11AC (blue lines) GNRs. Optimized structures, color-coded according to their mean bond length (average of the six CC bond lengths for each six-term ring), are also depicted above the corresponding transmission plateau.
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Quantum spin Hall insulator/metal interfaces are naturally formed in graphene ribbons with intrinsic
spin-orbit coupling by selectively doping two regions creating a potential step. For a clean graphene
ribbon, the transmission of the topological edge states through a n-n or p-p junction is perfect
irrespective of the ribbon termination, ribbon width and potential step parameters due to the
orthogonality of incoming and outgoing edge channels. This is shown numerically for an arbitrary
crystallographic orientation of the ribbon and proven analytically for zigzag and armchair boundary
conditions. Perfect transmission is also present in n-p junctions for armchair and antizigzag
terminations. In disordered ribbons, the orthogonality between left- and right-movers is in general
destroyed and backscattering sets in. However, perfect transmission is restored by increasing the
ribbon's width, even in the presence of strong edge roughness.
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Graphene – a single-layer hexagonal lattice of carbon atoms – has recently attracted a lot of attention in
the scientific community, in particular after the observation of exotic transport phenomena such as the
anomalous quantum Hall effect [1]. Moreover, a very high [2] and tunable conductivity at room
temperature together with a spin polarized transport up to room temperature [3] makes graphene a
promising material for applications in Spintronics. Investigation of the spin polarized transport in
graphene becomes consequently of the key importance. This requires a clear distinction between
charge and spin signals. In that sense, a “non-local” technique has been used by Tombros et al. [4]
combined with the use of magnetic contacts.
The drawback of the commonly-used technique for fabricating electrical contacts (electron beam
lithography, EBL) is that for the spin polarized transport measurement one needs an additional tunnel
barrier between the contact and the sample in order to adjust their respective spin resistances. This
increases the complexity of the lithography process and may possibly affect physical properties of
graphene itself.
We have recently discussed [5] the influence of the FEBID on graphene. We showed that the deposition
process, although up to some extent harmful for this material, is a good way of preparing complex
graphene based devices. In our recent work (poster contribution by J. Fan et al.) we focus on the
lithography (both Electron Beam and UV) processes.
Here, we present a complete procedure of fabrication of a fully operative graphene based device with
magnetic electrodes, suitable for the investigation of spin transport. In our approach graphene flakes are
obtained by mechanical exfoliation and deposited on thermally oxidized n-doped Silicon wafers (Au
covered on the back-side for easy application of gate voltage). All the samples are first identified with
optical microscope, and the most promising flakes are carefully checked by Raman spectroscopy. As a
next step we perform EBL followed by Ti/Au evaporation and lift-off. In order to accomplish the device
fabrication we put Cobalt electrodes by FEBID on top of graphene and connected to recently prepared
connections. The Co electrodes have width varying from 100 nm to 1 m assuring that the switching
fields are different for each electrode thus allowing a study of spin polarized transport while sweeping
applied magnetic field.
In Figure 1 we present the FEBID of Co that allows a very precise fabrication of magnetic electrodes on
graphene flakes of size down to a few microns with well controlled dimensions.
Figure 2 presents a completed device optical image (left) and a close-up of the central part of the
device, where the EBL and FEBID fabricated connections meet. Again one can appreciate a high
accuracy of this two-step process allowing a nice combination of the two common nano- and
microfabrication methods.
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Figures

Figure 1. Left: SEM image of a graphene flake with FEBID deposited Co electrodes with different width for a nonlocal spin transport measurements (see text for details). Right: a proof of a high precision of the FEBID process –
single layer, bilayer and multilayer graphene flake regions connected each with own set of four electrodes.

Figure 2. Left: optical microscope image of a complete graphene device for spin transport measurements. Central
part of the device is presented in the SEM image on the right. Co FEBID electrodes are made on top of graphene
flake (not visible in the photo). The rest of connections as well as large Welding pads are fabricated with EBL and
Ti/Au evaporation.
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In contrast to conventional semiconductor materials the two-dimensional (2D) electrons and holes in
graphene have not a parabolic but the linear energy dispersion near the Fermi level. This leads to many
unusual electrical, mechanical, thermal and optical properties. In this work we theoretically study the
electromagnetic response and plasma oscillations in intrinsic graphene, under the condition, when the
chemical potential μ coincides with the Dirac points and the density of electrons and holes in the
conduction and valence bands is determined by the finite temperature T (μ=0, T>0). In doped graphene
(|μ|≠0, T=0) the plasma waves have been studied both within the Dirac model [1,2], when the electronic
spectrum is described by two cones touching each other at the Dirac points, and within the full-band
tight-binding approximation [3,4]. In intrinsic graphene the frequency of plasmons has been investigated
only within the Dirac model in [5]. We calculate the electromagnetic properties of intrinsic graphene (the
dielectric function and the polarization operator) within the self-consistent-field approach (equivalent to
the random phase approximation) describing the spectrum of electrons and holes in full-band tightbinding approximation. We have found that the 2D plasmon frequency substantially differs from the
result known in the literature [5]. We have also calculated the damping of the 2D plasmons and studied
the influence of the wave-vector, temperature and the scattering rate of electrons on the plasmons
damping. Nonlinear effects in the electromagnetic response of graphene have been also studied.
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Graphene is a rising star in recent condensed matter physics. It has been attracting lots of interests not
only from the viewpoint of fundamental physics but also as an exciting potential candidate for future
electronic devices. Here, we investigate the effect of substrates on the Raman D band of mechanically
exfoliated graphene.
It is important to use graphene with high quality when we investigate its fundamental properties. There
are several methods to obtain graphene such as chemical vapor deposition. We employ mechanically
exfoliation in this study. This method is not suitable to application; however, graphene obtained from this
method has less defects compared with graphene obtained from other methods.

We can get lots of information about graphene by using the Raman spectroscopy. Characteristic
Raman spectra of graphene are named D(~1350 cm-1), G(~1570 cm -1), 2D(~2680 cm-1) bands. Among
them the D band peak is thought to originate from defects in graphene. A recent paper[1] says that
mechanically exfoliated graphene also shows very weak Raman D band and it originates from stronglyadsorbed atoms/molecules on the graphene surface.

We deposited graphene on various kinds of substrates and took Raman spectroscopy. Two of them are
shown in Fig. 1. The blue curve is the data obtained from graphene on a pristine SiO2 substrate, and the
red one is from graphene on an O2 plasma treated SiO2 substrate. These curves are normalized with
respect to the G band intensity and shifted for clarity. We can see peak shifts of the G and 2D bands.
These are considered due to carrier doping effect as the O2 plasma treated surface becomes
hydrophilic and adsorbed H2O molecules induce the doping effect. Magnified spectra around the D band
is shown in Fig. 2. Weak but non-negligible D band has appeared with the sample on the pristine SiO2
substrate. On the other hand, the peak was suppressed with the sample on the plasma treated
substrate. If the adsorbates on the graphene surface induce the D band, both samples should display
the D band. If the hydroxyl groups on the SiO2 substrate enhance the D band, a larger peak should be
observed in graphene on the O2 plasma treated substrate. We propose an idea that the substrate
surface roughness enhances the D band. We will discuss the origin of the substrate-dependent D band
from the viewpoint of the curvature-induced D band[2].
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Fig. 1. Raman spectra of graphene on two kinds of substrates. The curves are normalized with respect to the G
band intensity and shifted for clarity.
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Fig. 2. Magnified Raman spectra around the graphene D band. The band is suppressed when graphene is on the
O2 plasma treated substrate.
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Optical properties of Graphene have recently attracted enormous attention from investigators [1-5]. A
significant amount of work is devoted to the calculation of optical conductivity σ(ω) with the aim of probing
the interaction of light with this material. These calculations take the electronic band structure of graphene
as their starting point and most of them are restricted to the low frequency range where the electronic
dispersion is linear in energy i.e. ( ) ∝ and optical properties are essentially captured by the Dirac
Hamiltonian, which essentially describes two-dimensional massless Dirac fermions. At high frequency
(energy), the electronic dispersion relation becomes non-linear and the optical conductivity is dominated
by non-linear effects.
An expression for the real and the imaginary parts of the dynamic conductivity at low energies is given in
reference[ 6] and reads:
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In these equations: 
and T are the chemical potential, angular frequency and the temperature
respectively and
=
/2ℎ. The parameter ≃ 3
is the hopping parameter linking nearest
neighbours atoms in the graphene lattice.
In this work we investigate the mid-infrared transmission properties along the -X direction of a square
lattice graphene photonic crystal (GPhC). We show that transmission is widely tunable using the gate
voltage as a tuning parameter. We also show that the transmission is less sensitive to temperature. The
photonic crystal consists of an array of graphene discs patterned into a graphene sheet as shown in the
inset to figure 1-a. The radius of each disc is 400 nm and the periodicity is set to 1 m. Maxwell's
equations for a TM-wave are solved by means of a 2D finite difference time domain method (FDTD). A
broadband light pulse is launched from the left hand side of the structure and the transmission of the
GPhC is monitored in the wavelength range [2 m - 6 m]. Periodic boundary conditions are implemented
in the transverse direction. We write the refractive index as
= 1 + ( )/
, where ≃ 3.35 ̇
represents the graphite interlayer lattice constant [7]. The free parameters of the simulation are the
temperature and the gate voltage.
/ Δ, is
The gate voltage is related to the chemical potential by the relation = √ ℏ where =
the electron density,
is the electron band velocity in graphene, Δ = 300 nm is the underlying oxide
is the oxide relative permittivity.
thickness and
Figure 1-a shows transmission at T = 300 K and Vg = 80V. We clearly see the collapse of the
transmission at a cutoff frequency 9.0 × 10 Hz. In figure 1-b we show the transmission spectrum for
three different temperatures at a fixed gate voltage Vg = 80V. We can see that, overall the temperature
has little effect on the transmission of the GPhC. Figure 1-c shows the transmission spectrum for four
different voltages = 20, 40, 60 and 80 V, which clearly indicates that the transmission is modulated by
varying the gate voltage. The drop in transmission from = 40 V to = 80V is about 25 dB. To identify
a photonic bandgap in the structure we change the periodicity to 2 m while the ratio of the radius of
graphene discs to the period is set to 0.3. This is shown in figure 1-d where we can clearly identify two
transmission gaps in the -X direction.
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This study shows that graphene can be used as an efficient light modulator in mid-infrared range of the
spectrum, despite the fact that there are several practical challenges to overcome; mainly in-plane
coupling of light to a two-dimensional graphene sheet.
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Figure 1: a) Transmission spectrum at =80 V and T=300 K. The inset shows the GPhC structure, b)
transmission at fixed voltage
= 80 V and at three different temperatures, c) transmission at fixed
temperature T= 300 K and at values of =20, 40, 60 , and 80 V, d) transmission of a GPhC with a period
of 2 m and a radius of the graphene discs of 600 nm, showing a photonic band gap.
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We study under which general conditions a pair of Dirac points in the electronic spectrum of a twodimensional crystal may merge into a single one. In the specific case of graphene, this situation is
reached by a modification of one among the three hopping parameters between nearest neighbors.
More generally, we consider the most general lattice Hamiltonian of a 2D crystal with two atoms or
molecules per unit cell, and we show that Dirac points merge always at a symmetric point G/2 of the
reciprocal space, where G is a reciprocal lattice vector.
The merging signals a topological transition between a semi-metallic phase and a band insulator. At the
transition, the spectrum has the remarkable property to be linear in one direction and quadratic in the
other direction. We derive a universal Hamiltonian that describes the vicinity of the transition,
characterized by three parameters, a mass, a velocity and a driving parameter ∆ whose values are
related to the band parameters of any 2D crystal with time-reversal and inversion symmetries. This
model describes continuously the coupling between valleys associated with the two Dirac points, when
approaching the transition ∆=0. We calculate thermodynamic quantities.
The spectrum in a magnetic field B is related to the resolution of a Schrödinger equation in an
2/3
2/3
asymmetric double well potential. The Landau levels obey the general scaling law εn α B fn(∆/ B )
1/2
2/3
to a linear (n+1/2)B dependence, with a [(n+1/2)B]
and evolve continuously from a (n B)
dependence at the transition. The spectrum in the vicinity of the topological transition is very well
described by a semi-classical quantization rule.
The universal Hamiltonian is applied to the description of graphene-like structures. It reproduces
analytically the low field part of the Rammal-Hofstadter spectrum for the honeycomb lattice, when one
hopping integral is varied. We discuss the existence of such a merging of Dirac points in graphene-like
structures, in the organic salt (BEDT-TTF)2 I3 and in optical lattices of cold atoms.
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Evolution of the spectrum when the parameter ∆ is varied
and changes in sign at the topological transition. ∆ << 0
corresponds to the case of very weakly coupled valleys,
like in graphene.
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Evolution of the Landau levels spectrum as a function of ∆ (δ in appropriate dimensionless units [3]).
We describe the continuous evolution between the spectrum of two uncoupled valleys (graphene, left)
to the usual Landau level spectrum (right), with a new power law at the topological transition (∆=0).
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Graphene is a promising candidate for replacing semiconductors as basic material for the design of new
nanodevices due to its truly two-dimensional geometry as well as large carrier mobility [1]. However,
confining and controlling charge carriers in graphene can be a complicated task because of their very
special tunneling properties [2]. Therefore, a significant amount of the efforts has been focused on
graphene-based nanodevices that could enhance carrier confinement, such as p-n junctions [3, 4] and
superlattices [5, 6, 7].

Interference effects of coherent electron transport through graphene nanorings open an alternative
possibility to control quantum transport without relying on confinement. These interference effects were
already observed as Aharonov-Bohm conductance oscillations in ring-shaped devices etched in
graphene when a perpendicular magnetic field was applied [8]. In this contribution we introduce a new
graphene interference device (GID) in which electron transport is controlled without applying a magnetic
field. We demonstrate that charge carrier transport can be tuned instead by applying a lateral gate
voltage across a graphene nanoring. We show that in this case the relative phase of the electron
wavefunction in the two arms can also be varied, leading to a constructive or destructive interference at
the output and, therefore, to current modulation and control.

It is well known that the type of the nanoribbon edges (zigzag or armchair) determine its electronic
structure [1]. To avoid the impact of energy structure changes on the transport, we used the ring
geometry with 60° turns, so that the type of edges remains the same for the whole sample. The results
depicted in Fig. 1 correspond to samples having lead widths of 20 (left panel) and 21 (right panel) unit
cells (4.9 and 5.1 nm contact widths respectively). The nearest-neighbor tight-binding Hamiltonian
formalism and quantum transmission boundary method [9] were employed to calculate the transmission
coefficient and current-voltage characteristics of the device for different source-drain, back-gate and
lateral gate voltages.

For energies close to the Fermi energy (which can be controlled by the back gate), two types of
behavior were obtained. Nanorings with armchair edges having an intrinsic energy gap manifested wide
transmission bands (see Fig. 1, left panel), while resonance-like behavior characterized by very sharp
peaks in the transmission were observed in the remaining cases (see Fig. 1, right panel). Such narrow
transmission peaks can easily be affected by disorder or other perturbations resulting in low reliability of
devices of these types. Contrary to that, the former case is much more promising. We demonstrate that
the modulation of the wide transmission bands shown in Fig. 1 are due to the interference effects.
Figure 2 displays density plots of the electron wavefunctions in the considered GID calculated for three
lateral gate voltages corresponding to maxima/minima of the transmission (marked with red dots in the
left panel of Fig. 1). For an electron incident from the left, a clear constructive interference at the output
(at the right extreme of the device) can be seen for the voltages corresponding to transmission maxima
while the destructive interference pattern is observed for the case of zero transmission resulting in
vanishing current. We argue therefore that our proposed device design promises various applications,
such as a graphene based quantum interference transistor with high on/off ratio.
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Figures

Figure 1: Transmission coefficient for two different nanorings at a given energy E=0.15
eV as a function of the applied lateral electric field. Left panel – all nanoribbons
comprising the ring have widths of 20 unit cells (corresponding to a Dirac-like
dispersion relation), right panel – sample with 21 unit cells wide branches (the
parabolic dispersion case). The resonance-like behavior in the former case and the
interference-like one in the latter case can be seen.

Figure 2: Density plot of the real part of the electron wavefunction for three lateral gate
voltages (corresponding to red points in the left plot of Fig. 1). For the sake of clarity,
only a regular sublattice of atoms (around ¼ of the total number of atoms) is plotted.
Interference effects due to different number of nodes/antinodes of the wavefunction in
the two branches can clearly be seen at the output (right extreme of the nanoring).
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Chemiresistor sensors based on carbon black/polymer composites, carbon nanotube/polymer
composites and conductive polymers (e.g., polyaniline nanofibres and PEDOT-PSS) have been used
extensively to detect a wide variety of analytes (e.g., benzene, aniline, chloroform) in the vapor phase
[1, 2]. However, there is a need for direct detection of aromatic hydrocarbons (e.g., benzene and
toluene) dissolved in water for environmental monitoring and oil exploration applications. Chemiresistors
are particularly attractive due to their potentially very low per unit cost and are simple to operate. Most
chemiresistor designs are not suitable for direct sensing in aqueous environments due to interfering
conductive pathways through water. However, if micron sized electrodes are used, a very small double
layer capacitance between the sensing film and the bulk water is formed [3]. This results in a large
effective impedance through the conducting aqueous medium (e.g., deionized water or seawater)
allowing for the conductivity of sensing film to be measured independently. This principal has been
demonstrated using conducting films of hexanethiol functionalized gold nanoparticles to sense toluene
dissolved in water with a 100 ppb detection limit [3]. The proposed response mechanism is based on
the swelling of the nanoparticle film resulting in an increase in the effective distance between the
individual nanoparticles leading to a decrease in the inter-particle tunneling current.
Recently, hydrazine reduced dispersions of graphene oxide have been used in to detect NO2, NH3 and
2,4-dinitrotoluene in a chemiresistor type platform [4]. The sensor response is based on a charge
transfer mechanism in which the analyte affects the electronic states of the graphene causing a change
in conductance [5]. In this study, we demonstrate that dispersions of octadecylamine functionalized
graphene nanosheets [6], which have been drop cast onto interdigitated microelectrodes (5 µm wide
and 5 µm separation) can be used for directly sensing aromatic hydrocarbons dissolved in water. The
graphene nanosheets range from 0.5 to 3 µm in size which implies that there are only a few
interconnects between the separate graphene nanosheets spanning the electrodes. The equilibrium
response to varying concentrations of toluene in water is given in Figure 1. The detection limit for
benzene, toluene, ethylbenzene, xylenes and cyclohexane ranges from 3 ppm to 10 ppm.
The
response time to analyte solutions is generally less than 60 seconds and restores to the baseline in less
than 120 seconds when exposed to pure water (see Figure 2 for toluene responses). Based on the
-5
comparable responses to cyclohexane (response slope ΔR/R0 ~ 19.1 x 10 / ppm) vs. benzene
-5
(response slope ΔR/R0 ~ 9.09 x 10 / ppm), we deduce that the mechanism is most likely attributed to
swelling and not chemical doping. If chemical doping contributed significantly to the sensing
mechanism, the response to cyclohexane which cannot participate in pi-pi interaction would be
diminished.
We are currently working on incorporating other functionalized graphene nanosheets and/or other
chemiresistor materials (e.g., conducting polymers and carbon nanotubes) into sensor arrays for
improved analyte differentiation.
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Figure 1. Equilibrium responses of ODA functionalized graphene chemiresistors to toluene (5 to 100 ppm)
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Graphene is a single atomic layer of carbon atoms of which low-lying excitation provides quasi-particles
obeying the linear dispersion relation near the specific point in the momentum space called the Dirac
points. For the freestanding graphene, the equality of two Dirac points leads to the valley degeneracy in
addition to the spin, and the quasi-particles, which are named as the Dirac fermions, are massless and
chiral. Because of these properties, the Klein tunneling has been an obstacle to using graphene for
nanoelectronics[1]. In order to overcome it, magnetic vector potential structures induced by
inhomogeneous magnetic fields can be candidates for a way of fabricating graphene-based electronic
devices. Actually, the Dirac fermions are reflected and confined by the magnetic vector potential
structures which do the role of potential structures in a real sense[2,3,4]. This magnetic confinement
also allows us to overcome another difficulty in realizing graphene nanoelectronic devices such as
graphene nanoribbons, which comes from the edge nature of graphene. There are typically two kinds of
edge-terminations in graphene nanostructures, armchair and zigzag, and the electronic states are very
sensitively dependent on the edge nature[5,6]. However, it is difficult to prepare nano-sized graphene
samples having clean edges with the atomic-scaled precision.

In this study, we show that the waveguide is produced by applying the delta-function-like profile of
magnetic field to the graphene sheet, and also investigate quantum transport in the magnetically
modulated graphene waveguide in which the magnetically induced scattering potential is introduced at
the center. This profile of magnetic field can be generated experimentally by using ferromagnetic gates
onto the graphene layer as depicted in Fig. 1. The magnetically modulated graphene waveguide is
treated as a quantum-wire with the finite conducting channels. Similar to the typical quantum-wire, the
number of the conducting channels depends on the Fermi energy. In results, the well-localized current
density is observed in the unmodified waveguide, and the conductance is calculated by the LandauerButtiker formula, which exhibits the stepwise increase as a function of energy. The interesting situation
occurs when the waveguide is modified by introducing a magnetic potential barrier as a scattering
center in the sense that the backscattering and foregoing Dirac fermions experience effectively different
potential structures. While the foregoing Dirac fermions are still confined, the backscattering fermions
are no longer confined because the effective potential depends on the longitudinal momentum, qx. For
the modified waveguide, the conductance becomes oscillatory as shown in Fig. 2. The threshold
energies to open the conducting channel are shifted because the scattering potential affects the
transport properties. The results in the present study may provide the novel candidate for applications of
graphene-based transport devices.
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Figures

Figure 1
Schematic view of experimental setup and model.

Figure 2
Conductance of the graphene waveguide and transmission probabilities for each channel.

318

Hybrid Graphene-Superconductor Devices
Matthew Newman, Gavin Burnell
E.C. Stoner Laboratory, School of Physics and Astronomy, University of Leeds, UK
pymn@leeds.ac.uk
An interesting consequence of the crystallographic structure of graphene is that its charge carriers are
described as massless relativistic particles. The ability to isolate individual graphene layers therefore
enables us to investigate relativistic phenomena in a solid state system. A particularly interesting
method of probing this unusual electronic state is to interface graphene with superconducting materials
whereby unique characteristics such as specular Andreev reflection are expected to be observed. While
there is a wealth of theoretical work on superconducting graphene devices present within the literature
there remains very little experimental work published to date. The vast majority of experimental work
has so far concentrated on using Aluminium as the superconductor. We have investigated the use of
Niobium which has a larger superconducting gap and allows for measurements at higher temperatures.

To further investigate the unique transport characteristics of graphene we are fabricating planar
Josephson junctions using graphene as a barrier medium. Devices have been fabricated by mechanical
exfoliation of graphite with single layer graphene flakes identified using Raman spectroscopy. Electron
beam lithography was used to pattern contacts with separations of ~100nm which were subsequently
sputter deposited with Pd/Nb using a DC magnetron. We present low temperature measurements taken
on these devices showing evidence of Andreev reflection occurring at the graphene-superconductor
interface. Andreev reflection is shown to be influenced by the application of a back gate voltage as well
as being modified by low temperature current annealing.
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Though it is unsuitable for standard digital applications, the gapless character of graphene
with chiral massless Dirac carriers gives to this material unusual and attractive transport
properties which deserve to be considered carefully [1]. Additionally, there are several ways
of inducing bandgap in graphene, which still enlarge the possible fields of application. The
first idea is to cut mono-layer graphene into nanoribbons to benefit from induced quantum
confinement effect. Alternatively, the interaction with an SiC substrate can break the
symmetry of the two sub-lattices forming the graphene crystal, which can open a bandgap of
up to 0.26 eV [2]. A similar bandgap may be also induced in bi-layer graphene by applying a
vertical electric field [3,4]. Finally, thanks to very weak spin-orbit interaction leading to spin
flip length higher than 1.5 µm [5], graphene also offer a high potential for spintronics.
In this work, the non-equilibrium Green’s function calculation developed in ref. [6] has been
extended to treat the transport equation of chiral fermions in bilayer graphene nanostructures.
The approach has been applied to investigate the transport properties of charges in typical
structures, including a single potential barrier, a double gate or a ferromagnetic gate. In single
barrier structures, the chiral resonant tunnelling effect and the resulting negative differential
conductance is shown to be stronger than in monolayer graphene [7], as illustrated in Fig. 1.
Especially, strong oscillation of transconductance with respect to the barrier height can be
achieved. In double gate structures, our study shows the appearance of an electrical current
gap and therefore demonstrates the possibility of switching the current by tuning the gate
voltages [8]. Considering ferromagnetic gate structures, a significant improvement of spin
polarization effect and tunnelling magneto-resistance is obtained in comparison with previous
results predicted for monolayer graphene, which therefore demonstrates the high potentialo of
bilayer graphene for spintronic applications. It is illustrated in Fig. 2 which shows the spin
polarization as a function of gate barrier height in both monolayer and bilayer graphene
structures. Our NEGF model provides a clear description of charge transport and may provide
meaningful information for future development of many kinds of bilayer graphene electronic
and spintronic devices.
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Fig. 1. (Left panel) LDOS and transmission coefficient in a single barrier bi-layer graphene
structure under zero bias. Other parameters are Ey = 50 meV, U0 = 0.4 eV, and L = 20 nm.
(Right panel) Low temperature current as a function of bias voltage in a single barrier bi-layer
graphene structure of barrier length L = 20 nm for different barrier heights.

Fig. 2. (left panel) (a) Spin up and spin down conductance and (b) spin polarization in a single
ferromagnetic gate monolayer graphene structure as a function of the gate barrier height, for
L = 20 nm, EF = 100 meV and exchange splitting energy h = 25 meV. (Right panel) Spin
polarization in a single ferromagnetic gate bilayer graphene structure as a function of the gate
barrier height, for L 20 nm, EF = 75 meV and h = 22.5 meV.
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Within the framework of atomic resolution STM images, the understanding of relations between
the surface, the tip, the adsorbate (if present) and the bulk materials is not always straightforward.
Depending on the inherent quality of an experimental STM image, the nature of component within the
entire system can be determined with a very limited certainty. In order to extirpate vital information from
STM images, a strong coupling between experimental and theoretical analysis is always a source of
success and should be strongly encouraged.

One common way to compare experimental images with theoretical one is to use the TersoffHamann [1] model. Even if that model is very popular and effective, the absence of the tip contribution in
the tip-surface interaction is nowadays a limiting factor. With the constant increase in computer power it
is now feasible to simulate a part of the system from first principles --- for example using the density
functional theory (DFT). Although DFT can address sophisticated systems with a very good accuracy, it
cannot be reasonably used to perform large and non-periodic calculations where the computational time
and the memory required become excessively demanding. Hence, a compromise between accuracy
and time spent for atomistic calculations, such as for STM simulations, leads us to use a suitable
approach such as tight-binding Hamiltonian in conjunction with Green's functions. Here, we followed the
general computational approach developed by Cerdá et al. [2] that was implemented in the GREEN
code. This code has been recently [3] improved with highly parallel subroutines. In addition, a more
intimate coupling between GREEN and the quantum-mechanical software, SIESTA [4], allows a rapid
and appropriate determination of atomic parameters needed for STM simulations. This opens
perspectives for the development of new materials and a faster comprehension of STM images. We will
show a few computing benchmarks with this package on large parallel machines showing its efficient
scalability. We will also present a few representative test cases where a comparison to Tersoff-Hamann
images was performed, and which were supported by density functional theory. A recent work [5] on
multilayers of polythiphene on graphite and graphene (see Fig. 1) will emphasize the strength of our
STM simulation approach to reveal properties related to charge transport and π-electron coupling.
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Figures

Molecular model of the unit cell considered for a polythiophene multilayer stack on graphite (upper panel) and
resulting STM images calculated for one, two and three polythiophene layers on graphite (lower panel). (I = 0.1 nA,
V = 1.5 V)
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While the electronic properties of graphene have recently been extensively studied [1], the photonic
properties are much less known. In the present work, the interaction of a point electromagnetic emitter
and a graphene sheet will be theoretically considered (see Fig. 1). This problem reduces to finding the
Green's function corresponding to an electric dipole in graphene, which is fundamental for description of
electromagnetic effects in graphene.
We describe the electromagnetic fields using Maxwell’s equations, and the graphene is represented by
a conductivity surface with the conductivity depending upon the temperature, chemical potential and
frequency. Applying adequate mathematical techniques [2,3] we find an analytical representation of the
electromagnetic propagator for the graphene sheet. We identify every term in the analytical solution and
discuss its origin with respect to the peculiarities on the density of electromagnetic states. We find that
an electric dipole can hardly couple to transverse electric surface modes, but at certain frequencies do
strongly couples to transverse-magnetic ones (long-range surface plasmon-polariton modes) essentially
increasing the amplitude of the field in the vicinity of the emitter. The field patterns are drastically
different for different values of chemical potential and frequency ranges and orientations of the dipole.

Figure 1. Schematic illustration of the system under study (a) and the distribution of the electric field modulus in the
graphene plane (b) for T=300 K, =0.2 eV, =0.08 eV.
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Features of graphene layers on SiC (000-1) revealed by transmission electron microscopy
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Graphene is a one-atom-thick carbon material, having a hexagonal honeycomb lattice [1]. Graphene
can be spontaneously formed by thermal decomposition of SiC [2,3].

Interestingly, structures and

electronic properties of graphene formed on Si-terminated and C-terminated faces of the SiC substrate
are different from each other. Graphene on C-terminated surface SiC (000-1) behaves like an isolated
one, which is thought to be due to the rotational stacking faults. In addition, graphene on SiC (000-1)
has higher mobility than that on SiC (0001). Then, it is quite important to fabricate homogeneous and
large-area graphene layers on SiC (000-1). For the development of the mass production method,
growth mechanism of graphene layers should be clarified in detail. In this study, we investigate the
crystallographic features of graphene layers formed on SiC (000-1) mainly using high-resolution
transmission electron microscopy (HRTEM), and propose the formation mechanism of them.
Graphene-on-SiC(000-1) samples were prepared by annealing SiC single-crystal in an Ar atmosphere.
Specimens for transmission electron microscope (TEM) observation were prepared by an Ar-ion
thinning method. Details of the preparation procedure are described in our previous papers [4]. Atomic
force microscope observations were also carried out.
As a result of TEM observations, it was revealed that the decomposition of SiC was suppressed by
increasing Ar-pressure. As for the growth mechanism, it is suggested that several layers of graphene
were nucleated on SiC (000-1) surface, and then grows laterally over the terrace.

Details of the

crystallographic features of graphene layers on SiC (000-1), compared with those of graphene on SiC
(0001) [4], will be discussed in the presentation.
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Graphene, a single atomic layer of graphite, has been attracting incredible attention for its unique
physical properties and for its applicability to future high-speed electronic devices. In order to investigate
electrical properties of graphene and to construct graphene devices such as field-effect transistors
(FETs; see Fig. 1a), metallic materials should make a contact with graphene. The metal contacts have
been reported to affect the electronic property through charge transfer (CT) from the metals to graphene
and charge-density pinning of graphene at the metal-graphene interfaces, where the gate voltage, VG,
cannot tune the charge density of graphene at the metal electrodes [1] (Figs. 1b, 1c). We have studied
the effect of such metal contacts to transfer characteristics (VG dependence of the drain current, ID) of
graphene FETs, and have reported that charge-density depinning can occur at easily-oxidizable metal
contacts [2,3], which is contrary to what has been experimentally observed to date. In this presentation,
we focus on metal contacts with charge-density pinning, and show that the metal-to-graphene CT is
accountable for many intriguing features such as “negative” contact resistances.

The contact resistance, RC, is one of the most important parameters to characterize metal contacts [4].
Figure 2a shows the VG dependence of RC, which is normalized by the contact width W, of graphene
FETs with Ag contacts, where RC was extracted by the commonly-used transfer length method (TLM;
see Fig. 2b). Surprisingly, the extracted RC becomes negative near the charge neutrality point, VNP (VG
corresponding to the minimum ID in transfer characteristics). Although there is one report on the
apparently negative contact resistance at Ti contacts [5], the detailed investigation has not been
performed so far.

Figure 2c displays the simulated result using a simple model which assumes that a total resistance of
the graphene channel is obtained by integrating the local resistivity along the channel [3]. Although the
simulation considers only the channel region, apparently RC becomes finite and negative near VNP if CT
from metal contacts is taken into account. The TLM presumes a homogeneous channel, which is not
applicable to the actual devices due to the charge-density inhomogeneity induced by the metal-tographene CT. The asymmetry of the RC-VG characteristics indicates hole doping from Ag contacts,
which is in agreement with what can be derived from other features such as a VNP shift with decreasing
the channel length [6].
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Graphene is considered a promising material in both fundamental science and technology because of
its unique electronic and chemical properties[1] In particular, single- and bi-layer graphene are being
investigated to fabricate various devices such as field-effect transistors (FETs),[2] biosensors,[3] and
photodetectors.[4]
In this work the results of experiments devoted to the modification of the pristine electronic properties of
single-layer graphene by means of an oxygen plasma will be illustrated. Electrical characterization and
photoluminescence measurements are carried out to investigate the opening of a bandgap in plasmatreated graphene. figure 1(a, b) show room-temperature output characteristics of a SLG FET collected
in pristine conditions and after steps of O2 plasma treatment. The symmetric rectifying behavior
observed in figure 1(b) can be explained by building an equivalent circuit of the plasma-treated
metal/SLG/metal structure, comprising two identical Schottky diodes connected back-to-back.
The PL maps in figure 2(b) shows the emission from the two SLG areas of the flake in figure 2(a), while
no emission is collected from the thicker graphene areas. A corresponding PL spectrum representative
of the bright PL emission from the SLG areas is shown in figure 2(d). It shows a broad peak lying in the
visible range and centered at ~620 nm, corresponding to a ~2 eV optical bandgap. After two steps of O2
plasma treatment, the graphene sample shows PL emission (figure 2(c)) from the regions previously
indicated as bilayers in figure 2(a). The analysis of the evolution of the PL maps upon O2 plasma
treatment suggests that: (a) the plasma progressively renders the SLG regions photoluminescent; (b) as
the O2 plasma is believed to affect the entire graphene surface in a similar fashion, regardless of the
thickness of the flake, the absence of PL from the plasma-treated FLG is indicative of an emission
quenching of the topmost layer by subjacent untreated layers. The experimental results are explained in
2
terms of a functionalization of the pristine sp graphene lattice with chemisorbed epoxy groups.The
effects of epoxidation on graphene optoelectronic properties are further investigated by ab initio
calculations. Figure 3 shows electronic band structure and electronic density of states (DOS) calculated
for different oxygen densities. They confirm that progressively larger bandgaps are introduced in
graphene upon functionalization with increasing amount of oxygen.
Furthermore, we demonstrate the potential of metal-contacted plasma-treated graphene rectifying
junctions to fabricate Schottky diodes with turn-on voltages below 0.5 V. The use of low- (Al, Yb) and
high- (Pd) work function metals, directly in contact with modified graphene, allows for the modulation of
the Schottky barrier height. Figure 4(a, b) illustarte the diagrams of the band alignment in the cases of a
p–doped semiconductor (work function s) contacted with (a) two identical metal electrodes ( φ M< φ S),
and (b) two metal electrodes M1 and M2 with different work functions ( φM1< φ S< φ M2, φ S~ φ M2). The
Schottky barrier height φ B is indicated. Figure 4(c) dispalys output characteristics of Al–SSLG–Pd and
Yb–SSLG–Pd devices, whereby the rectifying behavior is visible. Our results suggest that an oxygen
plasma treatment represents a valid approach to control graphene chemistry toward tunable-bandgap
graphene-based electronics.
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Figures
Figure 1: output characteristics of a
SLG-FET
collected
in
pristine
conditions and after steps of O2
plasma treatment (15 W, 1.2 s
interval). The curves shown in (b) for
longer O2 plasma treatment times are
indistinguishable from the X-axis in
panel (a), measured in the cases of
shorter O2 plasma treatment times.

Figure 2: PL measurements on a graphene sample subjected to O2 plasma for increasing time duration.

Figure 3: Electronic band structure and electronic density of states (DOS) calculated for different oxygen
densities.

(c)
Figure 4: Diagrams of the band alignment in the cases of a p–doped semiconductor (work function s)
contacted with (a) two identical metal electrodes ( φ M< φ S), and (b) two metal electrodes M1 and M2 with
different work functions ( φM1< φ S< φ M2, φ S~ φ M2). The Schottky barrier height φ B is indicated. (c)
Comparison of the room-temperature, output characteristics of Al–SSLG–Pd and Yb–SSLG–Pd devices,
whereby the rectifying behavior is visible. A detailed behavior of the two devices in reverse bias is shown in
the inset.
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We report crystallographically anisotropic carbothermal etching of graphene on SiO2 substrates in
an argon gas flow at atmospheric pressure. The samples were prepatterned with antidot lattices
by electron beam lithography and reactive ion etching. The hexagonal form of the antidots
obtained by the carbothermal reaction
SiO2 (s) + C(s) → SiO(g) + CO(g).
suggests the absence of armchair edges [1]. The anisotropic process could provide access to the
highly interesting physical properties of zigzag-edged graphene structures. We further studied the
dependence of the etching rate on the number of graphene layers. In all samples rates decreased
with increasing layer thickness.
Furthermore we conducted electron transport measurements on a set of single- and bilayer samples patterned by lattices of hexagonal antidots. From temperature dependent investigation of
the clearly resolved weak localization peak we deduce the phase coherence length as well as
lengths for inter- and intravalley scattering. The samples exhibited good quality and phase coherence lengths of even 1µm at 1.7K despite the etching processes. Carrier mobilities up to
8000cm2 /Vs at 1.7K and Shubnikov de Haas oscillations were observed.
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Figure

Typical appearance of antidot lattices in graphene samples after the crystallographically anisotropic
carbothermal reaction. The left-hand side of the flake is bilayer graphene, the center part is fourlayer and the right-hand side six layer. After prepatterning the antidots by reactive ion etching
their diameter was about 45nm. The etching process grew the antidots to diameters of about
157nm, 125nm and 110nm in the two-, four- and six-layer system, respectively.
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Graphene is considered as a potential material for spintronics. The spinorbit (SO) coupling in graphene
is expected to be weak due to the low mass of the carbon atom. Besides this, the intrinsic SO coupling
between flat graphene π electrons, which are the relevant ones in what concerns to transport properties,
is a second order process since it involves virtual transitions into σ states [1]. However, the measured
spin diffusion lengths [2] are much shorter than the expected ones [3].

Recently, longer spin lifetimes have been reported in monolayer and bilayer graphene spin valves [4].
The results of this work, which shows how the spin lifetime is longer in bilayer graphene than in
monolayer, when the effective SO coupling between electrons is higher in the bilayer case due to the
nonzero hoppings between π and σ orbitals in nextnearest neighbor atoms of different layers [5],
suggest an extrinsic source of spin scattering, as impurities or other lattice defects.

In this work we analyze the enhancement of the SO coupling induced by a sp3like distortion of the sp2
graphene lattice. Such kind of distortion can be produced by adatoms as hydrogen [6]. This perturbation
mixes π and σ states, so the SO coupling in this system is a first order process. The effect of such kind
of defects in spin relaxation is investigated as due to the ElliotYafet mechanism produced by the
enhancement of the SO coupling.

References
[1] D. HuertasHernando, F. Guinea, and A. Brataas, Phys. Rev. B, 74 (2006) 155426.
[2] N. Trombos, C. Jozsa, M. Popinciuc, H. T. Jonkman, and B. J. van Wees, Nature, 448 (2007) 571.
[3] D. HuertasHernando, F. Guinea, and A. Brataas, Phys. Rev. Lett., 103 (2009) 146801.
[4] W Hang and R. K. Kawakami, arXiv:1012.3435v1 [condmat.mtrlsci] (2010).
[5] F. Guinea, New J. of Phys., 12 (2010) 083063.
[6] A. H. CastroNeto and F. Guinea, Phys. Rev. Lett., 103 (2009) 026804.

335

336

Scanning Confocal Raman microscopy at low temperature and in high magnetic fields
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The advent of Graphene has generated the need for a whole new set of characterization tools in order
to tailor new electronic devices based on the outstanding material properties of this unique material. The
attoRAMAN combines a high resolution, low temperature confocal microscope with ultra sensitive
Raman optics. This innovative product enables state of the art confocal Raman measurements at
cryogenic environments combined with magnetic fields of up to 15 T. The attoRAMAN is a ready-to-use
system and is delivered with laser source, high throughput spectrometer including a peltier-cooled,
back-illuminated CCD, and a state-of-the-art SPM/Raman controller & software package.
We show micro-Raman spectra on epitaxial as well as exfoliated Graphene and on GaAs based
nanowires at 4 K and 9 T.

For further technical information concerning attocube systems’ products, please visit our website
www.attocube.com.

Figures
(a)

(b)

Figure caption: (a) Raman images of epitaxially grown Graphene layers, showing the SiC substrate (top) and the Graphene 2D
band (bottom). Left images were recorded at 300 K, right images at 4.2 K. (b) Raman spectra recorded at 4.2 K, depicting (from
top to bottom) monolayer and bilayer graphene, and the edge of the latter. The 2D band shifts by approximately 14 cm-1 at the
transition from mono- to bilayer Graphene.
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Graphene nanoribbons (GNRs) are stripes of graphene [1] that can be obtained through high-resolution
lithography, by controlled cutting processes or by unzipping multiwalled carbon nanotubes[2]. Different
heterostructures (HST) based on patterned GNRs have been proposed and constructed in which the
interference quantum effects are exceptionally strong and determine their electronic behavior. Here we
present a theoretical study of transport properties HST formed by segments of GNR with different
widths connected forming a double crossbar junction [3]. The systems are described by a single-band
tight binding Hamiltonian and the Green's function formalism using real space renormalization
techniques. We show calculations of the local density of states, linear conductance and I-V
characteristics. Our results depict resonant behavior in these HST which can be controlled by changing
the geometrical parameters. By applying gate voltages on determined regions of the structure it is
possible to modulate the transport response of the system. We show that negative differential
resistance (DR) is obtained as a function of the applied gate and bias voltage.

An interesting feature of certain confined nanostructures is the presence of bound states in the
continuum (BICs). The search of new systems which could be able to reveal the existence of BICs and
with the capability of do measurements of these states is an important field of research. The great
advances in the controlled manipulation and measurements reported in graphene based systems, and
the feasibility of modified their electronic properties by apply external potentials, suggests that BICs
could be observable in graphene HST [4]. In this work we discuss the mechanism of formation of these
exotic states and the feasibility to observe them experimentally in symmetrical HST composed by
segments of GNRs with different widths.
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Recently the big attention of researchers is concentrated on calculations of electronic, magnetic,
conductive changes and other properties of graphene, caused by introduction of single atomic impurity
on its surface [1 - 4]. From the data received at the analysis of substances properties with collectivized
electrons, it is known, that at impurity introduction with d- or f- electrons strong updating of electronic or
magnetic properties is possible. The most known fact is, apparently, Kondo effect is the change of
conductive properties at impurity introduction with temperature change.
Therefore research of the collective effects connected with interaction of the impurity with a
crystal lattice of graphene, i.e. RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction [5 - 7] is very
interesting.
In the given work in the framework of s-d model features of RKKY-interaction in double-layer
impurity graphene have been calculated. Atomic hydrogen was considered as an impurity. Calculations
have shown, that on small distances antiferromagnetic ordering of the impurity spins is preferable, and
with distance increasing the ordering becomes ferromagnetic. Dependences of exchange interaction
factor on parameters are shown.
Dispersion relation for the impurity graphene was obtained analitically by using the
mathematical formalism of Green's functions. Then, using the Frohlich’s method of calculating indirect
interaction expression for the indirect coupling constant depending on the distance between the
impurities was obtained. The dependence of the indirect interaction for different values of the external
electrostatic potential is shown in Figure 1.
The increase of electric field intensity leads to the strongly oscillating dependence of indirect
interaction of the impurity spins on the distance between impurities that can be connected with resonant
transitions of the electrons between the split levels.
The increase of an external magnetic field also leads to non-uniform distribution of the impurity
spins, formation of domain structures, alternation of areas of ferromagnetic and antiferromagnetic
orderliness is actually observed.
Thus, it is quite probable, that graphene sheets, processed by hydrogen plasma, are useful for
creation of spintronics devices, changing magnetic properties of a material by variation of external
parameters.
The feature of the RKKY-interaction of adsorbed atoms on the surface of double-layer
graphene, made in this paper is that it considered the exchange interaction on the basis of the total
(including short-wave part) electron spectrum of the crystal lattice. The dispersion relation includes
electrons pulses in the whole Brillouin zone.

This work is supported by The Education Ministry of Russian Federation (project No. NK-16 (3)),
and also supported by The Russian Foundation for Basic Research (grant No. 08-02-00663).
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Figure 1. The dependence of exchange interaction distribution on the distance for various values of
electrostatic potential. The distance is expressed in terms of a constant lattice, а=2.49 Ǻ.
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The properties of graphene are known to be highly dependent on the substrate on which it is supported.
It is equally true that the properties of graphene can be influenced by material deposited on top of it, and
that additional functionality can be added by combining graphene with other materials. The interaction
between metals and graphene are of particular importance; metal contacts are used to probe
graphene's transport properties and to inject spin-polarized carriers, metal substrates are used for
chemical vapor deposition growth of graphene, and metal nanoparticles are used on graphene for
applications such as catalysis, energy storage and generation, and biosensing. Many such applications
are likely to involve not graphene, which is still expensive and difficult to fabricate in bulk quantities, but
instead chemically modified graphene (CMG).
Oxidation of graphite to graphite oxide and its subsequent exfoliation to water soluble graphene oxide
(GO) has proved to be a convenient route to bulk quantities of graphene-like material [1]. Graphene
oxide can also be used as the starting point for further functionalization to tailor desirable properties into
the graphene-like sheets. Removal of the oxygen to return graphene oxide to graphene is also being
heavily investigated. Although complete return to graphene from GO has so far proved impossible, the
reduced graphene oxide (rGO) which has been produced has acceptable conductivities of up to ~ 10

2

S/cm [1] and mechanical strength within an order of magnitude of pristine graphene [2]. The
comparatively low cost of these CMGs, combined with their ease of processing make them interesting
materials for a range of applications. Understanding their properties and their interactions with other
materials will be essential for developing and optimizing these applications.
Here we investigate metal-on-CMG, and in particular the growth morphology of metallic nanoparticles
formed on CMG by physical vapor deposition (PVD). We have previously shown that single layer CMG
support grids can be readily fabricated and enable high-contrast HR-TEM imaging of nanoparicles (e.g.
ferritin) [3] and single molecules [4]. Here we use TEM to study the growth morphology of metals-onCMG. We show that the morphology of the nanoparticles produced by PVD varies for different metals,
from a uniform thin film for Ti to a droplet-like growth for Au. These differences in morphology can be
understood and predicted by considering the strength of interaction between the CMG and metal
4

adatoms. Fine control over the size (down to ~1.5 nm) and coverage (up to 5 ×10

-2

m ) of

nanoparticles can be achieved, Figure 1. This control can be used to combine nanoparticles and CMG
in rationally designed composite materials. We demonstrate the effectiveness of this approach through
the fabrication of selective, highly sensitive (ppm), and practical hydrogen gas sensors, Figure 2.
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Figures

Figure 1. Brightfield TEM images of nominally (a) 0.15 nm, (b) 0.30 nm, (c) 0.75 nm, and (d) 1.5 nm thick Au films
on graphene oxide. Inset top right in each image are the corresponding SAED patterns (scale bars correspond to 3
-1
nm ).

Figure 2. (a) Photograph of array of metal-on-rGO sensor devices, (b) photograph of one device, and (c)
photograph of two devices mounted and bonded ready for testing. (b) Example response of one such device to
hydrogen gas.
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A unified Raman picture from nano-crystalline graphite to amorphous carbons: electron-phonon
coupling and aromatic domain size
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Raman microspectroscopy is routinely used for characterizing carbons. Structural information can be
obtained thanks to previous works by coupling with other techniques. The shape of the Raman spectra
depends on the excitation wavelength and, from IR to near UV, is sensitive to the sp2 content of the
material, the G and D band parameters being strongly dependent on their nanostructure. Raman
2
3
analysis can give an estimation of how the material is disordered: sp /sp ratio, %H… can be estimated.
We focus here on several Raman parameters: the G band wavenumber σG, the G and D band widths ΓG
and ΓD together with their relative intensities R=HD/HG. We extend some properties known for
nanocrystalline graphite to amorphous carbons, such as the Raman diffusion cross-section dependence
with the excitation wavelength, and also some properties known for amorphous carbons to
nanocrystalline graphite, such as the cluster size estimation (La) using various excitation wavelengths.
We also give evidence for the importance of the electron-phonon coupling on the D band width of a
large range of disordered carbons.
To interpret Raman signals of a large variety of carbons (graphitic, nc-G, a-C:H, …) we have
investigated carbonaceous samples from the plasma facing components of the Tore Supra tokamak
(referred as TS samples), both the virgin C/C composite and the carbon deposits formed during plasma
operation. Figure 1-a displays typical Raman spectra obtained for these samples with λL=514.5 nm. C/C
samples are graphitic carbons. TS spectra are more heterogeneous: some are similar to a-C spectra
with broad G and D bands while some either are similar to nc-G spectra with well separated G and D
bands or look intermediate, between nc-G or a-C spectra. We have analyzed a great amount of data,
focusing on relations between σG, ΓG and ΓD, and the D and G band relative intensity, R, and we have
emphasized the similarity of nc-G and a-C properties revealed by the continuous clouds formed by
Raman parameters, as shown for example for ΓG in figure 1.b.
Data, recorded with λL=325.0, 514.5 and 785.0 nm, have been interpreted in the framework of laws
linking Raman parameters together known from the literature. For nano-crystalline samples, these laws
are the Tuinstra relation [1] and the λL dependence of R [2]. These studies have also shown that ΓG
could be approximated for such materials by a linear law with R. For a-C data, we have used the
relations proposed by Ferrari and Robertson [3,4] for R and ΓG for the green excitation wavelength.
Then, we have assumed first, a similar fourth power λL dependency for a-C than for nc-G and second,
continuity between nc-G and a-C at La = La0. With these simple assumptions, and defining the scaled
4
intensity ratio Rλ = R × (514.5/λL) , we succeed in fitting a-C data for the three λL used in this study.
Figure 1.b displays experimental (points) and fitted (lines) Raman parameters in the (Rλ, ΓG) plot in the
case of λL= 325 nm (blue) and 514.5 nm (green) data. The good fit obtained indicates that the λL
dependency of R is shared by both a-C and nc-G.
Nevertheless a lot of green data are still not reproduced using this modeling and we divide TS samples
in three groups: pure nc-G, pure a-C, and intermediate samples, these latter samples being those not
correctly described by the previous laws (grey lines of figure 1.b). We propose to interpret these spectra
as the sum of two sets of bands: one nc-G set composed of three bands, G, D and D', and one a-C set
composed of two bands, G and D. The ratio between these two sets of bands. This choice is supported
by the spectral decomposition usually made in the literature [5, 7]. Our method thus consists in first
building simulated spectra by adding these two sets of bands using realistic parameters (with the “s”
exponent, meaning “simulation”) and second analyzing these simulated spectra with their raw Raman
parameters exactly in the same way as the experimental spectra. The curve of figure 1.b at low ΓG (ΓG <
-1
80 cm ), referred to as simulation S1, is obtained by only taking into account the nc-G set of bands. For
larger ΓG, a deviation from the grey line appears which qualitatively reproduces the experimental trend.
This origin of the deviation from a straight line is thus merely the apparent broadening of the G band
due to the presence of the D' band. To reproduce the experimental trends at larger ΓG, introducing the
a-C set of bands is needed, as shown with simulation S2. Finally, to correctly simulate spectra with ΓG >
-1
80 cm an additional broadening Γadd is needed for the G and D bands of nc-G, (simulation S3).
s
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Figure 2 displays ΓD versus ΓG (experimental and simulated data). Graphitic and pure nc-G,
intermediate and a-C sample widths have been displayed for the green excitation wavelength. C/C data
points are localized on the straight line corresponding to ΓD = 2 ΓG. All the TS data points are distributed
around this straight line, S-shaped. According to [8] the natural broadening of the G band for graphene
is proportional to <DΓ2>F which is called the electron-phonon coupling at the Γ point of the Brillouin zone
(EPC, see [9]). These authors have also shown that < DΚ2>F/< DΓ2>F =2 where <DΚ2>F is the electron
phonon coupling at the K point of the Brillouin zone. As the phonons at this K point are involved in the
existence of the D band of disordered carbons this is an indication that electron-phonon coupling plays
a similar role for all types of carbon.
To conclude, we have shown that fundamental properties such as the λL dependency of the Raman
cross-section and the electron-phonon induced broadening could be used to interpret nc-G as well as aC data, indicating common trends and a continuum of properties among these types of carbons. We
thus get a consistent description of the Raman properties of both types of carbon.
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Figure 1. Raman data corresponding to C/C and Tore Supra samples (green for λL = 514.5 nm, blue for
λL = 325.0 nm). (a) Typical Raman spectra of C/C and TS samples. (b) Raman parameters compared to
simulations. Simulation S1 is obtained with a pure nc-G component. Simulations S2 is obtained by
adding to a nc-G component an a-C component with the introduction of an additional broadening for S3
simulation. (c) is the same as (b) but in the (ΓG,ΓD) plot.
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Graphene dispersions are usually prepared through conversion of graphite to graphite oxide,
subsequent exfoliation of the latter in aqueous or organic medium to yield graphene oxide sheets, and
finally chemical reduction of the exfoliated dispersion [1-3]. Such procedure boasts the merit of affording
single-layer sheets in very large quantities and has proved suitable toward some specific applications
[4]. Still, the resulting graphenes bear a substantial amount of structural defects and residual oxygen
inherited from the oxidation step [5]. This constitutes a serious drawback, as many of the unique
properties of graphene are severely degraded by the presence of disorder. With a view to attaining
dispersions of defect-free graphene, some recent research has concentrated on the liquid-phase
exfoliation of more pristine forms of graphite, rather than graphite oxide [6, 7]. In particular, aqueous
dispersions of relatively defect-free graphene stabilized by some ionic surfactants have been
-1

demonstrated [6]. However, the reported concentrations were typically on the order of 0.01 mg mL ,
which are too low for many practical uses. Likewise, the availability of aqueous dispersions of highquality graphene with surfactants of different types (e.g., non-ionic) could facilitate its use in a wider
range of applications. To the best of our knowledge, these issues have not yet been addressed.
In this communication, we present the preparation of aqueous dispersions of high-quality graphene in a
wide range of surfactants [8]. We compare the performance of non-ionic and ionic surfactants toward
the ultrasound-assisted dispersion/exfoliation of pristine graphite in water. We find the former to be
generally superior to the latter as regards the amount of exfoliated material that can be stably
-1

suspended. Concentrations of high-quality, single- and few-layer graphene as high as ~1 mg mL can
be attained with some specific surfactants (Figure 1). The potential utility of these highly concentrated
dispersions is demonstrated by processing them into different materials, such as free-standing paperlike films and hydrogels (Figure 2).
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Work-function engineering of graphene electrodes by self-assembled monolayers for highperformance organic field-effect transistors
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We have devised a method to optimize the performance of organic field-effect transistors (OFET) by
controlling the work functions of graphene electrodes by functionalizing the surface of SiO 2 substrates
with self-assembled monolayers (SAMs). The electron-donating NH2-terminated SAMs induce strong ndoping in graphene, while the CH3-terminated SAMs neutralize the p-doping induced by SiO2
substrates, resulting in considerable changes in the work functions of graphene electrodes. This
approach was successfully utilized to optimize electrical properties of graphene field-effect transistors
and organic electronic devices using graphene electrodes. Considering the patternability and
robustness of SAMs, this method would find numerous applications in graphene-based organic
electronics and optoelectronic devices such as organic light emitting diodes and organic photovoltaic
devices.
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Strain effect on the electronic properties in graphene
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Within the tight binding approximation, we study the dependence of the electronic band structure and of
plasmonic spectra of a graphene single layer on the modulus and direction of applied uniaxial strain.
While the Dirac cone approximation, albeit with a deformed cone, is robust for sufficiently small strain,
band dispersion linearity breaks down along a given direction, corresponding to the development of
anisotropic massive low-energy excitations. We recover a linear behavior of the low-energy density of
states, as long as the cone approximation holds, while a band gap opens for sufficiently intense strain, for
almost all, generic strain directions. Our calculation of the dielectric function is based on the random
phase approximation (RPA), besides we consider local field effects (LFE), following the method developed
by Hanke and Sham for the calculations of the dielectric response properties of crystalline systems. In this
way we will take into account possible collective excitations of any wavelength as a function of the uniaxial
strain.
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Structurally, nanosized graphenes are nothing but large polycyclic aromatic hydrocarbons (PAHs).
During the last century, organic synthesis has provided numerous methods to prepare large PAHs.
These synthetic methodologies could enable the preparation of graphene fragments with well-defined
edges, a crucial feature of these carbon-based material.

1

In this contribution we described our efforts to obtain well-defined graphene nanoribbons through
organic synthesis, in particular using aryne cycloaddition reactions. Figure 1 shows some examples of
graphene fragments that have been synthesize in our labs by these bottom-up methodologies.
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In constructed model of ultra-short optical pulse propagation in a 2D array of CNTs we assume that the
electric field vector E(x, y, t) is directed along the tube axis, and electromagnetic wave propagates in
the transverse direction (Fig. 1). We also assume the CNTs being ideal, so they have a zigzag
modification and all of them are oriented in the space along about the same direction. The
inhomogeneities of two-dimensional array of carbon nanotubes is simulated by two small diameter
metal wires (Δx,Δy ~ 32 nm), which is placed into the array of CNTs. The axis of the wire coincides with
the axes of nanotubes. To determine the electric current within the region occupied by wires, we
assume the Ohm’s law, j = σE = −σ ∂A c∂t , where σ is the complex conductivity, which generally
depends on the applied field frequency.
The electromagnetic field is considered on the basis of Maxwell equations, and the electronic system of
carbon nanotubes is treated by the Boltzmann equation in relaxation time approximation.
As a result of mathematical transformations we finally come to the following resulting equation for the
vector potential:

∂ 2 Ax ∂ 2 Az 1 ∂ 2 Az q
⎛ maq
⎞
+ 2 − 2
+
cm sin ⎜
Az ( t ) ⎟ = 0
∑
2
2
∂x
∂y
π= m
c ∂t
⎝ c
⎠

cm = ∑ ams bms
s

bms =

q0

∫ dp

z

cos ( mapz ) F0 ( p )

− q0

As was established by numerical simulation, during this evolution, an ultrashort pulse separates into two
components with different amplitudes. Figure 2 shows the result of the numerical simulation of a laser
bullet propagating in a 2D array of CNTs with two closely spaced metal wires. Calculations were
performed for the metal inclusions situated at a distance of 570 nm from the initial pulse position and
displaced each by 60 nm from the axis.
The results of simulation reveal a principally new effect that takes place upon the laser pulse scattering
on two closely spaced wires, namely, the periodic separation of the intensity maximum into two
components and their subsequent merging back into a single maximum. We believe that this
phenomenon is closely analogous to the dynamics of internal soliton modes [3, 4] and consists in the
excitation of intrinsic oscillation modes in the laser bullet upon its scattering on the system of defects,
which leads to the appearance of periodically separating and merging maxima as a result of the
interference between the scattered and primary pulse. The observed behavior allows us to suggest that
boomeron analogs are also possible in other strongly nonlinear 2D systems.
Thus, the results of this investigation can by formulated as follows:
1)

A model is proposed and an effective equation for the vector potential is obtained that
describes the dynamics of propagation of an ultrashort laser pulse in an array of CNTs.
Assumptions used for the model construction are formulated.
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2)

The results of numerical calculations according to the model show that stable nonlinear waves
localized in two directions, which are analogous to the laser (light) bullets, are possible in the
2D case.

3)

The scattering of the ultrashort laser pulse on a pair of closely spaced metal defects is
accompanied by a periodic separation of the pulse maximum into two components followed by
their merging.
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Figures

Fig. 1: Geometry of the problem.

Fig. 2: Distribution of light bullet in an array of carbon nanotubes with two metallic irregularities for two-dimensional
case. a) initial form of light bullet, b) t=0.5·10-12 s , c) t=2.2·10-12 s, d) t=2.6·10-12 s, e) t=2.9·10-12 s.
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Structural and electrical investigations of graphene / 3C-SiC heterostructures elaborated by CVD
on (111) and (100) silicon substrates
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The past decade has seen the emergence of graphene as a promising material for developing high
frequency electronic applications. But before the future graphene based devices can compete with the
current Si technology major challenges must be overcome. Among them, the formation of nanoscale
graphene domains, suitable for the realisation of ambipolar devices, puts light on the importance both of
the elaboration method and the substrate on which graphene is obtained. If bulk hexagonal Silicon
Carbide ( -SiC) substrates have demonstrated a high efficiency for obtaining tuneable graphene
structures [1], their relatively high cost with respect to Silicon as well as their limited diameter size
constitute major issues regarding a widespread dissemination of a graphene based technology. In this
perspective, cubic-SiC ( -SiC or 3C-SiC) epilayers grown on silicon recently gained interest since the
ability to produce graphene films on such templates has been demonstrated under ultra high vacuum
environment [2-4].
In this way, this work aims to discuss the structural and electrical properties of graphene films
elaborated on 3C-SiC/Si templates. Contrary to the previous cited works [2-4], graphene films under
consideration in this contribution have been elaborated under Chemical Vapour Deposition (CVD)
environment, using a derived approach from that we recently proposed to perform direct epitaxy of
graphene on 6H-SiC [7]. It has been demonstrated that such a CVD environment is more efficient to
produce high quality graphene but, to date, only using bulk h-SiC substrates [5-6].
For this work, 3C-SiC epilayers were previously grown on 2inches silicon substrates oriented along
(111) and (100) crystalline directions. Deposition was done in a resistively heated hot wall Chemical
Vapour Deposition chamber with classical two steps deposition process (carbonization / growth) using
silane and propane as precursors diluted in hydrogen. After deposition, epilayers are released to air for
characterization and, for some cases, polishing before graphitization process. This last is done in the
same reactor used for 3C-SiC elaboration. The 3C-SiC epilayers are annealed at 1300°C under a
mixture of argon and propane during 30-60min at a pressure ranging from 6 to 600mbar. After thermal
annealing, structural properties of the graphene/graphite surface phase were investigated by means of
Low Energy Electron Diffraction (LEED), Atomic Force Microscopy (AFM), X ray Photoemission
Spectroscopy (XPS) and Raman Spectroscopy. Basic electrical properties of the surface after thermal
treatment have been measured in a second time by using the circular-Transfer Length Method (c-TLM).
For that purpose, Ti/Au (30/200nm) films have been deposited in an e-beam evaporator using standard
lithography and lift off process to reveal c-TLM patterns. In order to benchmark the graphitization
mechanism, the same graphitization processes have been applied to Si terminated 6H-SiC substrates.
In a first time, we briefly introduce the structural properties of the 3C-SiC/Si templates used for the
study. So we discuss in details the formation of the surface graphitic phase, for both (100) and (111)
crystalline orientations. That is attested by XPS and Raman where typical spectral features attributed to
sp2 carbon linked network are observed after graphitization process. The intrinsic differences of the
graphitization process applied to the two differently oriented 3C-SiC/Si templates are presented. Basing
on XPS and Raman data, it is demonstrated that a more ordered graphitization mechanism, leading to
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the formation of graphene films similarly to the Si terminated face of 6H-SiC substrates, is obtained on
(111) faces. In case of (100) faces, the graphitic phase which is formed subsequently to graphitization
process is more rapidly achieved than on (111) faces but is accompanied by a lower degree of
organization (see Fig. 1). It is also shown that a good homogeneity of the graphene formation on the
whole 2inches template is achieved. The case of polished 3C-SiC(111) epilayers is also discussed.
Finally we present the electrical characterizations performed on both orientations. The influence of the
3C-SiC underlying film on the electrical properties obtained (specific contact resistance and sheet
resistance,

c

and Rsh) is discussed and compared to that obtained with graphene on 6H-SiC substrates

(see Fig. 2).
In summary, our contribution demonstrates the elaboration of graphene films on 2inches 3C-SiC/Si
templates using a CVD approach. We show that structural differences exist between both crystalline
orientations and are investigated. We also present some basic electrical measurements which reveal
the ohmic character of the contact on graphitic phase / 3C-SiC and indication of a better conductivity of
graphitic phase obtained on 3C-SiC(100) films despite a lower surface crystalline arrangement. This
contribution allows to substantiate a low cost approach of graphene formation which could be suitable
for integrating graphene within Si technology.
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Figures
Fig 1 : XPS analysis of the CVD graphitization mechanism
on 3C-SiC(111) and 3C-SiC(100) templates, under the
same experimental conditions.

Fig 2: Determination of c and Rsh by c-TLM method.
Left: experimental measures; right, c-TLM patterns
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The graphene nanostructures allow the control of bandgaps and magnetic properties with size and
shape[1-3]. In particular, the existence of a band of degenerate states near Fermi level of zigzag
ribbons[4, 5] and triangular dots[6-8] was predicted by tight-binding model and confirmed by density
functional theory calculations. In this work, electronic and magnetic properties of triangular graphene
rings potentially fabricated using carbon nanotubes as masks (Fig. 1) are described as a function of
their size and width. We show that many of the properties of triangular graphene quantum dots survive
[7,8] and that new properties related to ring formation appear. The electronic properties of the charge
neutral system are calculated using tight-binding method and interactions are treated using the meanfield Hubbard model. We show that for triangular quantum dots with a triangular hole, the magnetic
properties are determined by the width of the ring, leading to ferromagnetic corners and
antiferromagnetic sides. The electronic properties of graphene quantum dots as a function of additional
number of electrons or holes are described by a combination of tight-binding, Hartree-Fock, and
configuration interaction methods. The ground state of the outer edge is found to be maximally spin
polarized for almost all filling factors. The evolution of the excitation gaps as a function of shell filling
shows oscillations as a result of electronic correlations.
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Poster

Figure 1: Experimental method for designing a TGQR. Three CNTs arranged in equilateral triangle along zigzag
edges play the role of a mask. By using etching methods one can obtain TGQR with well defined edges. The
circumference of CNT determines the width of TGQR. Red and blue colors distinguish between two sublattices in
the honeycomb graphene lattice.
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Since its discovery, graphene has attracted tremendous interest and their unusual properties make it a
promising candidate for future electronic and optic applications [1. 2]. Along the view of designing
graphene-based devices many efforts are devoted to the achievement of large scale graphene
patterning in a reproducible way with controlled structural quality [3]. It is also of prior fundamental
significance to further control the band gap. Recent theoretical studies demonstrated that antidot lattice
can turn semimetalic graphene into a gapped semiconductor, where the size of the gap can be tuned
via the geometry of the lattice [4]. The possibility to open band gaps by inducing artificial defects and the
ability to control the conductivity by physical means is hence a crucial step in order to establish
graphene as a competitive material for future nanoelectronics [5]. Further studies would be important to
find a way to produce graphene with desired defects to modify electronic properties [6]. The
functionalization is suitable way to detect imperfections in a graphene crystal lattice and to separate
natural and arficial defects [7, 8].
We show in this presentation that ultra high resolution Focused ion beam (FIB) is a powerful technique
for tailoring tunable defects by irradiation of a graphene sheet. FIB has the unique capability for rapid
prototyping since it requires neither mask nor resist while processing [9]. Such direct writing does not
require subsequent pattern transformation either. The sub-10 nm spot size achievable by the FIB
method enables the patterning of diverse nanostructures at a very high resolution and offers the
opportunity to functionalize surfaces with a periodic array of controlled identical extended nanodefects.
nanometer scale arrays were fabricated via FIB technology in the low-current processing condition,
which is promisingly useful in the construction of various templates using “Few Layer” graphene on 6HSiC(0001). The topography of the graphene surface before and after fabrication of the patterned areas
is characterized by atomic force microscopy in tapping mode. Raman spectroscopy is used to study
graphene nanostructured with different ion doses. Several examples of patterned graphene will be
presented.
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Figure

TMAFM topography image(a), (e); phase image (b), (f) and profiles (c), (g) of the morphologies of defects created
by FIB on graphene for a 300 nm defect periodicity. (d), (h) represent 3D magnification of one randomly chosen
4
16
-2
defect. Top (a), (b), (c), (d) : moderate fluence 10 ions/dot (2 × 10 ions cm ). Defect characteristics: bump shape,
6
18
-2
FWHM: 30 nm. Bottom (e), (f), (g), (h) : large fluence 10 ions/dot (2 ×10 ions cm ). Defect characteristics: hollow
pit shape, FWHM: 140 nm. The blue lines in figure 3a) and 3e) correspond to profiles given in figures 3c) and 3g)
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Edge effects in graphene nanoislands on Co(0001) probed by STM measurements and first
principles calculations
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We recently demonstrated the growth of regularly shaped, nanoscale islands of graphene on Co(0001)
surfaces [1]. Here we combine low-temperature scanning tunneling microscopy (STM) measurements
and DFT based calculations to study their edge properties [2]. These nanoislands reveal a well-ordered
structure with predominant zigzag termination at the edges, as opposite to what is predicted to be the
most stable configuration in isolated systems [3]. Moreover, STS tunneling spectra show prominent
peaks at low bias, where the edges dominate the images. DFT calculations provide insights into the
relative stability of different edge configurations and passivation conditions, as driven by interactions
with Co. The coupling with the substrate results also in a dramatic modification of both electronic and
magnetic properties at the edges. In order to study hybridization and size effects, we transform to
localized Wannier states and develop a minimal model for the effective

states of these graphene

nanostructures.
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Ultracentrifugation is a well-established technique for Single Wall Carbon Nanotube (SWNT) purification
[1,2,3]. It separates various particles into fractions on the basis of sedimentation rate in response to the
centrifugal force acting on them. There are two main approaches to ultracentrifugation: sedimentationbased separation (SBS) and isopycnic separation, also known as Density Gradient Ultracentrifugation
(DGU). The former discriminates particles by their difference in mass. The latter exploits subtle density
differences between particles in a density gradient medium. Here we demonstrate high yield production
of liquid phase exfoliated graphene [4] by mild-sonication of graphite in aqueous solution of sodium
deoxycholate (SDC), followed by ultracentrifugation-based separation. In particular, we compare SBS
and DGU to obtain dispersions highly enriched in monolayer and few layer graphene [5] .Transmission
electron microscopy (TEM) and Raman spectroscopy show that ~65% of the flakes produced by SBS
2
are monolayers with average size of ~600nm [6,7]. DGU, besides sorting flakes by number of layers,
allows us to obtain larger flakes with respect to SBS. The sorting strategy relies on the 'creation' of
density differences between graphite flakes with different number of layers [8]. In addition to stabilizing
the hydrophobic graphitic flakes in water, surfactants provide the variation of buoyant density dependent
on the flake thickness (Fig. a). We show that sorting by number of layers is strongly affected by the flake
surface/volume ratio and the coverage and clustering (aggregation properties) of the surfactant
molecules (Fig. b). Bile salts and polymers provide better surface coverage compared to linear chain
surfactants resulting in superior DGU separation. SDC bile salts show the best efficiency in exfoliation
and sorting, with ~60% of the flakes in the topmost fraction being monolayers.
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Figures

a) Schematic illustrating the ordering of surfactant molecules around a bilayer graphene flake and the
formation of clusters. The aggregation properties of the surfactant molecules on the flake surface
depend on the surfactant type and concentration b) Fit of the geometrical density model to the
experimental data for different surfactants, showing how the aggregation properties of surfactant
molecules adsorbed on the graphite flakes determine their buoyant density, influencing the sorting by
number of layers. The cases of Sodium Cholate, SC (blue curve,) and Sodium Deoxycholate, SDC (red
curve), are compared with the expected trend for no cluster formation (black curve). The experimental
data for SC are taken from [8]. Large SDC aggregates tend to reduce the buoyant density of the
graphene/surfactant complex, permitting the separation of flakes with a higher number of layers with
respect to SC.
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Development of flexible, interactive electronic displays and devices has long been hindered due to the
brittleness, processing limitations and fabrication costs of transparent conductive metal oxides like
Indium Tin Oxide (ITO). Both Single Wall Carbon Nanotubes (SWNTs) and graphene offer ideal
alternatives as flexible transparent conductors (FTC)[1]. A solution processable hybrid SWNT-graphene
conducting film can be integrated into roll to roll manufacturing of devices requiring FTCs.
Polymer dispersed liquid crystal (PDLC) devices employ liquid crystal (LC) microdroplets embedded in a
host polymer matrix, sandwiched between two transparent conducting electrodes[2]. In the absence of
an external electric field, the LC director distribution (the average direction of the long molecular axis for
uniaxial LC molecules) inside the LC microdroplets causes a refractive index mismatch between the LC
and polymer matrix, resulting in strong forward scattering with a milky white or 'frosted' appearance and
very low optical transmittance. Application of an electric field across the host polymer matrix embedding
the LC microdroplets using the FTCs aligns the LC director distribution parallel to the field, making the
device transparent. Figure 1(a) shows a schematic of flexible PDLC using SWNT-graphene FTCs.
Here, we demonstrate an up-scalable SWNT-graphene hybrid FTC for a PDLC based smart window.
We employ wire-wound rod coating for the aqueous dispersions of SWNTs and graphene on a 125µm
thick polyethylene terephthalate (PET) substrate. First, the SWNT dispersions are ultrasonicated and
centrifuged to remove residual bundles. Graphene flakes are then exfoliated in water by mild sonication
with sodium deoxycholate (SDC), also centrifuged to remove un-exfoliated flakes. The centrifuged
dispersions are then characterized using optical absorption spectroscopy (OAS), Raman spectroscopy
and Transmission Electron Microscopy (TEM). OAS shows a SWNT and graphene concentration of 0.4
-1
and 0.2 gL , respectively. TEM reveals the presence of ~65% mono and bi-layer in the graphene flakes
of 300-600nm dimensions. Raman spectroscopy also confirm the presence of pristine graphene flakes
without structural defects. Rod coating accompanied by washing in an alcohol-water mixture results in
an optically homogeneous FTC. The SWNT-graphene coating itself has 94-97% transparency across
2
the entire visible spectrum with <2% standard deviation in transmittance across a ~200cm FTC sample.
The FTC has ~1kΩ/□ sheet resistance with a standard deviation of ~80Ω/□. The FTCs exhibit ~15%
change in resistance when bent to a radius of ~3.5mm in 10 cycles, far surpassing the ~25000%
increase in a 60 Ω/□ ITO sample on 125µm PET (Sheldahl, Accentia 430300 ITO Coated Films).
2

A ~120cm smart window is then fabricated by laminating a YM55 nematic LC and Norland Optical
Adhesive 65 as the polymer host between two FTCs. The fabricated smart window exhibits excellent
electric field induced light transmittance (~60%) under applied electric field (Figs. 1(b,c)). When OFF,
the device transmits <0.25%, giving a >230 contrast ratio.
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Figures

a) Schematic of a flexible smart window with SWNT-graphene based FTC. b) In the absence of an
electric field, the LC microdroplets cause strong forward scattering, with complete loss of transparency
c) under applied electric field, the director distributions of the LC mocrodroplets align, resulting in a
transparent state.
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A number of new physical phenomena have been discovered in the last few years at the interfaces
between very different materials. The electronic reconstruction induced at these boundaries can give
rise to metallic states [1], magnetism [2], or even superconductivity [3], although the parent compounds
were originally insulating oxides. But not only boundaries of bulk materials are important: in two
dimensional graphene nanoribbons (GNR), edges have become relevant [4]. Here I will present new
striking phenomena induced at the 1D interfaces of bidimensional heterostructures made of
semimetallic graphene and insulating BN nanosheets that may become experimentally available soon
[5]. First-principles density functional calculations of these hybrid C/BN systems show that the magnetic
character of the edge states in zigzag shaped GNR and the polar BN edge team up to give a spin
asymmetric screening that induces half-semimetallicity at the interface, with a gap of a few tenths of eV
for one spin orientation and a tiny gap of hundredths of eV for the other [6]. It will be shown that these
effects can also be observed in tubular geometries with zigzag edges between C and BN domains. The
role of point defects close to the interface and the vibrational properties of these heterostructures will be
discussed.
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Atomic force microscope nanolithography of graphene: cuts, pseudo cuts and tip current
measurements.
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Scanning probe microscopy (SPM), not only a powerful tool for imaging is also an established method for
the manipulation and patterning of materials on the nanometre scale[1]. The atomic force microscope
(AFM), part of the SPM family, now routinely used as a lithographic tool for Si and GaAs nano-scale
device fabrication[2,3], shows significant potential for device fabrication in graphene[4], a material of great
current interest due to its exceptional mechanical and electronic properties[5].
AFM lithography (AFML) on graphene, performed under ambient conditions, utilises the dissociation of
water molecules, due to a tip induced electric field, and the subsequent oxidation of the graphene
substrate to fabricate desired nano-structures. Most commonly electron beam lithography and
subsequent plasma etching is used for the fabrication of nano-scale graphene devices[6,7] however
AFML offers several advantages over this technique: it has nm scale resolution, can be performed under
ambient conditions, eliminates the need for e-beam resists and associated contamination, allows in situ
device measurement during lithography and allows further device modifications to be carried out easily
and at any time. Many of the key parameters required for successful AFML are not yet well established
and device fabrication is not yet routine. In addition there has as yet there not been any systematic study
of the tip current during AFML of graphene.
In this work, we investigate in detail the cutting of the graphene lattice with an AFM tip. In particular, we
measure the tip current, Itip, during the cutting process. From these measurements we identify two distinct
regimes (see Fig 1): finite and zero tip current lithography. We find that we cut graphene only when I tip,
drops to zero (within our noise floor) and that pseudo cuts appear when I tip, is non-zero. These pseudo
cuts, in which the electron system of graphene remains uninterrupted, cannot be distinguished from real
cuts by AFM height imaging but become apparent using transport experiments and scanning electron
microscopy (see Fig 2). Our results provide new insight into the oxidation mechanism of graphene and
identify the parameter range for true cuts which is crucial for device fabrication.
Finally, we demonstrate device fabrication. Fig.3 (a) & (c) show AFM images of a quantum wire and
quantum dot (QD), respectively, formed in a bi-layer flake by AFML. Fig.3 (b) shows conductance vs back
gate voltage Vbg of the quantum wire at 4.2 K. The flexibility of AFML is illustrated by Fig.3 (d) which
shows measurements of the QD conductance vs Vbg at 4.2 K both for the quantum dot as shown in Fig.3
(c) (blue line) as well as that of the same device but with the entrance barriers of the quantum dot
narrowed from ~ 150 nm to ~ 50 nm in a subsequent AFML step shown by the blue arrows in Fig.3 (c).
As expected the conductance is significantly lower in the post modification device with an increase in the
gap observed[8]
In conclusion, we have studied the local oxidation of graphene by an AFM tip. We demonstrate that at low
bias voltages the graphene is typically not cut even though clear depressions are observed in AFM height
images. Our work demonstrates that a high tip current is not necessary for local oxidation of the graphene
lattice. Only when the tip current vanishes is the graphene lattice cut. These conclusions are supported
by scanning electron microscopy and transport experiments. The ability to distinguish between pseudo
cuts and cuts as demonstrated here is important for graphene device fabrication by AFM nanolithography.
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Figures

Figure 1. A series of cuts in a monolayer graphene flake, made using an AFM tip at increasingly negative
voltages relative to the grounded flake. Upper panels show averaged height profile cross-sections of the
cuts, central panels show the corresponding AFM micrographs and the bottom panels show the current,
Itip, through the AFM tip as a function of time t, recorded during the cutting process where t = 0 is the start
of tip contact. The series is performed using a single, non coated, doped silicon sensor tip.

Figure 2. (a) & (b) show AFM (left) and SEM images
(right)
of two triangles cut with Vtip < Vthresh such that the
current, Itip, through the tip during cutting is approximately
zero. In the topographic AFM images the central regions are
clearly visible, however in the SEM images the central
regions are no longer seen, these regions must be
charging
up in the electron beam and must therefore be
electrically isolating. (c) & (d) show AFM (left) and SEM
images (right)
of two triangles cut with V tip > Vthresh such
that the current,
Itip,t through the tip during cutting is ~ 100
uA. The AFM
images are qualitatively similar to those
in (a) & (b) however no contrast is seen in the SEM images
and the central
region in this case remain electrically
connected to the rest
of the flake. (e) & (f ) show SEM
images of the areas of the flake on which the triangles were
cut with blue arrows to
indicate the locations of the
triangles shown in (a)-(d).

Figure 3. (a) AFM image of a ~ 65nm constriction
formed in
a
bilayer flake using AFML and (c), its
conductance, G, vs Vbg at 4.2 K. (c) QD formed in a bilayer
flake using AFML, the entrances are initially ~ 150 nm,
these are then modified,
as indicated by the blue arrows,
using AFML to be ~50 nm. (d) G vs Vbg at 4.2 K of the dot
pre-modification (blue curve)
and
post-modification
(black curve).
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On the properties of new graphene nanoplatelet-silicon nitride composities consolidated by
spark plasma sintering
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Silicon nitride (Si3N4) based materials are ceramics with a high potential for many applications owing to
their interesting properties, such as the high hardness, the high temperature strengths, the good
behavior under wearing conditions and the extraordinary toughness that can attain if convenient
microstructures are developed [1]. Si3N4 is an electrical insulating material and regarding its thermal
conductivity, a quite range of values can be achieved, again depending on the microstructure and the
phases present in the material ( / phase ratio) [2]. It would be valuable to explore how these properties
may be altered by the addition of the new graphene nanostructures presently available in relatively large
amounts.

In this work we deal with the challenging preparation of silicon nitride – graphene

nanoplatelets (GNPs) composites, taken special care in achieving dense materials with homogeneously
dispersed GNPs. This was not an easy task and in fact some degree of platelets agglomeration was
unavoidable.

To prepare the dense Si3N4-GNPs composites the spark plasma sintering (SPS) technique, in short a
pressure assisted sintering furnace in which the heating is provided by a pulsed direct current supplied
to the graphite die that contains the powdered mixture, was used because allows very high heating
rates ( 100 °C/min) and very short residence times at high temperatures. Composites with a range of
GNP concentrations were equally processed (3-15 wt%). The preferential orientation of the platelets
(less than 60 nm thickness, Fig 1 a-b) with the a-b graphene plane perpendicular to the sintering axis
was favored by the applied pressure, generating certain degree of anisotropy in the properties of the
composite.
Raman spectroscopy, used to control damage of the GNPs, allowed the observation of orientation by D
peak integration and made possible the identification of few layer graphene stacks in the composites.
Local electrical response was investigated by conducting scanning force microscopy showing
differences in conductivity between the plane and cross section surfaces of the composites, signaling
further the GNP orientation effect. Preliminary thermal conductivity studies also evidenced the role of
the GNPs in this property and the orientation effect.
Mechanical properties of these composites has been determined by Vickers indentation tests, In
general a decrease in hardness, elastic modulus and toughness was verified, but data need to be
interpreted with precaution as residual stresses in the specimens were quite large as the spall off often
revealed.
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Figure 1.
a) Topography of graphene nanoplatelet and b) correspondent height profile, c) Confocal Raman image
scan of a GNP-Si3N4 composite cross section showing platelet edges in bright color, d) Merged images
of current map and topography of a Si3N4 grain surrounded by GNPs.
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Graphene based membranes provide ideal materials to implement semi transparent mirrors that
can be electrostatically actuated [1, 2] and which motion can be optically detected [1]. We fabricate
micron-scaled optical cavities composed of a multi-layer (MLG) graphene cantilevers free-standing over
an oxidized silicon wafer. Reflectometry and Micro-Raman characterization is performed by scanning a
laser probe over the cantilever. Thickness variations within the MLG/Silica gap induce equal spacing
interference fringes in both the reflected and Raman scattered waves. Spatial variations within
interference patterns allow to spatially split all Raman modes emitted by both MLG and Silicon
substrate. The cavity finesse of the resulting Fabry-Pérot-like interferometer can reach about 6 and is in
agreement with simulation involving graphite based semi-reflecting membrane of similar geometry. The
MLG membrane is connected to a gold gate electrode that allow to apply an electric field within the
cavity and tune the cavity thickness with nanometer precision. Intensity of the reflected light and Raman
lines exhibit quadratic dependence upon the applied gate voltage while G and 2D Raman modes show
a softening in frequency as well. We discuss the use of such devices for implementing devices that
allow the measurement of Casimir force.
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Figure 1 : (a) : Schematics cross-section of a MLG optical cavity showing the air-wedge obtained by partial
underetch of silica. (b) : Optical micrograph acquired under white light irradiation of sample A showing
iridescence effects. The left part of the flake sticks-up and thus show some blur due to off-focus. (c) : SEM
micrograph of sample A. (d) : Raman map of MLG G mode intensity. (e) : Raman map of MLG 2D mode
intensity

Figure 2 : dark triangles: Raman Intensity (left axis: arbitrary units) of E2G phonon mode (G band) as a
function of time. Red circles: E2G phonon frequency (right axis: cm-1) as a function of time. Plain dark line:
Gate voltage applied as a function of time, triangular signal centered at zero.
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In the present work we show the first experimental evidence of Hall quantization in graphene
nanoribbons along with the impact of the 1-D confinement of Dirac fermions.
Carbon-based nanoelectronics is, in the actuality, one of the most promising subjects of
nanotechnology. The challenging task for technologists is the achievement of clean devices with an
engineered energy gap. The lateral confinement in graphene nanoribbons leads to a series of 1-D
electronic sub-bands with a confinement gap. In presence of a large enough magnetic field, the band
structure evolves to magneto-electric sub-bands and graphene-like Landau levels are expected to
develop. The presence of these Landau levels makes itself evident with the appearance of ShubnikovdeHaas (SdH) oscillations and conductance quantization plateaus.
Up to now, Hall quantization in graphene nanoribbons (GNRs) remains puzzling since no experimental
evidence has been found for widths smaller than 200 nm [1-4]. The absence of Hall quantization in
GNRs has been attributed to disorder, which is suspected to crosslink the chiral edge currents and
impede the conductance quantization.
Lithographically patterned GNRs of 100 and 70 nm widths are made using oxygen plasma etching and a
PMMA etching mask. These GNR present a high conductance, a high field effect mobility and a weakly
diffusive transport regime with presence of Fabry-Perot oscillations at low temperature. Magnetoresistance (MR) measurements show the first experimental evidence of Hall quantization in GNRs (Fig.
1) for filling factors ν = 2 and 6. On the other hand, anomalies in the magneto-transport measurements
are evidenced:
(i)
(ii)
(iii)

At high electrostatic doping level SdH oscillations show a clear departure from the regular
linear behaviour of the Landau index as a function of 1/B (Fig. 1(a) inset). This is a direct
signature of the electronic confinement that starts to overcome the magnetic confinement.
The maxima of MR for all the ribbons, fingerprint of the Landau levels depopulation [5],
present an up-shift of several Tesla compared to the theoretical value [6].
The narrower ribbons exhibit the expected 6G0 conductance maxima for a two-terminal
measurement [5] but the 2G0 plateau is absent and the depopulation of the N=2 Landau
level goes along with an unusual double peak of the resistance (Fig. 1(b)).

To unveil the origin of the singular Landau spectrum we performed numerical simulations of the GNR
band structure as a function of the perpendicular magnetic field and self-consistent calculations of the
carrier distribution under magnetic field. We directly compared the oscillatory behaviour of the magnetoresistance and the onset of the magneto-electric sub-bands (Fig. 2). The simulations give evidence of
magneto-oscillations of the Fermi energy (blue line in Fig. 2) which consistently explains the broadening
of the magneto-resistance peaks and their up-shift lo larger magnetic field. The presence of a second
peak in the MR spectrum (Fig. 2 (b)) also finds a natural explanation: this is the clear signature of the
orbital degeneracy lifting enhanced by the magnetic field and the pinning of the Fermi energy.
References
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Figures

Fig 1. Two terminal magneto-resistance measurements in a) GNR of 100nm width exhibiting the h/2e2
and h/6e2 quantization Hall resistance. Inset: Landau level index as a function of 1/B from: experimental
magneto-resistance (circles) at high electrostatic doping, band structure calculations (crosses) and
calculations of occupied sub-bands in a hard-wall confinement.
b) Magneto-resistance of a GNR of 70nm width with the presence of a double resistance peak in the
crossing of N=2 Landau level.

Fig 2. Numerical simulation of the band structure (black lines) in 814-aGNR (100 nm, Sample A) and
571-aGNR (70 nm, Sample B), self-consistent calculations of the Fermi energy under magnetic field
(blue curve) and direct comparison with magneto-resistance measurements (red curve).
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Catalytic-Free Synthesis of High Mobility Graphene on Sapphire
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Recent success of graphene transistor operation in the GHz frequency range demonstrates the
1,2,3

potential of this material for high speed electronics.

Methods such as spin deposition of reduced

4

graphene oxide, chemical vapor deposition (CVD) on metal substrates,

5,6

plasma assisted deposition,

7

8

and sublimation of Si from the surface of single crystal SiC semiconductor wafers have all shown
potential for large area synthesis routes. Of these techniques, the CVD process is likely the most
attractive alternative to the “well established” silicon sublimation from SiC due to the inherent control
over process chemistry and the flexibility in choosing precursors. To date, CVD of graphene has been
limited to catalytic growth on Ni or Cu at temperatures near 1000°C.

9,10

However, the presence of a

metal substrate induces challenges for the production of semiconductor devices. We present a novel
CVD process for the growth of high quality monolayer graphene on sapphire without the presence of a
metal catalyst.
We will discuss catalytic-free synthesis of graphene on standard 50 - 100 mm diameter c-plane
sapphire wafers. Graphene films are synthesized via the decomposition of methane (CH4) in hydrogen
(H2) using an argon (Ar) carrier gas. Growths are performed at 1425 C - 1700 C at pressures of 50 600 Torr. Highly uniform growth is achieved via this technique, with variation in sheet resistance across
a 50mm wafer of <2% (Figure 1) – comparable to industry standards. Raman spectroscopy confirms the
formation of monolayer and bilayer graphene, with improved structural quality as deposition temperature
increases. Using the D/G ratio, we find that the domain size increases from an average low of 32 nm at
1425-1450 C (D/G = 0.42) to greater than 270 nm (D/G = 0.05) at 1575 C (Figure 2a and 2b).
Additionally, we find that in all cases, the 2D/G ratio is greater than 1.5 with the 2D peak being fit to
either one or four Lorentzians, indicating deposition of mono- or bi-layer graphene (Figure 2b and 2c) is
achieved. In addition to high structural quality, CVD graphene on sapphire yields strain relieved films
with minimal graphene/sapphire interaction, as indicated by a 2D peak position that ranges from 2685 –
-1

2705cm (Figure 2d), indicating minimal interaction between the graphene and sapphire. Additionally,
according to XPS (Figure 2e), there is no evidence of an interfacial (buffer) layer between graphene and
sapphire.

Importantly, we will also present data indicating that catalytic-free synthesis on sapphire produces
graphene with superior transport properties compared to graphene on SiC(0001) and comparable to
high quality catalytic-CVD graphene. Evident in Figure 4, the carrier mobility dramatically improves from
2

2

<1000 cm /Vs to an average of 3200 cm /Vs as the growth temperature is increased to >1500 C.
Additionally, we note that water vapor and other environmental conditions can significantly effect the
charge carrier concentration and thus mobility. This is evident in Figure 4, where we find a mild anneal
-5

at 5x10

Torr for 3 hrs results in a 1.5x increase in carrier mobility, presumably the result of water

desorption from the graphene.

Finally, transport properties vary little with magnetic field and

temperature (Fig.5).
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Figures

Figure 1: Sheet resistance map of a 50mm wafer of
graphene on sapphire demonstrating a high level of
uniformity.

Figure 3: Atomic force micrograph of
graphene on sapphire grown at 1500 C.
Note the presence of steps in the sapphire
substrate and small wrinkles (<1nm high)
in the graphene film.
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Figure 2: Raman spectroscopy (a-d) of graphene grown
on sapphire demonstrating improved structural quality
(a,b) with growth temperature, mono and bi-layer
graphene (c), and XPS (e) indicating the lack of a buffer
layer compared to graphene on SiC.

Figure 4: Carrier mobility and
concentration of graphene/
sapphire as a function of
temperature and measurement
conditions.

Figure 5: Carrier mobility and
concentration of graphene /
sapphire grown at 1500 C as a
function of magnetic field at 300K
and 100K.

In situ electron microscopy observations of graphene growth from metal films
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Graphene can be obtained by different methods including mechanical exfoliation of graphite, surface
decomposition of silicon carbide, chemical vapor deposition (CVD) of carbon-containing gases on suitable substrates, different chemical methods, or carbon segregation from solid solutions. For methods
involving growth on metals, as in CVD and carbon segregation, the underlying principle implies the
transformation of carbon from gas or solid solution to graphene. Therefore, in order to fully understand
graphene growth we must consider how and under what conditions such transformations occur.
Here we show that single-and few layers graphene can be grown by annealing metal films supported on
amorphous carbon films, the latter acting as the carbon source. The process involves the uptake of
carbon by the metal films followed by graphene nucleation and growth on the metal surfaces. The
process has been carried out in a Transmission Electron Microscope (TEM, JEOL 2100F) allowing for
image acquisition with high spatial resolution during the growth process at high temperature [1].
Polycrystalline films with thicknesses and crystallite sizes of ~ 10 nm of Fe, Co or Ni were deposited
over 20 nm thick amorphous carbon films in a cathodic sputtering chamber. The specimens where then
-5

heated in vacuum inside the TEM (~ 10 Pa) up to temperatures of 750°C while the induced transformations were observed. As the temperature was raised, ripening of the metal crystals occurred, leaving
uncovered areas of the carbon film. Above ~ 600°C, the uncovered carbon film showed domains of
single- and few layers graphene, proving that that the amorphous carbon had undergone a transformation to graphene which was catalyzed by the metal. A further increase of temperature led to ongoing
2

ripening of the metal and areas of ~ 0.01-0.02 m of free-standing graphene were obtained (see figure,
top).
During this work a second method to visualize the formation of graphene in situ has been developed.
We have found (work in preparation) that by electron irradiation of the interfaces between the metal
crystals and the amorphous carbon film at high temperature, it is possible to induce the migration of the
metal atoms towards the amorphous carbon, and so to induce growth of a metal lamella on the carbon
film. The inherent instability of such a thin lamella of ~ 20 nm width and tens of nanometers in length
leads to a sudden retraction of the lamella towards the crystal from where it has grown after a certain
length has been exceeded or after a further increase in temperature. Again, the uncovered area reveals
graphene domains (see figure, bottom).
We put forward an experimental approach based on the solid-state transformation of amorphous carbon
to graphene by a catalytically active metal. In addition, we show that it is possible to “pattern” graphene
areas of 10-20 nm in width by making use of the interaction between metals and amorphous carbon
under an electron beam. The process has been carried out in a Transmission Electron Microscope
(TEM) which allows for in situ recordings of the complete growth process, involving the transformation of
amorphous carbon into graphene via a catalytically active metal.
References
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Figure

Figure 1: (Top) Scheme of graphene growth from a metal- carbon bilayer system. Carbon uptake in the metal is
induced by an increase in temperature. This process is followed by graphene growth at the metal surface originally
in contact with the amorphous carbon. Finally, metal retraction driven by ripening uncovers graphene domains.
(Bottom, left to right) Top view of metal retraction from a graphene lamella. The inset shows how the amorphous
carbon is graphitized next to the metal catalyst. Labels a-C, Co and G stand for amorphous-carbon, cobalt and
graphene, respectively.
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Revivals of electric current in graphene in the presence of an external magnetic field are described. It is
shown that when the electrons are prepared in the form of wave packets assuming a Gaussian
population of only positive (or negative) energy Landau levels, the presence of the magnetic field induce
revivals of the electron currents, besides the classical cyclotron motion. When the population comprises
both positive and negative energy Landau levels, revivals of the electric current manifest simultaneously
with zitterbewegung and the classical cyclotron motion. We relate the temporal scales of these three
effects and discuss to what extent these results hold for real graphene samples.
Moreover, we study the time-evolution of localized wavepackets in graphene quantum dots under a
perpendicular magnetic field, focusing on the quasiclassical and revival periodicities, for different values
of the magnetic field intensities in a theoretical framework. We have considered contributions of the two
inequivalent points in the Brillouin zone. The revival time has been found as an observable that shown
the break valley degeneracy.
References
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Adhesion of graphene on muscovite mica: an ab initio study
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Graphene is at the focus of many research activities worldwide. Its remarkable electronic properties
make this material a promising candidate for a large variety of electronic applications. Although
graphene is treated as a free-standing sheet, practically it is usually deposited on different substrates
owing to the peculiarities of preparation techniques. The role of substrates and their effect on the
electronic properties of graphene are actively debated, but are still not clearly understood.

Muscovite mica [KAl2(Si3,Al)O10(OH)2] is an appealing substrate for use in graphene-based devices
owing to its relative atomic smoothness and good dielectric properties. Experimental studies show that
graphene monolayers display an exceedingly flat structure being placed on mica, which is several times
smoother than graphene on the most widely used dielectric (SiO 2) [1]. So far, the absence of theoretical
investigations of this system was not allowing to establish unambiguously the nature of interfacial
interactions between the mica surface and graphene.

In our work, we investigate the adhesion and electronic properties of graphene on a muscovite mica
surface using the density functional theory (DFT) with van der Waals interactions taken into account. By
assuming an atomic disorder on the mica surface we examine different possibilities for its surface
+

structure: (i) electroneutral surface with uniform distribution of K ions; (ii) electropositive structure with
+

+

double K coverage; and (iii) electronegative structure in the absence of K ions (see Fig. 1).

We found that irregularities in the local structure of cleaved mica surface provide different mechanisms
for the mica-graphene binding. By assuming electroneutrality for both surfaces, the binding is mainly of
vdW nature, barely exceeding thermal energy per carbon atom at room temperature. In contrast, if
potassium atoms are non uniformly distributed on mica, the different regions of the surface give rise to
n- or p-type doping of graphene. In turn, an additional interaction arises between the surfaces,
significantly increasing the adhesion. In Fig. 2 the densities of states (DOS) for all three considered
cases are shown displaying the Fermi level shifts in the electropositive and electronegative cases.

A non uniform distribution of potassium atoms over the mica surface also provide a mechanism for
variations of graphene height on mica. An estimation of maximum height variation shows an agreement
with topographic date of atomic force microscopy (AFM) [1]. The upper limit of experimentally observed
height variations corresponds to the calculated variations of the distance between graphene and the
different types of mica surfaces (1.5 Å) with probability around 99%.

This correspondence between

theoretical results and experimental data allows us to conclude that the irregularity of potassium distribution on the
substrate plays a major role in the formation of the graphene corrugations on mica.
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In addition, it is important that the typical shape of a graphene electronic structure remains unchanged
while graphene is deposited on mica (Fig. 2). This makes mica a potential candidate for its use as a
substrate for graphene-based electronics, in spite of the fact that induced charge impurities may
somewhat restrict the unique transport properties of graphene.
References
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Figures

Fig. 1. Equilibrium structure of graphene supported on a (a) neutral mica surface, (b) positive mica surface, and (c)
negative mica surface. Only the topmost tetrahedral layer of mica is shown.

Fig. 2. Projected electronic density of states for graphene deposited on the (a) neutral mica surface, (b) positive
mica surface, and (c) negative mica surface. Oxygen DOS is reduced by a factor of 5 for clarity. Zero energy
corresponds to the Dirac point of graphene. The vertical line accentuates the Fermi level.
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Electron transport through the Corbino disk in graphene is studied in the presence of
uniform magnetic fields. At the Dirac point, we observe conductance oscillations with the
flux piercing the disk area Φd , characterized by the period Φ0 =(2h/e)\ln(Ro/Ri), where Ro
(Ri) is the outer (inner) disk radius. The oscillations magnitude increase with the radii ratio
and exceed 10% of the average conductance for Ro/Ri ≥ 5 in the case of the normal
Corbino setup, or for Ro/Ri ≥ 2.2 in the case of the Andreev-Corbino setup. At a finite but
weak doping, the oscillations still appear in a limited range of |Φd | ≤ Φd max, away from
which the conductance is strongly suppressed. At large dopings and weak fields we
identify the crossover to a normal ballistic transport regime.
[1] A. Rycerz, Phys. Rev. B 81, 121404(R) (2010).
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A promising candidate to replace SiO2 as a standard substrate material in graphene devices is
hexagonal boron nitride (h-BN). Compared to graphite, it has a remarkably similar lattice structure (Fig.
1): weakly bound two-dimensional layers of strong sp2 bonds within an honeycomb arrangement and a
lattice constant which differs less than 2% from that of graphene. The electronic structure, however,
exhibits clear differences: the chemically inequivalent occupation of the sublattices makes h-BN a wide
band gap isolator. Experiments prove highly enhanced electron mobilities in graphene devices with hBN substrates.
In this work, we present simulations of graphene adhesion on h-BN substrates based on first-principles
methods. In detail, we calculate adhesion energies of different stacking configurations within the random
phase approximation (RPA) in the framework of adiabatic connection fluctuation-dissipation theory
(ACFDT). Comparing the results to local density approximation (LDA) and generalized gradient
approximation (GGA) calculations, we show that a description of the weak adhesive forces with
methods beyond standard density functional theory (DFT) is required to obtain accurate adhesion
energies (Fig. 1). Analyzing the elastic properties of h-BN sheets, we discuss mechanisms leading to
stacking disorder.
Another subject of our research is the simulation of realistic impurities on graphene with the focus on
atomic and molecular adsorbates. Appearing either as undesired obstacles from the experimental
environment or as controlled perturbations, these represent a frequent source of electron scattering.
The mechanism delimiting the electron mobility of present graphene samples is still being
controversially debated. Resonant impurities as well as charged impurities have been discussed as
possible dominant scattering sources. Calculations relevant for both types of scattering will be
presented in the following.
One part of this work is dedicated to the theoretical investigation of doping effects in graphene; in
particular, monovalent adsorbates are considered. Extensive DFT calculations are presented to derive a
theory of doping and charge redistributions in graphene and to identify simple models describing these
effects realistically (Fig. 2). We concentrate on two issues: charge transfer as relevant for doping, i.e.
changes in the number of mobile carriers, as well as charge transfer as relevant for Coulomb scattering.
For hydrogen, fluorine, hydroxyl, chlorine and potassium adsorbates we determine the amount of the
charge transfer by means of different electrostatic models and compare to band structure based
methods. Furthermore, by means of a tight-binding model, impurities are illustrated to lead to long-range
doping of graphene such that even ultra-low concentrations of contamination do affect the carrier
concentration. We investigate the effects of long range Coulomb interaction in this context and show
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that the Coulomb repulsion plays a minor role in the process of charge redistribution for realistic impurity
concentrations.
Finally, we present a first-principles theory of resonant scatterers in graphene and show that a broad
range of realistic impurities, such as various organic molecules, can limit electron transport in typical
exfoliated graphene samples. In accordance with recent experiments, the conductivity of graphene
contaminated with these impurities is obtained from Boltzmann transport theory as well as from a
numerically exact Kubo formula approach with first-principles parameters.
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Figures

Figure 1. Left: Possible orientation of graphene on h-BN with the carbon atoms (yellow) sitting over the h-BN hollow
site and on top of a boron atom (dark blue), while the nitrogen atoms (light blue) are uncovered. Right: Total energy
calculations of the pictured stacking within RPA, LDA and GGA as a function of the distance between the graphene
and the h-BN sheet.

Figure 2. Graphene supercell with fluorine adatoms (red dots). The contour plot shows the electrostatic potential (in
eV) in the vacuum at a height of 4.9 Å extracted from DFT simulations.
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Conjugated polymeric materials have been extensively investigated due to their potential commercial
applications in molecular-scale electronics including light-emitting diodes, electrochromic displays, fieldeffect transistors, integrated circuits or solar cells [1]. In the last case the active layer of polymeric
devices is a donor–acceptor bulk heterojunction composed of a conjugated donor polymer mixed with
acceptor molecules or macromolecules [2].
2

The fascinating properties of Graphene, a one-atom-thick planar sheet of sp -bonded carbon atoms in a
quasi-2-dimensional (2D) disposition have made it one of the most promising materials of the first
st

decade of the 21 century [3]. Its electronic properties, particularly incredible electron mobility and large
specific area render it a competitive alternative as electron-accepting material in photovoltaic device
applications.
In order to prepare graphene/conjugated polymers we thought click chemistry to be the ideal tool
because of its modular nature, high selectivity, reactivity and reliability. Here we describe the click
reaction between alkyne-functionalized graphene (alqG) and Poly[(9,9-dihexylfluorene)-co-alt-(9,9-bis(6-azidohexyl) fluorene)] (PFA). This is the first study of a broad work schedule planed in order to study
the superior properties of graphene-reinforced composite obtained from click coupling between
graphene and both conjugated and conventional polymers.
The alqG e was obtained by reduction of GO in alkaline aqueous medium followed by coupling reaction
with 4-ethynylaniline at 80º C using isoamyl nitrite. The success of the reaction was confirmed by FTIR,
Raman and HNMR spectroscopy. Subsequently, the click reaction was carried out by mixing the alq-G
with the PFA using CuBr and PMDETA as catalytic system (Figure 1). The product was named PFA-1

click-alqG. The success of the click reaction was supported by FTIR, where the band around 2090 cm ,
assigned to the azide group, markedly diminishes. The band did not completely disappear probably
because the concentration of alkynes immobilized in graphene sheets is lower than that content of azide
in the PFA. More studies are being undertaken in order to obtain the optimal reaction conditions.
Interesting results were obtained when the absorption/emission spectra were collected in a range of
solvents with different polarities. For instance, in o-dichlorobenzene (o-DCB) the UV-visible and
fluorescence spectra of the PFA-click-alqG resemble that obtained for the pure PFA suggesting no
effect of the graphene on the electronic behaviour of the polymer. However, in a more polar solvent,
dimethylformamide (DMF), the maximum absorption band blue shifted around 50 nm and the emission
spectra of the polymer retained only a 10% of the original photoluminescence. This quenching may be
originated by resonance energy transfer from the excited state of PFA to graphene.
The above results indicate that the PFA-click-alqG adopt different structures (with some degree of
ordering) depending on the surrounding environment. In the first case, o-DCB it is a good solvent for
graphene, keeping it away from the PFA chains; while in DMF, a poor solvent for graphene, graphene is
folded polymer favouring the energy transfer and quenching.
These are preliminary results and more experiments are being conducted to confirm the above
hypothesis.
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Quantum Hall Effect in trilayer graphene
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We have carried out magnetotransport experiments in a trilayer graphene sample processed with Hall
bar geometry. We have studied the temperature dependence of the Hall and longitudinal resistance in
the temperature range 2-190 K and using as a driving parameter the magnetic field up to 22 T. We have
observed the presence of the ν=6 quantum hall (QH) plateau in our sample. To our knowledge this is
the first report of a QH plateau in non-suspended trilayer graphene. This result is in agreement with the
expected series for the QH plateaus in trilayer graphene: ν=±6,±10,... (see Refs. [1] and [2] and
references therein).
We have also studied the symmetries of the four-terminal resistance configuration in the QH regime. We
found an additional symmetry, RLt (B)= RLb (-B) where the upper index denote the “top” and “bottom” pair
of contacts as showed in Fig. 1. This symmetry does not emerge from a straight-forward application of
the Büttiker multiprobe formula. It has been previously reported for mesoscopic samples prepared from
InGaAs/InAlAs quantum wells [3] and it has been attributed [4] as a result of an interplay between chiral
edge currents and the tunneling between the “top” and “bottom” edges of the Hall bar. We think our
results could be of some interest to elucidate the role played by edge currents in the high-B regime in
trilayer graphene.
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Figures

Figure 1: Geometry and contact labels for our trilayer graphene Hall bar.

Figure 2: Longitudinal (ρxx) and Hall (ρxy) resistivities as a function of the magnetic field at temperatures from 2 K to
190 K.
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Microelectronic devices in graphene
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Graphene is the thinnest electronic material, merely one atom thick, with very high carrier mobilities,
and therefore it should enable transistors operating at very high frequencies. Here, we have explored
several routes to graphene-based electronics.
We mainly used monolayer, bilayer and tri-layer graphene flakes obtained by peeling graphite onto a Si
wafer with a 300 nm SiO2 top layer. We have processed several devices by using mainly e-beam
nanolithography including Hall bars, FET and SET transistors and Quantum Rings.
To characterize the graphene quality we used micro-Raman and AFM studies previous to device
processing. We first characterize our devices with quantum Hall effect (QHE) measurements to obtain
density and mobilities as a function of the back gate.
We measured the concetration of carriers for different voltages and extract a rule for each device.
We made several tests to check the quality of our sample. The integer QHE appears both by varying the
gate voltage and the magnetic field.
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Figures

a)

b)

Figure 1: a) The back gate allow us to change the carriers nature from hole (p) to electrons (n) changing the
carrier density in several orders of magnitude. b) The output characteristics tuning the current with the back-gate
contact. The back gate covers the whole device but this effect could be used in a more useful way creating top
nano-gates allowing RF transistor working at very high frequencies
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Figure 2: Output characteristics the transistor by applying different top gate voltages.
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Magnetism of Graphene with Defects: Vacancies, Substitutional Metals and
Covalent Functionalization
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Magnetic properties of graphenic nanostructures, relevant for future spintronics applications, depend
crucially on doping and on the presence of defects. Here we present a theoretical study using density
functional calculations of the structural, electronic and magnetic properties of defects such as:
substitutional doping with transition metals[1, 2, 3], vacancies [6, 7], chemical functionalization with
organic and inorganic molecules[4, 5], light atoms[4], and polymers[4]. We have found that such defects
can be used to create and control magnetism in graphene-based materials. Our main results can be
summarized as follows:
(i) Substitutional metallic impurities can be fully understood using a model based on the hybridization
between the states of the metal atom, particularly the d electrons, and the defect levels associated
with an unreconstructed D3h carbon vacancy. We identify three different regimes associated with the
occupation of the different electronic levels between hybridized graphene-metals which determines all
the magnetic properties obtained by the doping;
(ii) In chemical functionalization, independently of the particular adsorbate, a spin moment of 1.0 Bohr
is induced when a molecule chemisorbs on a graphene layer via a single C-C covalent bond. This
effect is similar to H adsorption, which saturates one pz orbitals creating an effect on the electronic
structure that resembles a single vacancy in a π-tight-binding, however with universal character. The
magnetic coupling between adsorbates was also studied and showed a key dependence on the
sublattice adsorption site;
(iii) Monovacancies under isotropic strain display a rich phase diagram of spin solutions with the
geometry configuration. Stretching increases the moment in different spin phases and compression
reduces or even kills the magnetic moment. The transition to the non-magnetic solutions can be
traced to changes in the local structure of graphene that are associated with the global rippling of the
layer.
All these results provide key information about defects in the magnetism of graphene.
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Figure: Some of our models for: A. and B. Spin densities of a Co and Ni atoms at a substitutional site in graphene
and a carbon nanotube, respectively; C. Exchange energy along zigzag direction of two Co atoms at the same or
opposite graphene sublattice (e.g. AA or AB); D. Slater-Pauling-like plot for transition metal impurities saturating a
monovacancy in graphene (substitutional site); E. Amplitudes of the rippling of a defective graphene monolayer
under an moderate strain of 3.0%; F. Spin-strain phase diagram of a monovacancy in graphene; G. Geometry of a
suspended graphene sheet with defects and strain.
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Stimulated Terahertz Emission from Optically Pumped Graphene and Its Threshold Behavior
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Graphene has attracted much attention for wide variety of device applications due to its exceptional
electronic and optical properties. Recently, we have proposed THz lasers using optically pumped
graphene [1-3]. The negative dynamic conductivity can occur at THz frequency due to the population
inversion and hence the lasing is possible (see Fig. 1(a)). In previous work, we measured the carrier
relaxation and recombination dynamics in optically pumped epitaxial graphene on silicon [4] and
exfoliated graphene [5] using THz time-domain spectroscopy based on an optical pump/THz&optical
probe technique. A pulsed optical beam was impinged to a graphene sample and a CdTe crystal placed
on it. The THz probe pulse generated from CdTe stimulates the THz emission from the sample. The
comparison of emission spectra for sample spots with/without graphene indicated that the coherent THz
probe pulse passing through graphene is amplified by the stimulated emission from optically pumped
graphene. In this paper, we study both experimentally and theoretically the threshold behavior of the
THz stimulated emission from graphene for pumping intensity.
An exfoliated monolayer-graphene/SiO2/Si sample is prepared. A 0.12-mm-thick (100)-oriented CdTe
crystal is placed on the sample, acting as a THz probe pulse emitter as well as an electrooptic sensor.
An 80-fs, 1550-nm fiber laser beam having 4-mW average power and 20-MHz repetition is split into two:
one for optical pumping and generating the THz probe beam, and one for optical probing. The pumping
laser is simultaneously focused at normal incidence from the back surface onto the graphene (for optical
pumping) and to the CdTe (for generating THz prove pulse marked with “1” in Fig. 1(b)). This THz
proves beam reflecting back in part stimulates the THz emission in graphene, which is electrooptically
detected as a THz photon echo signal (the secondary pulse marked with “2” in Fig. 1(b)). We changed
the spot size of the pumping beam by mechanically shifting a focal lens. Fig. 1 (c) shows the emission
spectra and measured gain as a function of the pumping intensity. The gain was calculated by dividing
the peak intensity of the stimulated emission from the sample spot with graphene by that of the
emission from the spot without graphene. It can be seen in Fig. 1(c) that the threshold intensity is about
7

2

10 W/cm and the gain increases linearly with the pulse intensity.

We also conducted numerical calculation based on the rate equations derived from the quasiclassical Boltzmann equation [3]. The carrier distribution (equivalent electron and hole distributions) is
governed by the following equations for the total energy and concentration of carriers:
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where Σ and E are the carrier concentration and energy density, f is the quasi-Fermi distribution,

)
)
 i(,inter
and  i(,intra
are the inverses of the scattering rates for inter and intraband OPs (i = Γ for OPs
near the Γ point with  = 196 meV, i = K for OPs near the zone boundary with  K = 161 meV, + for
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absorption, and – for emission). We calculated the time evolution of the quasi-Fermi energy  F and
carrier temperature Tc , which characterize the carrier distribution, after the pulse excitation. We
observed that the population inversion, i.e., positive quasi-Fermi energy, occurs after around 1 ps of the
excitation with some threshold pulse intensity. Fig. 2 shows the normalized dynamic conductivity of
optically pumped graphene after 3.5 ps of the pulse excitation, as a function of pumping intensity with
signal frequency 2 THz and with different momentum relaxation time. We took t = 3.5 ps because it
approximately corresponds to the duration of the THz emission from the CdTe coming to the graphene
after the pulse excitation in our experiment. Comparing Figs. 1(b) and (c), one can see the qualitative
agreement with experimental and theoretical results.
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Figure 1: (a) Schematic view of the THz amplified stimulated emission from optically pumped graphene, (b)
emission spectra and (c) pumping intensity dependence of measured gain of THz emission from optically pumped
graphene.

Figure 2: Normalized negative dynamic conductivity calculated theoretically.
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Due to the fact that truly two dimensional graphene is a half metal graphene width confinement through
nanostructuring is needed to open a sufficient band gap for transistor operation at room temperature [1].
Further, it is imperative that the edges of such nanostructured graphenes are crystallographically well
defined and, ideally, atomically smooth to reduce the negative impact of edge effects on electronic and
thermal conductivity [1, 2].

Recently, catalytic etching of graphite or graphene by metallic and non-metallic nanoparticles has been
suggested to be a key technology for the fabrication of graphene nanostructures and nanoribbons [3].
When exposed to hydrogen under elevated temperatures the catalytic particles act as knives and cut
through the carbon they are in contact with, leaving pronounced etch tracks along specific
crystallographic directions. This intrinsic crystallographic etching makes catalytic hydrogenation
methods so popular in graphene nanostructuring.

Graphene edges have been extensively studied using low voltage high resolution transmission electron
microscopy (LV-HRTEM) [4], scanning tunneling microscopy [5] and Raman spectroscopy [6]. However,
not many studies can be found in literature on the edges of nanostructured graphenes. Here, quality
control is mainly based on Raman spectroscopy. Low magnification microscopy has also been carried
out, which may show smooth edges on a microscopic scale, but has not yet revealed the edge
smoothness at the atomic level. Thorough characterization and evaluation of the atomic structure of
nanoribbon edges with direct imaging techniques has not yet been accomplished.

Here, we present results from catalytic hydrogenation experiments catalyzed by gas-phase prepared
cobalt nanoparticles. We successfully processed nanostructured graphenes and GNRs with clean
edges ready for inspection using LV-HRTEM. In this way edges with sub-nanometer smoothness could
be observed over a significant edge length (see figure 1). Further, we have employed rigid perforated
Si3N4 membrane TEM grids to achieve compatibility of catalytic hydrogenation experiments with TEM. In
this way the experimental steps of catalytic hydrogenation could be monitored throughout the process
and the etching of suspended few layer graphene has been demonstrated. These results allow one to
evaluate the degree of edge control that can be achieved by catalytic hydrogenation.
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Figures

Figure1: a) LV-HRTEM micrograph of a sub-nanometer smooth edge of suspended catalytically etched few layer
graphene; b) The same image as in a – here, the scale bar and the measurement marker from roughness
determination have been included; c) Fast Fourier transformation of the area marked orange in b. The yellow lines
represent armchair (ac) directions, the red line represents a zigzag (zz) direction of the graphene crystal lattice.
From this the etching direction has been determined to be along a zigzag direction.
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The mechanical exfoliation of natural graphite crystals is one of the foremost methods to gain high –
quality graphene monolayer flakes, which are crucial for the investigation of its fundamental properties
as well as for the development of electronic micro-circuits, nanophotonic assemblies and other
microstructured graphene based devices. Although the visualization of the monolayer graphene is
hampered by its low absorptivity, it is essential to develop techniques, which reliably and rapidly deliver
images of graphene and graphene based structures.
A multitude of optical techniques have been investigated to this end, for example based on interference
enhancement on specifically prepared substrates. Other imaging methods are based on Raman and
Rayleigh scattering, or on fluorescence quenching of dyes by graphene layers. Generally these
methods require relatively complex equipment or an optimized substrate coating. Here, we report on
novel and easy to use techniques for the identification of potential graphene flakes.
The first method is long known as microdroplet condensation technique or breath condensation
technique. It has previously been used in the context of visualizing hydrophobicity differences on
patterned film structures such as self-assembled monolayers. Likewise, the hydrophobicity difference
between the substrate and the carbon sheets produce a clearly visible condensation pattern, that
singles out the graphene flakes. The effect can be seen on a wide variety of substrates without the need
for any specific surface modification or preparation. It can be used on surfaces for which no other
method is known such as plastics and uncoated metals. Similarly the contrast enhancement can also be
observed in an optical transmission microscope, in which graphene flakes are notoriously difficult to
observe.
The second method is based on contrast enhancement by refractive index matching. The graphene
flake is immobilized on a dielectric substrate, and by using a refractive index matching liquid the
reflection from the substrate is greatly diminished, thereby enhancing the contrast of the monolayer or
few-layer graphene. An estimation of the number of layers also becomes possible.
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Phase coherent effects in graphene are determined by the combined action of several scattering
mechanisms. In the past, extensive studies have been performed on those effects in bulk graphene [1],
[2], [3]. Little attention, however, has been devoted to phase coherent behavior in graphene
nanoribbons (GNRs) where lateral confinement creates a crossover from 2D to 1D behavior and
additional scattering is introduced at the edges of the ribbons.

Here we study the magnetotransport of graphene nanoribbons at low temperatures, focusing on
interference effects which lead to corrections to the resistance or conductance. In graphene weak
localization is often suppressed and generally more complex than in diffusive metals [1 - 3]. In the case
of graphene nanoribbons, however, edge scattering becomes the most important mechanism leading to
the observation of weak localization. Another correction to the conductivity are universal conductance
fluctuations (UCFs), which appear when the phase coherence length is comparable to the sample
length. Both effects allow us to extract the phase coherence length LΦ in an independent way.

Here we have studied the magnetoconductance of individual graphene nanoribbons and arrays of
GNRs. Fig. 1 shows the magnetotransport data collected for a 40 nm wide GNR (Fig. 1a) and for an
array of GNRs (Fig. 1b), respectively. Each ribbon of the array has a width of 40 nm and a spacing of
30 nm to the next. For all temperatures from T = 1.7 K to 48 K Fig. 1a displays clear weak localization
for low field region (|B<1.5T|) and universal conductance oscillations. With decreasing temperature the
amplitude of the oscillations increases. For lower temperatures large universal conductance fluctuations
overlay the weak localization feature. Consequently the phase coherence length can no longer be
determined by fitting the weak localization. In order to investigate weak localization also at low
temperatures arrays of graphene nanoribbons were fabricated. As expected the parallel arrangement of
the nanoribbons leads to a suppression of the universal conductance fluctuations via ensemble
averaging, whereas weak localization is not suppressed (Fig. 1b). Thus the phase coherent effects can
be separated. By extracting LΦ from weak localization we can compare and verify results obtained from
the amplitude of the UCFs and the autocorrelation function of UCFs for single GNRs.
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(a) SEM image of a 40 nm wide and 1 µm long graphene nanoribbon (colored in yellow). The conductance
G as a function of magnetic field B shows quantum interference phenomena like universal conductance
fluctuations and weak localization for temperatures from T = 1.7 K to 48 K.
(b) SEM image of a sector of a 3.2 µm wide array of 46 GNRs (one ribbon is colored in yellow). The
ribbons of the array have a width of 40 nm and a length of 1µm, each with a spacing of 30 nm to the next
ribbon. The magnetotransport data clearly shows a suppression of the universal conductance fluctuations
for all temperatures, whereas the weak localization feature is not affected.

Fluorinated Graphene: A Stable Large-Gap Graphene Derivative Investigated by Scanning
Tunneling Microscopy
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We present the first atomic-resolution microscopic and spectroscopic study of monolayer fluorinated
graphene films. Graphene grown by chemical vapor deposition on polycrystalline copper foil is
fluorinated by XeF2 gas and characterized by x-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, scanning tunneling microscopy (STM), and scanning tunneling spectroscopy (STS). We
directly measure the atomic and electronic structures of planar-sheet graphene fluoride, probe its
stability under electron bombardment and thermal annealing, and elucidate interaction between the
copper substrate and fluorinated graphene overlayer. We discover that fluorinated graphene C6F
retains a planar structure, exhibits a large band gap, and remains stable under electron bombardment
and mild thermal annealing below 500°C.
While graphene has attracted a great deal of scientific interest, its inherent semi-metallic nature limits
opportunities for this material in digital logic and microelectronics. In response, several techniques have
been developed for modulation of the graphene band gap, including the patterning of nanometer-scale
graphene ribbons and graphene hydrogenation. Fluorinated graphene offers unique advantages over
1
these alternatives, as it lacks electronic edge states, and unlike hydrogenated graphene (graphane),
2,3,4
exhibits thermodynamic stability and high resistivity.
Bulk fluorinated graphite exists in several forms and has been studied extensively. However, monolayer
2,3,4
fluorinated graphene has been isolated only recently,
and very little is known of its structure, stability,
and electronic properties, particularly in the case of planar-sheet graphene fluorides.
Like graphite fluoride, graphene fluorides exist in both planar-sheet and puckered-sheet configurations.
3
In the puckered-sheet case, carbon atoms are fully sp hybridized and covalently bound with fluorine,
buckling the carbon skeleton, opening a large (>3 eV) energy gap, and leading to stable (CF)n or (C2F)n.
This material can be exfoliated to produce few-layer and monolayer puckered-sheet graphene
3,4
fluoride. However, reduction is generally destructive to the graphene skeleton, undermining one
2
important goal of graphene functionalization.
In contrast, planar-sheet graphite fluorides (CxF),
synthesized near room temperature, exhibit ionic (x>20) or semi-covalent (x≤4) bonding and preserve
the planar graphitic structure, yet are found to have a sizable energy gap (0–3 eV) that depends on
fluorine concentration.
In this work, planar-sheet graphene fluoride is synthesized from monolayer graphene films grown on
5
3
copper foil.
Post-fluorination Raman spectroscopy of the D and D’ bands shows increased sp
hybridization on the foil. As indicated by XPS (Figure 1) and STM, XeF2 fluorination produces ~C4F,
which after a 10 min vacuum anneal at 500°C approaches ~C6F (locally) to ~C12F (globally). The
annealing process drives adsorbates and ionically-bound fluorine from the graphene, resulting in an
energetically stable, atomically resolved fluorinated graphene lattice.
On high symmetry faces of polycrystalline copper the energy band structure (Figure 2) of fluorinated
graphene is found to be consistent with theoretical predictions and spatially invariant across the
graphene lattice. Although the observed band structure is predominantly that of fluorinated graphene, a
6
copper surface state is often visible near –0.4 eV, an effect consistent with graphene on Cu(111).
Structurally, the fluorine lattice is hexagonal with an inter-fluorine spacing of 6.0 Å (Figure 3). Despite
semi-covalent C-F bonding the planarity of the graphene basal plane is preserved, following topographic
modulation in the underlying copper substrate, and offering potential for future lithographic reduction of
planar-sheet graphene fluoride.
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Figure 1: X-ray photoelectron spectroscopy of fluorinated graphene, consistent with semi-covalent carbon-fluorine
bonding both before and after annealing. While XPS indicates a reduced fluorine concentration after anneal (C12F
versus C5F initially), the presence of a C-1s peak at 287 eV and F-1s peak at 688 eV suggest strong C-F bonding in
both cases, indicating that remaining carbon-fluorine bonds are semi-covalent. (a) F-1s transition before annealing.
(b) C-1s transition before annealing. (c) F-1s transition after annealing. (d) C-1s transition after annealing.

100

Current (pA)
dI/dV (a.u.)

80
60
40
20
0

-4

-2

0

2

4

Voltage (V)
Figure 2: Scanning tunneling spectroscopy of fluorinated graphene on copper. Absolute value of current and dI/dV
for graphene fluoride/copper system. Note the copper surface state near the Fermi level and the graphene fluoride
band structure beyond ± 2V. Energy gap is larger than anticipated due to band bending resulting from charging in
the graphene fluoride overlayer.

Figure 3: Atomic-resolution imaging of the graphene fluoride overlayer, exhibiting a hexagonal fluorine lattice with
inter-fluorine spacing of 6.0Å. This spatial locality is further evidence for semi-covalent fluorine-carbon bonding.
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Theoretical investigations on the transport properties of graphene nanoribbons
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Recent advancements in the production techniques of novel materials based on graphene[1] allow us to
envision next-generation electronic devices with active components based on nanostructured carbon. In
particular, materials based on graphene nanoribbons (GNRs) are expected to play a crucial role in this
sense due to the dimensional confinement which allows a fine-tuning of the electronic and,
consequently, transport properties [2]. Although transport properties of GNRs have already been
investigated in detail [3], a comprehensive understanding of the relationships between morphological
features and quantum transport is still missing. Especially, this issue concerns the role of defects, edge
terminations and structural details beyond high-symmetric morphologies. In this work we analyze and
characterize, by means of density functional theory and non-equilibrium Green function calculations, the
electronic and transport properties of defect-free, defected and functionalized graphene nanoribbons.
Our methodology integrates valence bond (VB) concepts and Clar sextet theory [4,5] into electronic
structure calculations by evaluating properties such as stability, band structure and molecular orbitals of
the systems under investigation.
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Figures

Transmission spectra of armchair-edge 12-AC pristine (red lines), with monovacancy defect (blue lines) and with
Stone-Wales defect (green lines). Transmission eigenstates are also depicted above the correspondin transmission
plateau.
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Topography control over graphenes with single macromolecules
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Precise control over the topography of graphenes on solid supports is of considerable interest, e.g., for
strain engineered graphene electronics. Graphene may be exfoliated onto a pre-patterned surface,
such that a strongly adhering graphene would replicate the substrate surface. Here we employed a
mechanical exfoliation technique, which allowed to largely avoid the otherwise observed
contaminations entrapped at the graphene-substrate interface, and which also affect the graphene
topography. For example, contaminated graphenes exfoliated on freshly cleaved and atomically flat
mica surface exhibit plateaus of a sub-nanometer height. The clean exfoliation, on the other hand,
results in atomically flat graphenes over large areas. Exfoliated onto mica surfaces coated with vector
DNA or dendronized polymers, they replicate the topography of the molecules with nanometer
precision, as deduced from intermittent contact and contact mode scanning force microscopy images.

Figure: Topography of graphenes exfoliated onto mica surface covered with vector DNA molecules as
imaged with a Scanning Force Microscope.
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Finite frequency measurements and characteristic time scales in graphene devices.
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Most numerical calculations that are performed with Recursive Green's Function (RGF) or similar techniques
are concerned with DC transport. The AC case has been developed withing the Scattering formalism for
some time [1-2], but has received little attention from the numerical community so far. To our knowledge,
there have been not so many groups trying to do simulations for these types of questions [2-4]. A crucial
point of physics at finite-frequency is that electron-electron interactions must be included, at least at the
mean field level, in order to account for basic physical facts such as current conservation.
Finite-frequency physics makes it possible to consider a very large class of situations and questions. For
instance, one could discuss the problematic of quantum pumping (making use of quantum interferences to
pump a current in a device that would not work classically), quantum rectification or spin pumping (the spin
analogue of quantum pumping which was observed in the line-width of ferro-magnetic resonances). Other
examples include non-linear effects in the current-tension characteristic of a device (“Landauer dipoles”), AC
conductance and quantum capacitances.
We perform numerical simulations of quantum transport in graphene based devices at finite (GHz - THz)
frequencies. Our simulations are based on the Non Equilibrium Green Function (NEGF) approach that we
extend in order to relate finite frequency quantities to Green function elements that can be calculated using
standard recursive techniques. Our simulations show that characteristic time scales of the device (such as
the transverse Thouless time from which the electronic speed can be extracted) can be obtained from the
frequency dependance of the ac conductance. We also discuss the interplay between finite frequency and
magnetic fields.

[1] M. Büttiker, Il Nuovo Cimento, B 110, (1995) 509
[2] M. H. Pedersen and M. Büttiker, Phys. Rev. B, 58 (1998) 12993
[3] B. Wang, J. Wang, and H. Guo, Phys. Rev. Lett., 82 (1999) 398
[4] S. Kohler, J. Lehmann, P. Hänggi, Phys. Rep. , 406 (2005) 379
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Graphene formation on GaN substrates and
electrical characteristics of metal/graphene/GaN structure
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Excellent carrier and heat conduction of graphene has much attention for electronic device applications.
Combination of graphene and wide-band-gap material, GaN is one of candidates to improve source
resistance, surface passivation and thermal dissipation. From a material point of view, because GaN
has a nature of crystal polarization, the device performance is surface sensitive.

Investigation of

graphene/GaN interfaces is important, and providing a new technique for surface potential control is
possible.

This paper reports successful transformation of epitaxial graphene layers on GaN crystals

and current-voltage (I-V) characteristics of metal contacts inserting the graphene layers.
We used transfer process [1], which is that a graphene layer on a sublimated SiC surface is transferred
onto another material. Firstly, SiC substrates were heated in vacuum to form epitaxial graphene on the
surface. Then, Ti metal and poly-methil-methacrylate (PMMA) were deposited on the graphene, and
the graphene layer was exfoliated from the SiC substrate. Finally, the PMMA/Ti/graphene layer was put
on the GaN surface, and the PMMA and Ti were removed by using acetone and HCl, respectively. The
n-GaN layer was grown on a sapphire substrate by metal organic chemical vapor deposition. The
electron concentration was 4x10

17

-3

cm .

Figure 1(a) shows a typical microscope image of the GaN surface before the Ti removing. Most of the
Ti surface is covered with PMMA. After the HCl etching (Fig. 1 (b)), only small portions of the Ti layer
without PMMA were etched away, and the graphene layer successfully remained on the GaN surface.
A typical size of the graphene layer is around 50 m.

Figure 2 shows typical Raman spectra from the transformed graphene on GaN, and GaN substrate. In
the spectrum from the graphene on GaN, the peaks from GaN, G’-, D-, G-band can be seen. The
-1

FWHM of the G’-peak is 50 cm , and the peak ratio (I(D) / I(G)) is about 0.5. Therefore, it can be
considered that one- or two-mono-layer graphene was transferred.

In order to investigate I-V characteristics of metal/graphen/n-GaN structure, Ni electrodes (50-nm thick)
were deposited by electron-beam evaporation method. After that, an Oxygen plasma treatment was
conducted for the isolation between the electrodes.

For the comparison, conventional Ni/n-GaN

Schottky diodes were also prepared. Figure 3 shows the forward and reverse I-V characteristics for
both samples. The diodes with a graphene layer showed rectifying characteristics. Comparing with the
sample without graphene, the Schottky barrier height decreased. The effect of the graphene insertion
was confirmed as the potential control.

Acknowledgment: This research was partially supported by the Ministry of Education, Science, Sports
and Culture, Grant-in-Aid for Scientific Research (C).
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Figures

Fig. 1. Microscope images of the GaN surface (a) before and (b) after the Ti removing.

Fig. 2. Raman spectra from graphen/GaN and GaN.

Fig. 3. I-V characteristics of Ni/graphen/n-GaN and Ni/n-GaN diodes.
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Effect of electron interaction and spin in electronic and transport properties of graphene
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In the present work [1] we study a system consisting of a graphene nanoribbon (GNR) which is located on
an insulating substrate and attached to semi-infinite leads acting as electron reservoirs. The system is
subjected

to

a

perpendicular

magnetic

field.

The

effects

of

electron

interaction

on

the

magnetoconductance are studied within the Hartree approximation. Self-consistent numerical calculations
are based on the tight-binding p-orbital Hamiltonian. Local density of states and distribution of charge
density are calculated using the Green’s function technique.
We find that the perpendicular magnetic field leads to suppression instead of an expected improvement of
the conductance quantization. This suppression is traced back to interaction-induced modifications of the
band structure which is strongly modified in comparison to the single-particle case. The distortion of
subbands leads to formation of compressible strips in the middle of GNRs. The compressible strips are
partially filled and hence the system has a metallic character. As a result, the electron density can be
easily redistributed in order to effectively screen the external potential. The detailed structure of
propagating states of interacting electrons in GNRs shows that there are two types of states which have a
different microscopic character. The first type corresponds to edge states propagating near the
boundaries. These states have the same structure for interacting and noninteracting cases. The second
type corresponds to states which form compressible strips in the center of the ribbon as discussed above.
The most prominent feature of these states is that their direction of propagation is opposite to that one of
the edge states residing in the same half of the GNR. This is in contrast to the noninteracting picture,
where due to the presence of the magnetic field, forward and backward propagating states are localized
at different boundaries by Lorentz forces. We demonstrate that the drastic modification of the GNR band
structure by electron interaction leading, in particular, to the formation of compressible strips in the middle
of the ribbon causes suppression instead of expected improvement of the conductance quantization. We
predict that overlaps between forward and backward propagating states may significantly enhance
backscattering in realistic GNRs.
We also discuss electronic and transport properties of GRNs in the lowest Landau level regime. The
interaction between electrons with opposite spin orientation is described by the Hubbard term, and the
conductance is calculated within the Landauer formalism by the recursive Green’s function technique.
Due to Zeeman interaction the self-consistent band structure is spin-split exhibiting two states of different
spin orientation propagating in the opposite directions at the same edge. We study the effects of warping
and short-range impurities on conductance of interacting electrons in GRNs. Our results show that these
states are robust and the conductance near the Dirac point is almost unaffected. We therefore predict that
the effect of increase of the magnetoresistance in the vicinity of the Dirac point commonly observed in
bulk graphene samples, should be absent in confined geometry of GNRs.
[1] A. A. Shylau, I. V. Zozoulenko, Hengyi Xu, T. Heinzel,

Generic suppression of conductance

quantization of interacting electrons in graphene nanoribbons in a perpendicular magnetic field, Phys.
Rev. B 82, 121410(R) (2010).
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Modeling of percolation in size distributed carbon nanostructures networks
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Many photovoltaic and display devices rely on the use of transparent electrodes, which are generally
rigid and brittle. Once a sufficient number of carbon nanotubes (CNTs) and graphene nanoribbon
(GNRs) are connected to form a percolative network, their collective electronic and physical properties
make these materials promising candidates for flexible transparent electrodes. The description of the
underlying physics, along with an optimization of the characteristic of such nanostructures networks,
can be efficiently addressed by computational means. Our understanding of the influence of the array
structure on the final quality of the electrode can be improved by the modeling of charge transport in
various networks, leading to a more selective optimization of their properties.
Models for charge transport have already been developed for percolation systems with high aspect ratio
CNTs, but they typically consider a single parameter to describe the CNT-CNT junctions [1]. However,
in such complex materials, the propagation of charge carriers is usually limited by contact resistance
that is a strongly dependent characteristic of the multiple network properties [2].
We have developed Monte Carlo (MC) algorithms to study the charge transport in bidimensional
networks of CNT and GNR networks by incorporating realistic distributions and descriptions of CNTCNT (or GNR-GNR) junctions. Our MC algorithms generate random networks with many controlled
parameters which can be tuned to represent CNT mats, GNR mats, or other rod-like networks. We then
evaluate the total conductance of the generated networks on the basis of individual contacts
conductance, which in turn depend on the local network properties. Our results show that the length,
diameter, orientation and chirality distributions within the percolative network of the CNT and GNR
networks have a great importance on the resulting electrical performances.
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Figures

The distribution of the resistance values of the tube-tube junctions within a CNTs network has an important impact
on the total conductivity of the system. A greater spread in the junction resistances lead in a higher conductivity.
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Shaping Dirac fermions in graphene / h-BN layered systems
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Combining graphene and hexagonal boron nitride (h-BN) allows to construct multilayer structures [1]
with amazing electronic properties, which are promising both for fundamental studies and novel
applications. Since in most electronic devices the band gap is required, many approaches have been
proposed to tailor the band structure of graphene for specific applications, especially to tune the energy
gap in a controllable way, as in the Bernal stacked bilayer graphene (BLG). Recently, BLG transistors
have been fabricated, but still graphene devices on SiO 2 substrate are highly disordered which limits the
carrier mobility and suppresses the graphene unique properties. Moreover, in the unbiased bilayer
graphene the low energy bands are parabolic, not cone-shaped, which leads to a finite value of the
effective mass. The linear dispersion of pristine graphene can be preserved in one of the graphene/hBN tunable systems, which offers new possibilities based on the properties of massless Dirac fermions.

It emerges in a natural way that structural similarities of graphene and h-BN layers allows to create
heterostructures geometrically similar to pristine graphene multilayers with properties depending on
number of layers, stacking order, configurations of boron, carbon and nitrogen atoms and on the lattice
mismatch. By means of tight binding method and density functional theory, it is demonstrated that in
graphene/h-BN analogue of AB bilayer graphene a substrate induced energy gap of about 50 meV
should be opened in the spectrum [2, 3]. Using external electric field perpendicular to the layers, the
band-gap can be continuously tuned up to 130 or 250 meV depending on the atomic configuration.

In contrast, in the unbiased ABC h-BN/graphene/h-BN sandwich the Dirac cones are exactly preserved
in the band structure. It originates from the symmetry between A and B sublattices: it is not broken
because both carbon atoms in the unit cell have identical neighbors (boron or nitrogen) either in the top
or in the bottom layer. The external electric field breaks the structural symmetry and lifts the degeneracy
of energy levels in the K/K' points, thus the band gap can be created in the biased system [4]. This
unique mechanism of energy gap tuning in graphene-based systems seems to become useful in
modern electronic devices.

Graphene is claimed to be a bridge between condensed matter physics and quantum electrodynamics
(QED), in particular the Klein tunneling phenomenon provides the important knowledge of electron
propagation through potential barriers [5, 6]. Since graphene/h-BN heterostructures are described in
terms of tight binding Hamiltonians constructed in the same manner as for graphene layers, we will
discuss the existence of massless or massive Dirac fermions, the chirality and charge conjugation
symmetry. We will show that graphene/h-BN hybrids are interesting as complementary systems which
should indicate features related to anomalies in Klein tunneling phenomenon.
The work is financially supported by Polish Ministry of Science and Higher Education in the frame of the
grant N N202 204737 (P.D., I. W., I. Z., Z. K.) and N N202 086040 (J.S.).
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Figures

Fig. 1

Fig. 2

Fig. 1 Geometry of ABC stacked h-BN/graphene/h-BN trilayer
Fig. 2 Energy gap tuning in ABC stacked h-BN/graphene/h-BN trilayer
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Imaging the structure, symmetry and surface-inhibited rotation of polyoxometalate ions on
graphene oxide
1

2

2

1

1

1

3

J. Sloan , Z. Liu , K. Suenaga , M. A. Dyson , N. R. Wilson , P. A. Pandey , L. M. Perkins , J. P.
4
3
Rourke , and I. J. Shannon
1

Department of Physics, University of Warwick, Coventry, CV4 7AL, UK,
National Institute for Advanced Industrial Science and Technology (AIST), Research Centre
for Advanced Carbon Materials,Tsukuba, Ibaraki 3058565, Japan,
3
Department of Chemistry, University of Birmingham, Edgbaston,
Birmingham, B15 2TT, UK
4
Department of Chemistry, University of Warwick, Coventry, CV4 7AL, UK
j.sloan@warwick.ac.uk

2

Extracting structural information routinely and dynamically from single molecules remains a
significant challenge in spite of recent advances in this field. While it has been possible to produce
atomically resolved images of static or moving molecules by either scanning tunneling microscopy
(STM) or atomic force microscopy (AFM), the structural features produced are imprecise unless highly
stringent experimental procedures are applied. Another approach has been to image molecules
mounted within carbon nanotubes by low voltage, aberration corrected transmission electron
microscopy (AC-TEM). For example, functional groups tethered to fullerenes and the structure of D5d
symmetry C80 or Ih symmetry Er3N@C80 molecules can be imaged at 80 keV using this approach.
However this methodology is limited by the internal van der Waals surface of the host tubules, which
restricts both the size of the molecules that can be imaged and also constrains their in situ motion. A
new prospect is presented by the imaging of molecular-scale species on atomically thin 2D supports
1
such as graphene or graphene oxide (GO). These substrates do not exhibit the steric constraints of
nanotubes and provides a periodic support that acts as both an in situ calibration and also a crystalline
basis for tracking molecular motion.
In this presentation, we show how molecular-scale low-symmetry polyoxometalate anions can
be imaged on GO by low-voltage AC-TEM, enabling static and dynamic imaging studies to be
8performed with precision. Imaging studies were performed on discrete C2v [ -SiW 10O36] lacunary
2Keggin ions, a lower symmetry molecular species than the Oh symmetry [W 6O19] ion previously imaged
2
within carbon nanotubes. Polyoxometalates (POMs) are a diverse family of compounds based on
assemblies of metal oxide polyhedra with potential applications in medicine, catalysis, electrochemistry,
nano-scale devices and as building blocks for more mesoscale superstructures. Lacunary Keggin ions
3differ from ‘full’ Keggin ions (e.g. [ -PMo12O40] ) in that they have a reduced number of polyhedra per
anion, exposing a reactive structural defect or ‘lacuna’ on the POM surface, and form lower symmetry
structures that can exhibit greater catalytical activity and a tendency to align preferentially on electrode
surfaces. Observing the behaviour of these ions on GO has revealed surface behaviour not previously
reported for other ultra-thin TEM supports.
8-

Atomic-resolution imaging of discrete [γ-SiW 10O36] lacunary Keggin ions dispersed onto
monolayer graphene oxide (GO) was achieved by 80kV aberration corrected transmission electron
microscopy. Under low electron beam dose, individual anions remained stationary for long enough that
8a variety of projections of discrete C2v symmetry [ -SiW 10O36] anions was observed and structural
information extracted with ca.
0.03 nm precision. Unambiguous assignment of the orientation of
individual ions with respect to the point symmetry elements was determined. The ion was imaged along
its two-fold C2 axis (Fig. 1(a)-(e)) or orthogonally with respect to one of two non-equivalent mirror planes
(i.e. v). Continued electron beam exposure of a second ion imaged orthogonal to σv (Fig. 2(a)) causes
it to translate and/or rotate in an inhibited fashion so that the ion can be viewed in different relative
orientations. The inhibited surface motion of the anion, which is in response to H-bonding-type
interactions (Fig. 2(b)), reveals an important new property for GO in that it demonstrably interacts far
more strongly with supported molecules than other ultrathin supports, including graphene. This
behaviour indicates that GO has more in common with similar substrates used in imaging techniques
such as AFM and STM and this feature also sets it apart from other support films used in transmission
electron microscopy.

423

References
[1] N. R. Wilson, P. A. Pandey, R. Beanland, R. J. Young, I. A. Kinlock, L. Gong, Z. Liu, K. Suenaga, J.
P. Rourke, S. York, J. Sloan, ACS Nano, 3, (2009) 2547.
[2] J. Sloan, G. Matthewman, C. Dyer-Smith, A-Y. Sung, Z. Liu, K. Suenaga, A. I. Kirkland, E. Flahaut,
ACS Nano 2, (2008) 966.
[3] J. Sloan, Z. Liu, K. Suenaga, N. R. Wilson, P. A. Pandey, L. M. Perkins, J. P. Rourke, and Ian J.
Shannon, Nano Lett. 10, (2010) 4600.
Figures

8-

Figure 1. (a) Perspective view of the [ -SiW10O36] ion with the C2 axis and non-equivalent v and v´ planes
indicated. (b) HRTEM image of monolayer GO with indexed FFT and inset image simulation based on an ordered
24
8GO model . The lattice vectors are indicated at the bottom right. (c) [ -SiW10O36] ion imaged approximately along
C2. The two arrows indicate diffuse contrast due to the two single WO 6 octahedra on the periphery of the anion. (d)
8Structure model of a single [ -SiW10O36] ion viewed along C2 mounted on GO. (e) HRTEM image simulation
produced from the model in (d). The contrast is identical regardless of whether the anion is viewed along
or 
with respect to z or situated above or below the GO support.

8-

Figure 2(a) 0.8 s exposure HRTEM image (left) of a single [γ-SiW10O36] ion supported on monolayer GO. The
main black spots correspond to strongly scattering W 2 atom columns. The indicated weaker spots correspond to a
secondary orientational state of the anion captured during the exposure. The models (middle column) and
simulations (right column) show how these two orientations are ‘blended’ to produce the final image. (b)
Perspective schematic depiction of the proposed H-bonding interactions (I-III) which constrain the motion of the
8[γ-SiW10O36] ion on GO.
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Cyclotron resonance of multi-layered epitaxial graphene under very high magnetic field
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We have performed mid-infrared measurements on multi-layered epitaxial graphene probing the
fundamental cyclotron resonance
Recent infrared spectroscopy measurements on epitaxial graphene have confirmed the square-root
dependence of various intra- and interband transitions with respect to an external magnetic field. So far,
these measurements have not included an extended study of the fundamental cylcotron resonance
which is obscured by the opacity of the SiC substrate in the relevant energy range. Here we present first
results obtained with a CO-laser while using semi-destructive magnetic fields up to 120 T generated
with a single-turn-coil. A schematic drawing of the setup is shown in figure 1. Figure 2 shows
experimental data which exhibit two prominent features :
1. The absorption peaks marked by black arrows correspond to the cyclotron resonance of graphene,
the energy transition from the zeroth to the first Landau level. The position of absorption lines has a
square-root dependance with the magnetic field. The measured Fermi velocity is in good agreement
with previous measurements [1][2][3].

E( L1( 0 )L0 (1) )   f 2eB
2. One broad additional absorption line, marked by gray arrows, around 100 Tesla is observed. There is
no theoretical predicted transition for single-layer graphene at this magnetic field and this energy
excitation.

In this contribution, we present a detailed discussion of the temperature and radiation energy
dependence of the observed transitions, which will be substantiated by further experiments.
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Figure 1 : Experimental set-up for cyclotron resonance measurements.

Figure 2 : Transmission of multi-layered epitaxial graphene grown on Si-C. The incident energy
is 229 meV. The magnetic field as a function of time is plotted in the inset. Black arrows are the
absorption for the fundamental Landau level transition and gray arrows are an additional
observed absorption.
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Precautions for the evaluation of thickness in chemically modified graphene sheets by
scanning probe microscopy
P. Solís-Fernández, J. I. Paredes, S. Villar-Rodil, A. Martínez-Alonso, J. M. D. Tascón
Instituto Nacional del Carbón, CSIC, P.O. Box 73, 33080 Oviedo, Spain
pablo@incar.csic.es

Exfoliation and reduction of graphite oxide is one of the most promising ways to obtain
processable graphene sheets at large scale in the near future. In order to characterize the properties of
the obtained sheets, scanning probe microscopies (SPM) are widely employed. An accurate
determination of the thickness is of crucial importance for graphene, due to the fact that its properties
are heavily dependent on the number of layers. The common procedure to achieve this is measuring
the height of the sheet relative to the employed substrate (sheet-to-substrate). Nonetheless, this method
provides some contradictory results, for example in thickness measurements carried out before (GO)
and after (rGO) the reduction, which do not show the expected thickness decrease following the
reduction [1] due to the removal of oxygen functionalities. In order to clarify the validity of the obtained
measures, we have evaluated in this work the effect of both, the nature of the substrate (HOPG,
Si/SiO2, mica and borosilicate glass slide) and the specific SPM technique employed (STM, contact
AFM and both attractive and repulsive Tapping AFM) in the measured thickness of both GO and rGO
individual sheets. The results can be summarized in two general observations [2]:

1. Sheet-to-substrate apparent heights are dependant both on the employed substrate and the
specific SPM technique (some examples can be seen in Figure 1).
2. On the other hand, results of sheet-to-sheet measurements (i.e., measuring the thickness of
folded sheets, or the thickness in regions where different sheets overlap) provide constant apparent
heights regardless of the substrate or the SPM mode (examples of this presented in Figure 1).

In view of these results, it becomes clear that the sheet-to-sheet approach leads to more
realistic measurements, while the sheet-to-substrate measurements do not reflect the actual width of
the sheets. Thus, measuring thickness over overlapped or bend sheets, provides height values of 0.91.1 nm and 0.5-0.7 nm for GO and rGO respectively. This decrease in the thickness is the expected
behavior, as the reduction involves the removal of a large fraction of the oxygen functional groups that
distort the graphitic skeleton. Even so, the thickness is not restored to the value expected for fresh
graphene (0.34 nm), as a clear indication for the fact that a considerable proportion of oxygen remains
in the sheets after reduction (as complementary XPS and Raman analyses confirm).

Sheet-to-substrate measurements are in general conditioned by differences in the interaction
between the SPM tip and the different materials involved (sheet and substrate in the present case). Due
to the inherent nature of data acquisition in SPM, those differences are translated into artificial height
values. Although the induced error is quite small (a few to several tenths of nm [2]) to present a problem
in other conditions, it proves to be crucial for atomically thin sheets, being of the same order as the
measured magnitude. Thus, the actual width of the sheets becomes completely masked, providing
inconsistent values. With this in mind, a sheet-to-sheet approach would be the convenient choice
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whenever possible, thus eliminating the possible artifacts arising from material inhomogeneities and
providing more accurate values.
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Figure 1. Contact AFM (a), repulsive (b) and attractive tapping (c) images of rGO deposited onto
HOPG. Included line profiles show the apparent sheet-to-sheet and sheet-to-substrate heights.
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First isolated in 2004, graphene has received tremendous scientific attention due to its unique
2

3

4

electronic properties. Graphene also features edge dynamics and mechanical properties, opening up
5

even more opportunities such as its use to sequence genomic DNA using nanopores. In order to
harvest the many promising properties of graphene in applications, a technique is required to cut, shape
or sculpt the material on a nanoscale without damage to its atomic structure, as this drastically
influences the electronic properties of the nanostructure. Here, we reveal a temperature-dependent selfrepair mechanism allowing damage-free atomic-scale sculpting of graphene using a focused electron
beam. Our technique allows reproducible fabrication and simultaneous imaging of single-crystalline
free-standing nanoribbons, nanotubes, nanopores, and single carbon chains.

Temperature has a remarkable effect on the changes induced by 300 keV electrons (Figure 1). At room
temperature (RT), a rapid amorphisation occurs, which prevents detailed high-resolution electron
microscopy (HREM). At temperatures of 200 °C, we observe that electron beam irradiation leads to
amorphisation with only short range order (Figure 1a). At 500 °C, the electron beam results in the
formation of polycrystalline monolayers. The single crystalline graphene transforms into polycrystalline
graphene with clear straight but short grain boundaries. At 700 °C, remarkably, graphene conserves its
full crystallinity even under a very intense electron beam, as shown in Figure 1c. Figure 2 shows various
graphene nanostructures made at 600°C~700°C. Carbon nanotubes can be made using elongated
electron beams with a shape similar to the holes made (Figure 2a, inset). Figure 2(b) shows a flat
single-walled nanotube (double layer graphene nanoribbon) made from few layers graphene. The inset
gives the inferred tube shape with the HREM image averaged by translation, and the observed (red)
and estimated (green) hexagon positions for a flat tube. Blue dots in the side view represent individual
carbon atoms. Figure 2 (c) shows nanoribbon made from single layer graphene, where the monolayer
was first made from few layers graphene. Note that the edges of the nanoribbon are armchair, as are
most of the edges of the two holes. Inset shows the image simulation of two carbon ad-atoms attached
to the graphene armchair edges and pointed out with red arrows. Figure 2 (d)-(e) showed a double
carbon chain and a single carbon chain (formed from the double chain), respectively.
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Figures

Figure 1. Influence of temperature on the sculpting of few-layer graphene by an electron beam.
(a), at 200 °C. (b), at 500 °C. (c), at 700 °C. Red arrows indicate some of the C ad-atoms
trapped at defects. The insets in (a)-(c) show the positions of the identifiable hexagons (red
dots) and the estimated position of the edge (white line). The blue dots in the inset at 200 °C are
ad-atoms. Scale bars, 1nm.

Figure 2. Variety of crystalline carbon nanostructures made with 300 kV electrons at 600-700
°C. (a) double wall carbon nanotube. (b) flat single wall carbon nanotube (double layer
graphene nanoribbon). (c) armchair graphene nanoribbon. (d)-(e) carbon chains. Scale bars,
1nm.
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Since its discovery by A. K. Geim and K. Novoselov in 2004[1], Graphene has become one of the most
important materials ever synthesized, mainly due to its amazing physical properties. This twodimensional material, only composed by carbon atoms arranged in a honeycomb lattice, has a breaking
strength much higher than steel and electrons can travel through it ballistically lengths close to the submicrometer scale. This unusual transport property of graphene is given by the massless Dirac-like
behavior the electrons acquire as they move along the lattice.

In the last years, a lot of effort has been made in order to probe magnetism in graphene-based systems.
This has opened a new branch in condensed-matter physics called carbon-based spintronics[2]. In this
context, hydrogenated graphene[3, 4, 5] and graphene nanoribbons[6], together with zigzag graphene
nanoribbons and nanoislands[7, 8] have become the best candidates to improve magnetism in
graphene. The sp3-like defects, in the case of hydrogenated graphene samples, or zigzag-shaped
edges, in the case of zigzag graphene nanoribbons, give rise to zero-energy states in the electronic
structure which are localized around the defects and along the edges respectively. These zero-energy
states tend to spin-polarize when the Coulomb interaction is taking into account giving rise to local
magnetic moments.

In 2005, Kane and Mele[9,10], included the spin-orbit coupling in Graphene by using a model
Hamiltonian containing a complex second-neighbor hopping term (very similar to that used by Haldane
in 1988[11] to realize the quantum Hall effect in a honeycomb lattice in the absence of an external
magnetic field). By including such interaction, Graphene evolves from a normal insulator to a spin Hall
insulator with topologically protected edge states against disorder which preserves time-reversal
symmetry. In this context, one can refer to graphene as a Topological Insulator[12]. In this novel phase,
the edge states become spin-filtered in the sense that spin-up electrons goes forward in the upper edge
and backward in the bottom edge, and inversely for spin-down electrons (Figure 1).

Here we address the electronic properties of a zigzag graphene nanoribbon when both Coulomb
repulsion and spin-orbit coupling are considered within (a) a mean field Hubbard model with Kane-Mele
spin-orbit interaction[13] and (b) a tight-binding model within the Slater-Koster approximation where the
spin-orbit coupling is introduced by means of an intra-atomic potential[14]. We find that (1) spin-orbit
interaction give rise to topologically protected edge states against different kind of disorder as
Anderson-like or edge disorder (Figure 2a), (2) in the presence of spin-orbit coupling the ground state
with counter-polarized ferromagnetic edges breaks valley symmetry and, above a critical spin-orbit
strength, the gap closes in one valley only, resulting in a valley half-metal (Figure 2b), and (3) in the
presence of spin-orbit coupling ferromagnetic edges give rise to charge currents in the edges reaching
0.4 nA without an applied magnetic field (Figure 2c).
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Figures

Figure 1. Pictorial description of the spin-orbit term of the Kane-Mele Hamiltonian where the second neighbors are
connected along the two nearest neighbor bonds d 1 and d 2 . It is also shown how electrons with opposite spins
(blue and red arrows) propagate in opposite directions in each valley.

Figure 2. (a) The conductance decreases rapidly as the porcentage of vacancies is increased at the edges. Still, it is
always possible to find a value of the spin-orbit coupling for which the edge states are preserved and the
conductance approach 1 G0. (b) For certain values of the spin-orbit coupling, the band structure of zigzag graphene
nanoribbons with counterpolarized ferromagnetic edges breaks valley-symmetry giving rise to a valley half-metal.
(c) Current and magnetization maps for antiferromagnetic and ferromagnetic zigzag ribbons computed using the
Kane-Mele-Hubbard model. Charge currents in the edges approach 0.4 nA without an applied magnetic field.
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Graphene has recently attracted great interest in a wide range of technological applications due to
its extraordinary electronic, physical and chemical properties. Nevertheless, its local structures and
characteristics are considerably dependant on synthesis method and process conditions. Several
graphene production methods including micromechanical cleavage, epitaxial growth via ultra-high
vacuum graphitation, chemical synthesis through oxidation of graphite, chemical vapor deposition
(CVD), solvothermal synthesis and electrolytic exfoliation have been proposed [1-3]. Among these,
electrolytic exfoliation is a relatively new organic solution-based route that is highly attractive due to its
high-quality graphene production, low cost, low temperature processing and ease of large-scale
production. In this work, we present a new electrolytic exfoliation of graphene in Poly
(3,4ethylenedioxythiophene)/poly-styrene-sulfonic acid (PEDOT/PSS) conducting polymer and study the
effect of electrolysis voltage on graphene formation.
Electrolytic exfoliation was conducted in an electrolysis cell filled with a commercial PEDOT: PSS
solution and a constant voltage ranging from 3 to 12 V was applied between two graphite electrodes.
The anode was corroding and a black precipitate was gradually formed in the reactor. The electrolysis
time was varied from 5 to 40 hours to obtain stable graphene-PEDOT/PSS dispersion with different
graphene concentrations. The dispersed product was centrifuged at 12000 rpm to separate large
agglomerates and supernatant portion of the dispersion was decanted. The graphene concentration
was estimated from weight loss of the graphite electrode.
The concentration of graphene in PEDOT/PSS solution estimated from weight loss of graphite
electrode as a function of electrolytic voltage for various synthesis times are shown in Fig. 1. It can be
seen that the concentration of graphene slowly increases as electrolytic voltage increases from 3 to 8 V
and then rises more rapidly when the voltage increases further. For the effect of time, the concentration
monotonically increases with time as expected. The detailed structure of graphene-PEDOT/PSS
composites prepared at various electrolytic voltages for 40 hours are identified and characterized by
TEM and selected area electron diffraction (SAED) as illustrated in Fig. 2. It can be seen that structures
prepared at different voltages are polygon sheets with different shapes and morphologies. In addition,
the size and thickness of graphene structure are increased as the electrolytic voltage increases and
crystallinity is improved with the synthesized voltage of 8 V being a critical voltage that produces highly
crystalline graphene structure.
Fig. 3 demonstrates Raman spectra from extracted graphene powder synthesized at various
electrolytic voltages for 40 hours. It is evident that 2D/D peak ratio increases as the electrolytic voltage
increases. This implies that the quality of graphene is improved as the synthesized voltage increases. In
addition, 2D bands of all spectra are relatively broad compared to G band suggesting that all
synthesized graphenes have multiple layers.
The functional groups of PEDOT/PSS, graphene-PEDOT/PSS and washed graphene powders are
characterized by FTIR as illustrated in Fig. 4. It can be seen that the functional groups of graphenePEDOT/PSS are almost exactly the same those of PEDOT/PSS and the FTIR spectrum of washed
graphene confirms that the synthesized structures are graphene not graphene oxide, which typically
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exhibits C-O and C=O peaks between 1600-1800 cm . From the characterization results, 8 V is thus
seen as an optimum electrolysis voltage that produces high-quality single crystal graphene structures in
PEDOT/PSS solution.
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Figure 1. The concentration of graphene in
PEDOT/PSS solution estimated from weight loss
of graphite electrode as a function of electrolytic
voltage for various synthesized times.

Figure 2. Bright field TEM images with SAED
patterns of graphene-PEDOT/PSS composites
synthesized at various electrolytic voltages for 40
hours.
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Figure 4. Typical FTIR spectra of PEDOT/PSS,
graphene-PEDOT/PSS and washed graphenePEDOT/PSS. Synthesized voltage and time are
8V and 40 hours, respectively.

Measurable lattice effects in graphene
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We calculate the magnetic susceptibility for the hexagonal tight-binding model [1] using a formalism
initially introduced by Fukuyama [2] and find that lattice effects, up to now neglected in the ongoing
discussion on the magnetic behavior in graphene, yield a relevant or even dominant contribution when
compared to other sources (see figure) [3]. We also find new results for the much studied charge
response of graphene and show that lattice effects restore the typical behavior of 2D-Friedel
oscillations, observable for reasonably high doping levels [3]. We finally present analytical results for the
dynamical polarizability of the hexagonal tight-binding model and discuss the van Hove singularity [4].
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Figure

Figure caption: Continuous line: lattice contribution to the orbital magnetic susceptibility [3]. Dashed line: Pauli's
spin paramagnetic contribution. Dashed-dotted line: contribution from electron-electron interaction to the orbital
susceptibility [5]. The arrow marks an estimate of the absolute value of the diamagnetic contribution from core
electrons [6].
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There is a strong need in effective detectors of terahertz (THz) radiation with high spectral selectivity.
Recently [1], a resonant detector of modulated THz radiation in a micromachined high-electron mobility
transistor (HEMT) with a microcantilever serving as the HEMT gate was proposed and evaluated. This
detector utilizes the plasma resonance in the HEMT channel (with the frequency Ω in the THz range) at
the carrier frequency of incoming THz radiation and the mechanical resonance (with the frequency

Ωm )

at the radiation modulation frequency (usually in the MHz range). The combination of these resonances
can lead to a huge response. To extend the THz radiation to the GHz range of modulation frequencies,
the carbon nanotube or graphene nanoribbon mechanical oscillator might be used [2, 3].
We propose a novel detector of modulated THz radiation based on section two paralleled clamped elastic
graphene nanoribbons (GNR) executing torsional oscillations and evaluate its performance using the
developed device model. Device model is schematically shown in Fig. 1.
Symmetrical mode of mechanical oscillator and nonsymmetrical mode of plasma oscillation in two
paralleled elastic GNRs are exited in proposed construction. Between these oscillators there is a
parametric relation. Plasma oscillations are investigated by means of the transmission line model [3] that
developed under satisfaction of quasi-one-dimensional requirement, which hold true for sufficiently
narrow graphene ribbons. Mechanical oscillation are appeared due to the variation of electromagnetic
energy stored in the system:

where

CE

CE v 2
U=
dz ,
2
is capacity of unit length, v v ( z ) is length distribution of voltage amplitude. Angular

dependence of capacity of two GNR for typical dimensions of the system (length of ribbon 1 µm, their
width 10 nm, distance between centers of GNRs 15 nm) is shown in Fig. 2. The output signal is
associated with the variations of the displacement current, ΔJ , at the modulation frequency.
It was estimated that resonant frequency of such torsional oscillations is in GHz range [4,5]:

C
1 GHz ,
I
where C is torsional stiffness of clamped GNR and I is their moment of inertia.
ωtors =

So for typical dimensions of given system and bias voltage of 1V the responsivity in resonance can be
estimated:

R=
where

is the modulation depth,

ΔJ
~10
P

4

Q 2QM

A
,
W

QM and Q are the quality factors of the mechanical and plasma

oscillations, and P is the power of THz radiation incident to the detector.
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Figure 1. Device model: (a) schematic view of proposed detector and (b) capacitor based on two
oscillating GNRs.

Figure 2. Angular dependence of capacity of two oscillating GNRs.
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Fluorescence of laser-created electron-hole plasma in graphene
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We present an experimental study of non-linear up- and down-converted luminescence of graphene
subject to continuous-wave (cw), pico- and femotsecond laser excitation in the visible and the near
infrared [1].
In case of cw visible excitation a spectrally broad down-converted fluorescence can be observed. We
attribute this phenomenon to electron hole recombination after thermal equilibration with phonons.
However, in the pulsed regime, graphene shows a non-linear luminescence which does not only extend
to lower energies but which also reaches to energies higher than the laser excitation energy. This upand down-converted luminescence originates from the recombination of a high density electron-hole
plasma. Since excited charge carries can efficiently exchange energy due to scattering in momentum
space the recombination of the resulting non-equilibrium electron-hole pairs yields the observed white
light luminescence.
Furthermore, studying the luminescence intensity as a function of layer thickness gives additional
insight into its nature and provides a new tool for substrate independent thickness determination of
multilayer flakes.
Suspending graphene vertically (perpendicular to the substrate) and measuring the out-of-plane
polarization dependence shows that this luminescence can only be excited with the laser beam electric
field being parallel to the graphene plane. From this, the matrix elements for the electronic inter-band
transitions can be determined.
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Left: Emission spectrum of a single graphene layer under picosecond excitation of 820 nm wavelength. Right:
schematic representation of the 2D dispersion relation of graphene. The gray arrow shows the optical excitation of
initially monoenergetic electron-hole pairs. Collisions lead to a broadening of the energy distribution as shown by
the green and red curves. Recombination of shifted electron-hole pairs leads a broad fluorescence centered around
the excitation energy.
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Probing residual strain in epitaxial graphene layers grown on 4H-silicon carbide (000 ) with
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Thermal decomposition of silicon carbide (SiC) in either UHV or inert gas atmospheres has shown
promise as a process to allow the early exciting electrical properties [1,2] of graphene to be integrated
into large scale electronics manufacturing . In this process, SiC is heated to temperatures ~1200°C or
higher, at these high temperatures the Si preferentially evaporates away from the surface, thus leaving
2
behind a carbon-rich surface that reconstructs to form a sp bonded epitaxial graphene (EG) layer.[3]
Work here has concentrated on the carbon-terminated (000 ) face of 4H-SiC, EG grown on this face
has been shown to provide higher carrier mobilities when compared to the silicon-terminated (0001)
face [4]. EG grown on the (000 ) face has been proven to grow with rotational disorder between layers,
rather than Bernal stacking, causing the graphene layers to be decoupled from each other and allowing
multilayer films to maintain the electronic properties associated with single-layer graphene [5].
A series of techniques have been used to characterize our epitaxial graphene samples. In situ LEED
measurements show the expected ring pattern associated with EG grown on SiC(000 ) at an onset
temperature of around 1300°C with a full graphene film seen for 30 an anneal time of 30 minutes at this
temperature. AFM shows a domain like structure with typical lateral grain size of 1µm for samples
annealed at 1400°C which is an order of magnitude larger than the grain size observed in samples
annealed at 1300°C. LEEM I-V measurements show areas with coherent response signals that are 2-3
µm in lateral size, suggesting a grouping together of the smaller domains seen in AFM micrographs.
LEEM I-V measurements also show the samples to be around 2-3 monolayers thick, this measurement
is consistent with recent preliminary TEM measurements.
The main focus of this work is the use of Raman microscopy to probe strains present in EG sheets on
SiC (000 ) [6] formed at different anneal times (10-50 minutes) at a temperature of 1400°C in UHV (10
10
mbar). The strains where calculated by tracking the average 2D peak position deviation from a
reference position measured in free-standing exfoliated graphene [7], then using a similar process to
previous work on EG (0001) [8,9] strain values can be extracted by linking the Raman shifts to the
strains via the Grüneisen parameter of graphene . A compressive strain is seen to increase with anneal
time to a maximum value of -0.5% which is less than the -0.9% which would be expected if the strain
was caused by differential contraction between the EG and SiC, a model which has fit well to work on
EG on SiC(0001) [8,9]. This discrepancy has been attributed to the rotational disorder present during
EG growth on SiC(000 ) which allows greater decoupling between graphene layers and therefore strain
relief.[6] The understanding of the strains present within these epitaxial graphene films is off importance
as they have been shown to affect electronic properties such as band gaps [10,11] and carrier
mobilities.[8]
The authors would like to acknowledge funding from the UK Engineering and Physical Sciences
Research Council (EP/G009104/1) and Intel Ireland
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Figures

Fig. 1. Examples of Raman spectra of EG on SiC. Spectra are shown for the blank SiC (black squares) and for EG
graphene after a 28 minute anneal at 1400°C (red circles). The results of subtracting the background are shown
using the blue triangle data markers. The D,G, and 2D band peaks are marked. Only the latter is not obscured by
features in the SiC spectrum. Inset: Example of a Lorentzian fit to determine the width and position of a 2D peak [6]

1

Fig. 2. Variation of 2D peak position shift from that for free-standing exfoliated graphene of 2642 cm- (squares) and
calculated resulting strain values (triangles) as functions of UHV anneal times for an annealing temperature of
1400°C. The dotted lines are the zeroes of the two ordinate axes. The straight lines are linear fits to the data, and
2
have a reduced R value of 0.928.[6]
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Graphene Epitaxy by Chemical Vapor Deposition on SiC
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Graphene, a single sp -bonded carbon atomic sheet that is deposited on a SiC substrate has great
potential for micro-electronics applications, including conventional components such as high frequency
analog devices, and devices in emerging fields such as spintronics, terahertz oscillators, and singlemolecule gas sensors. However, a major factor hindering the development of technology for the largescale production of graphene-based nanoelectronic devices is the lack of access to high-quality uniform
graphene layers grown on large SiC substrates. Graphene produced by sublimating Si from SiC heated
o

to high temperatures (1200-2000 C) is sensitive to the surface quality of the SiC substrates.
Concurrently, the CVD epitaxial growth of graphene on metal substrates has lately received much
attention. Unfortunately, epitaxial growth on metals suffers from the disadvantage that electronic
applications require graphene on an insulating substrate, and although wafer-scale transfer is possible,
it is a difficult process. A fundamental question thus arises: how can one reduce the dependence of
graphene growth on substrate quality and simultaneously improve graphene layer uniformity?
In this paper, we report the CVD of epitaxial graphene (CVD-EG) on SiC substrates using propane gas
as the carbon precursor. Graphene layers were grown using a commercially available horizontal CVD
hot-wall reactor (Aixtron VP508), which is inductively heated with an rf generator. The epitaxial CVD of
graphene relies critically on the creation of dynamic flow conditions in the reactor that simultaneously
stop Si sublimation and enable the mass transport of propane to the SiC substrate. Tuning the value of
the Reynolds number Re enables the formation of optimized Ar boundary layer (BL). Propane that
diffuses across the Ar BL to the SiC surface thermally decomposes, and the deposition of epitaxial
graphene occurs on the SiC surface. The most critical step is to protect the SiC substrate against Si
o

sublimation at conditions of high temperature (T ≈ 1600 C) and low Ar pressure (P). While protecting
against Si sublimation, C deposition was enabled with one monolayer resolution by taking advantage of
the high efficiency of kinetic processes at high T and low P. Additionally, the formation of FLG is
possible on the Si-face SiC(0001) which, in comparison to max 2-3 ML of S-EG, creates greater
research opportunities. The proposed method permits the growth rate of graphene on the C-face of
SiC(000-1) to be considerably lowered enabling the growth of 1ML, which is extremely difficult in the
case of S-EG.
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Epitaxial carbon films were deposited predominantly on Si-faces of both semi-insulating and conductive
on-axis 4H-SiC substrates. To prove high quality of CVD graphene the ARPES measurements have
been performed. The results for layer grown on SiC(0001) are presented below. ARPES data clearly
show the expected linear dispersion for relativistic electrons near Dirac point (fig.1). In addition, the
samples were characterized by scanning tunneling microscopy (STM) and micro-Raman spectroscopy.
The thickness of the graphene films were estimated by ellipsometry. The transport parameters of the
graphene samples were measured with the van der Pauw method at room temperature. The electron
12

density in several 1-2 ML graphene films grown in subsequent processes was typically 2-4x10

-2

cm ,

2

with a macroscopically averaged electron mobility in the range 1200-1800 cm /Vs, demonstrating the
high electronic quality of the CVD-EG layers on the wafer scale.
The approach proposed here offers numerous potential benefits in comparison to S-EG (sublimated
epitaxial graphene), including the application of well-developed commercial epi-systems for SiC epitaxy
and the reduction of substrate surface influence on graphene thickness uniformity. Our proposed
approach enables precise growth rate control by adjusting the mass transport of the carbon precursor in
a similar way to the method used in MOCVD/CVD, as well as the passivation of the SiC substrate by
any substances prior to graphene growth. Moreover, one can tune the reactor conditions to grow both
CVD-EG and S-EG in the same system. This work is a significant step toward developing a grapheneon-SiC technology that is suitable for industrial scale production in commercial CVD reactors.

Fig.1 . ARPES spectrum of the CVD-EG grown on an on-axis 4H-SiC(0001) substrate.
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The past few years have witnessed a surge of interest in graphene, a recently isolated single sheet of
graphite. Due to the absence of a bandgap in graphene and the formation of electron-hole puddles,
graphene-based field-effect transistors cannot be turned off, thus limiting their application in electronic
circuits. A strategy to increase the on/off ration relies upon patterning of graphene nanoribbons (GNRs),
wherein quantum confinement opens a bandgap inversely proportional to the ribbon width.
Here, we demonstrate the operation of a digital memory cell consisting of a single GNR based on a
nondestructive storage mechanism [1]. The devices are fabricated by patterning graphene into
nanoribbons using V2O5 nanofibers as etching masks. A pronounced memory effect is observed under
ambient conditions, which is attributed to charge traps in the vicinity of the GNRs. Gate voltage pulses
of opposite polarity enable reliable switching between the distinct on- and off-states of the device for
7

clock frequencies of up to 1 kHz and pulse durations as short as 500 ns for > 10 cycles. The durable
and stable memory cell can be rendered nonvolatile upon exclusion of oxygen and humidity. Graphene
nanoribbons thus emerge as promising components of highly integrated memory arrays.
References
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Figures

Figure 1: Digital waveforms gained from the GNR device under ambient conditions. (a): A schematic of the
fabricated GNR memory device. The input trigger signal is the gate voltage (red) and the output signal is the drain
current (blue). (b) Trigger signal at a frequency 1 kHz and a duty cycle of 10%. (c) Drain current at a drain bias of 1
V with an input signal frequency of 1 kHz. Two different duty cycles were used: 10 % (blue; pulse duration of 50 µs)
and 0.1 % (gold; pulse duration of 500 ns).
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As a one-atom-thick two-dimensional crystal with unique electronic, mechanical, optical, and thermal
properties, graphene has attracted great attention from scientific community. Graphite, a natural mineral
compound formed after aeons of harsh geological process underground, is fundamentally composed of
millions of graphene sheets stacking together. It is believed to be a low cost, easy accessible resource
for scale-up graphene production, because functional graphene nanoplatates with single to several
layers of graphene could be easily exfoliated from graphite oxide through mild ultrasonication or thermal
expansion [1].
The chemically derived graphene sheets are often decorated by abundant intrinsic active sites, such
as functional groups (mainly -OH, -COOH, -C=O, -C-O-C-), lattice defect (atom vacancy, distortion,
dangling bonds) on the lateral surface and edge. On one hand, the introduction of functional groups
increased the wettability and solvent compatibility of graphene, which offers an opportunity for
macroscopic ordered assembly of graphene in solution based approach. On the other hand, the active
sites could be further modified by surface reaction with heteroatoms such as nitrogen, boron, and
phosphorus, so as to tune the acid/base property and electronic structure of graphene. These specific
advantages provided tunable surface chemistry of graphene for advanced energy conversion and
storage [2, 3].
The present research has been carried out following generally two mainlines including graphene
assemblies from graphene oxide and graphene hybrids from reduced graphene oxide (as shown in
Figure 1). The highlights of our work are as follows,
a) Graphite oxide was an element for graphene based advanced functional materials. Flexible, semitransparent, and free-standing graphite oxide membranes (Figure 2a, 2b) could be fabricated at the
liquid/air interface through a facile and efficient self-assemble method. Such macroscopic membranes
are constructed from individual graphene oxide sheets by layer-by-layer stacking and show excellent
mechanical and optical performance [4, 5].
b) To efficiently produce chemical-exfoliation-based production of graphene starting from graphite
oxide, the preheated high-temperature environment is believed to be very critical. By introducing a high
vacuum to the exfoliation process, high quality graphene sheet (Figure 2c) is available at a mild
temperature, the exfoliated graphenes demonstrate an excellent energy storage performance, and the
electrochemical capacitance is much higher than that of the high-temperature exfoliated ones. This
vacuum exfoliation approach presents us with a possibility for a mass production of graphenes at low
cost and great potentials in energy storage applications of graphene-based materials [6].
c) Graphene-based architectures have attracted much attention as a viable support material to
improve the efficiency of various catalytic reactions, energy conversion and storage. The abundant
functional groups, lattice defect provided tunable surface chemistry of graphene sheets. However,
graphene sheets are always tending to form irreversible agglomerates through the van der Waals
interaction. To demonstrate the extraordinary performance of the graphene, novel type hybrid
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composites by combining nanomaterials with distinct structures and dimensions with unexpected
properties and unique applications was a good solution. We proposed two strategies to fully
demonstrate its potential for energy storage. The first route is introducing the secondary phase to
separate graphene sheets. For instance, in present research, tin, which has a theoretical capacity of
−1

992 mAhg , has been proposed as one of the most promising anode materials for the coming decades
and selected as the separator. A SnO2/graphene hybrid was explored for energy storage application
(Figure 2d). On the other hand, the graphene sheet was mediated by N, P, B doping. As an electron
donor and acid-base adjuster, nitrogen modification has been proved to be a valid way to tune the
chemical and electrical environment of carbon surface. The N modified nanocarbon materials often
exhibits an exceptional property towards anchoring and nucleation of active species, such as metal ions,
clusters and coordinated complex in solution based process. We expected that doped graphene was a
novel platform for advanced graphene based materials for energy storage [7].
Through those efforts, graphene based assemblies and hybrids are expected to be a novel platform
for advanced energy conversion and storage for sustainable society.
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Figure 1. Route map of graphene based assemblies and hybrids for advanced energy conversion and storage

Figure 2. (a) AFM image of graphene oxide; (b) Self-assembled free-standing graphite oxide membrane; (c)
HRTEM image of thermal reduced graphene oxide; (d) HRTEM image of SnO2@RGO hybrids
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This work addresses the conception of purely-organic magnetic materials. A first part is
dedicated to the conception of high-spin organic building blocks obtained from fused polycyclic
hydrocarbons by converting selected HC(sp2) sites into H2C(sp3) ones, guided by Ovchinnikov’s rule.
Some molecules involving three to twelve fused six-member carbon rings are presented. Unrestricted
DFT calculations, including geometry optimizations, confirm the high-spin multiplicity of ground states.
Spin-density distributions and low-energy spectra are further studied through geometry-dependent
Heisenberg–Hamiltonian diagonalizations and explicit correlated ab initio treatments (DDCI), which all
agree on the high-spin character of the suggested structures, and locate the low-lying states at
significantly higher energies. In particular, the lowest-lying state of lower multiplicity is always found to
be higher than kT at room temperature (at least ten times higher).

The second part is focused on the conception of ferro-, ferri- and antiferromagnetic periodic bidimensional lattices. For this purpose, the nature and magnitude of magnetic coupling between the
high-spin units are analyzed as functions of the topology of the connection. Simple rules to predict the
preferred spin ordering between the units are established, resulting from the interplay between two main
physical factors, namely (i) the spin-polarization of the bridge, and (ii) the Ms-spin component of the
connecting carbons on each magnetic unit. The relevance of these rules is confirmed by UDFT
calculations performed on bi-unit fragments.
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saturation: Saturating properly chosen vertices of polycyclic conjugated hydrocarbons may lead to high-spin
organic units
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Epitaxial graphene islands are prepared by ethylene deposition on Ir(111) at room temperature and
subsequent annealing to 1050°C. The lateral dimension of the islands varies from 5 nm to 40 nm. Using
scanning tunneling spectroscopy we were able to visualize confined states within the islands. The state
energies and corresponding local density of states patterns are in good agreement with third nearest
neighbor tight-binding calculations for graphene. However, we had to include the potential of the moiré
structure as well as a strongly absorbing character of the edge states. The width of the confined state
energy peaks has been used to determine the lifetime of the Dirac electrons, which is inversely
proportional to energy. Atomic resolution STM images show singly saturated zigzag edges which are
predicted to feature a spin-polarized state. STS measurements at the graphene edge partly show a
pronounced peak at the Fermi level. A similar peak with lower intensity at the Fermi level is measured
on the iridium, which could be identified as a surface state. This suggests that the increase in intensity
at the edge of the graphene is due to a coupling of the edge state to the iridium surface state which
enhanced strongly the intensity of the peak. Spin-polarized STS has been performed using an
antiferromagnetic chrome tip in order to analyze the magnetic character of the edge state.

Fig. 1: dI/dV images at different sample voltage provide confined states on
graphene island.
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Metal-Like Thermal Transport Performance and Beyond
Ya-Ping Sun
Department of Chemistry and Laboratory for Emerging Materials and Technology,
Clemson University, Clemson, South Carolina 29634-0973, USA
Tel: 864-656-5026, Fax: 864-656-6613, Email: syaping@clemson.edu
Graphene oxides (GOs), beyond their widely reported use as precursors for single-layer
graphene sheets, are in fact excellent materials themselves. In the reported work we used
aqueous GOs to effectively disperse few-layer graphene sheets (GNs) in suspension for
facile wet-processing into nanocomposites of GNs embedded in GOs (as the polymeric
matrix). The resulting light-weight and plastic-like nanocomposite materials remained
mechanically flexible even at high loadings of GNs, and they were found to be highly
efficient in thermal transport, with the experimentally determined thermal diffusivity
competitive to those typically observed only in well-known thermal conductive metals
such as aluminum and copper. As demonstrated, GOs apparently represent a unique class
of two-dimensional polymeric materials for potentially “all-carbon” nanocomposites,
among others, which may find technological applications independent of those widely
proclaimed for graphene sheets.
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Edge- and quantum confined states in atomically well-defined graphene quantum dots
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Despite the availability of good quality, large scale graphene layers, the realization of both the roomtemperature graphene transistor as well as the more advanced theoretical ideas require well-defined
samples, in particular in terms of the graphene edge structure. This level of control is currently not
available through conventional lithographic techniques and there is a lack of experimental data on
atomically well-defined graphene nanostructures. For example, opening a sufficient gap for roomtemperature operation through quantum confinement requires structures in the size range of 10 nm.
Furthermore, the electronic structure of graphene nanostructures is sensitive to the structure of the
edges (e.g. zig-zag vs. armchair) [1]. There is a possibility of edge reconstructions and attachment of
various functional groups, which further complicate the comparison between theory and experiment [2].
We use chemical vapour deposition (CVD) from ethylene on Ir(111) surface to grow small graphene
flakes with well-defined edge structure [3]. We focus on the possible edge states and size-dependence
of the quantum confined wavefunctions in these graphene quantum dots (GQDs) [4,5]. We explore the
size-dependent electronic properties of the GQDs on Ir(111) using low-temperature, scanning tunneling
microscopy (STM, Figure, top left). Graphene interacts only weakly with the underlying Ir(111) substrate
and retains the electronic structure of isolated graphene [6].
The CVD growth yields a relatively broad distribution of different GQD sizes and shapes ranging from a
couple of nanometers up to ca. 20 nm with a roughly hexagonal shape. All the flakes have edges in the
zig-zag direction with a very small roughness (we see steps with a height of a single atomic row at the
flake edges). We can readily access individual GQDs and measure their atomic structure using STM
(Figure, top right). The local electronic properties can be probed by scanning tunneling spectroscopy
(STS), which allows the measurement on the local density of states (LDOS, proportional to the dI/dV
signal) with atomic spatial resolution. Figure (middle row) shows dI/dV maps (measured under constantcurrent STM feedback) at different bias voltages that show the presence of quantum confined states
with different envelope wavefunction symmetries. We are able to reproduce the experimental results
using tight-binding calculations of free-standing GQDs with the experimentally determined atomic
structure (Figure, bottom row).
We have measured the size-dependence of the energy level spacing and the band gap of these GQDs.
Our preliminary analysis shows that they both are approximately inversely dependent on the size of the
GQD. In addition to these delocalized states, we are able to visualize edge states at energies close to
the Dirac point. Our measurements show that CVD-grown graphene quantum dots form an ideal
platform for a fundamental study of the electronic properties of atomically well-defined graphene
nanostructures.
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Figures

Top left: Schematic of the experimental setup. Graphene quantum dots with well-defined edges are grown
epitaxially on Ir(111) and investigated by low-temperature STM. Top right: Typical atomically resolved STM image
acquired at 0.5V / 100 pA. Middle row: dI/dV maps (proportional to local density of states) acquired under STM
feedback at the bias voltages indicated in the figure. Bottom row: Local density of states at the energies
corresponding to the experimental dI/dV images based on tight-binding calculations on a GQD with the
experimentally determined atomic structure.
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For the application of graphene in logic switches transistors with a high on-off ratio are necessary to
provide two discrete states. One method to increase the on-off ratio in graphene is the application of a
perpendicular field to bilayer graphene. This can be realized with a double gate structure with a bottom
and top gate fabricated around the bilayer. In this work we investigate a method to replace one of the
gates by surface doping.
We fabricated back gated bilayer graphene field effect transistors (GFETs), where the graphene’s top
side was freely accessible for surface doping. We used highly p-doped Si covered with 90 nm thermally
grown SiO2 as a substrate. Prior to the graphene deposition the substrate was coated with HMDS in a
chemical vapor deposition process [1]. A careful preparation of the samples was crucial for the
observation of the discussed effects. The graphene was exfoliated with an adhesive tape from a natural
graphite crystal and deposited on the substrate. After graphene deposition the contact electrodes were
fabricated by optical lithography, sputter deposition of 40 nm nickel and subsequent lift-off. A schematic
of the GFET’s device stack is depicted in the inset of Fig. 1.
The doping of the upper graphene plane was achieved by two different approaches: The exposure of
the device to ambient atmosphere for several hours led to a p-doping of the graphene. Although this
method is not suited for device fabrication because of its experimental character, it is rather simple to
perform and allows a stepwise removal of the dopants by annealing and therefore a quasi continuous
tuning of the doping level. The second approach is based on the evaporation of a 1 nm thin aluminum
layer that oxidizes immediately when exposed to ambient atmosphere. Aluminum causes a strong ntype doping in graphene [2]. The sheet resistance

SQ

as a function of the applied back gate voltage UBG

of two freshly fabricated bilayer graphene devices with n-type (aluminum) and p-type (atmospheric)
doping are depicted in Fig. 1 together with the characteristics of an undoped device at room
temperature. We observed that due to the doping not only the charge neutrality point (CNP) of the
graphene is shifted to larger values (-42 V for n-type doping and +32 V for p-type doping), but also the
resistance at the CNP and the on-off ratio increased. Previous investigations on double-gated bilayer
GFETs [3,4] showed a similar behavior and in ARPES studies of doped bilayer graphene the opening of
a band gap due to symmetry breaking was observed [5].
For an application oriented evaluation the on-off ratio of a GFET is defined as a figure of merit,
governed by the ratio of the resistance at the CNP and the resistance at a carrier concentration of 10

13

-2

cm , which corresponds to a back gate voltage of ±40 V. In Fig. 2 the on-off ratios RCNP/RCNP±40V of all
investigated devices are plotted as a function of their respective back gate voltage at the CNP. In the ntype regime for negative back gate voltages from -20 to -42 V the on-off ratio reached values between
18 and 43. In the case of atmospheric doping the on-off ratios were between 7 and 40 with the CNP
voltages ranging from 10 to 60 V. After annealing at 200°C in nitrogen the GFETs had lost most of their
doping as evidenced by the shift of the CNP voltage into the range of -5 to 5 V. As a consequence the
on-off ratio was reduced to values between 6 and 10.
The method presented here for increasing the on-off ratio in bilayer graphene by surface doping has the
potential to bias a bilayer GFET at an optimal working point and then control the channel by a single
gate electrode.
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Figures

Fig. 1: Sheet resistance of n-type, p-type and an undoped bilayer GFET as a function of the applied back gate
voltage at room temperature. The inset shows a schematic of the fabricated GFETs. The doping by adsorbates is
indicated.

Fig. 2: On/off ratio vs. position of charge neutrality point VBG_CNP of several devices. All measurements have been
performed in nitrogen atmosphere and at room temperature.
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Control of the Unintentional Doping in Epitaxial Graphene FETs
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The transport properties of graphene with saturation currents as high as 2.0 A/mm and electron
mobilities of 15 000 cm2/Vs [1] place this material in the limelight as an attractive candidate of nextgeneration nanoelectronic devices. The widely observed high carrier mobility naturally focuses our
attention towards high frequency performance of graphene based devices. Gigahertz operation of
exfoliated [2] and epitaxial [3] graphene FETs has been reported showing cut-off frequency up to
170 GHz [4]. A common trend [3] for these top gated epitaxial graphene FETs that they are highly ntype doped so switching them off is a difficulty. While it is not necessary a problem for analog
applications, graphene could offer mixed analog/digital integration with an ease, and for digital
transistors a low leakage off state is a necessity. For that purpose devices with close to intrinsic doping
have to be fabricated. Here we present the study of the effect of different high-κ oxides and gate metals
on the doping level of epitaxially grown graphene on SiC substrates.
Epitaxial graphene was grown on Si-face 6H-SiC. The epitaxial film may consist of double layer parts
especially where the underlying SiC substrate has steps. According to AFM characterization and
Raman measurements the graphene thickness is 1-2 layers in average over the wafer. A recent study
has shown [5] that while double-layer graphene may be present in the immediate vicinity of the steps, it
represents only a small perturbation to the normal linear dispersion relationship expected for singlelayer graphene. To form FETs we patterned the graphene by e-beam lithography using HSQ and
etched it in O2 plasma. In terms of the gate oxide we fabricated two samples for comparison one with
~20 nm spin-on HSQ and another without it. Both got a 20 nm thick atomic-layer-deposited Al2O3 film.
E-beam evaporated Cr/Au contacts were lastly deposited to form field-effect transistors (FETs). Hall
2

measurements reveal µ ~ 500 – 600 cm /Vs throughout the sample, showing smooth variation and
better performance in the middle of the wafer. The DC output characteristics of the devices were linear
up to 5 V and slightly sub-linear at higher biases. The drain current had relatively weak (~ 1.5x - 3x)
gate dependence as we swept the gate voltage between +/- 10 V. We performed a broader study to
characterize the effect of the oxides and for that we used a more simple structure: 1x1 cm samples with
metal contacts in the corners. Our conjecture was that a component of the high n-type doping are the
states on the graphene/oxide interface. To test this we tried several materials (SiO2, HSQ, Al2O3,
HfO2) deposited by different methods (e-beam evaporation, ALD, spin-coat). Another reason for the
doping can be the polar nature of the oxide, what we tested by deposited a second layer of highly polar
oxide after the surface layer.
We find that all the tested oxides introduced n-type doping. The quantity of the doping shows correlation
to the dielectric constant of the oxides. By removing the oxide the initial doping can be restored. In case
if we deposited a high-κ oxide on the top of the low-k oxide the n-type doping increased further. High
temperature annealing can increase crystallinity of the oxide therefore decrease trapped charge density.
We experienced some improvement in case of 600 °C rapid thermal annealing (RTA) but the quick
thermal expansion introduced cracks in the oxide.
Our experiment showed that the unwanted doping effect can be minimized by utilizing certain oxide
stacks, but intrinsic or p-type doping was not achieved. Growing on lightly p-doped SiC wafer or the use
of a polymer surface layer can be a solution and it will be the subject of our further investigation.
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Carbonaceous field effect transistor with graphene and diamondlike carbon
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Selection of the gate dielectric is a critical issue for fabrication of topgate graphene field effect
transistors (G-FETs).[1] Well-known oxide gate dielectrics are not applicable due to the oxidative
destruction of the π-system of graphene during the deposition process.
Diamondlike carbon (DLC) is a carbonaceous material with an amorphous structure composed
2

of sp carbon, sp3 carbon, and hydrogen.[2] DLC behaves widely in electrical characteristics as from a
conductor to a dielectric by controlling the amount of hydrogen incorporated.[3] So far, dielectric DLC
films have been challenged as topgate dielectrics of Si FETs, but have not become popular because the
production accompanies carbon waste and resultant contamination so that it may not be suited for the
clean-room fabrication process. On the other hand, in graphene devices, DLC may be applicable
because of the affinity in material chemistry between graphene and DLC. In this work we have
fabricated a topgate G-FET with a DLC film as a gate dielectric (DLC-gated G-FET).
Figure 1 shows the schematic cross section of the DLC-gated G-FET. Graphene used here is
prepared on a 6H-SiC substrate by annealing.[4, 5] Pt was selected as the source and drain ohmiccontact metal because of its better adhesion and affinity to graphene.[6, 7] The channel width (WC),
channel length (LC), and gate length (LG) were 11, 6, and 5 μm, respectively. The DLC gate was
prepared by photoemission-assisted plasma enhanced chemical vapor deposition (PA-PECVD).[8, 9]
This consists of dc plasma triggered by UV-photoemission from the sample, giving much smaller output
power to minimize the plasma damage to graphene. The thickness of the present DLC gate was 100 nm.
The dielectric constant was 5.1 and the equivalent oxide thickness (EOT) was estimated to be 76 nm.
Figures 2 and 3 show the IDS-VDS and IDS-VGS characteristics, respectively. For both cases VGS
scans from (a) -12 and (b) +12 V, respectively. No drain current saturation is observed in the IDS-VDS
characteristics (Figs. 2(a) and (b)), reflecting non-Bernal stacked gapless graphene formation. When
VGS scans from -12 V (Figs. 2(a) and 3(a)), the device operates in the ambipolar mode and the Dirac
voltage (VDirac) is observed in the far positive region. On the other hand, when VGS scans from +12 V
(Figs. 2(b) and 3(b)), the ambipolar mode is also observed, but VDirac is observed in the far negative
region. This hysteresis may be the difference of the hole or electron doping induced by VGS.
Theoretically in the ambipolar mode VDirac shifts with VDS at the level of 1/2 VDS where the concentration
of electrons and holes are in equilibrium; however, the observed ones are much higher (lower) when
VGS scans from negative (positive), suggesting that the graphene channel is still p- (n-) doped.
Figure 4 shows the transconductance (gm)-(VGS – VDirac) characteristics obtained from Fig. 3(a).
The maximum absolute gm’s in n- and p-channel modes of the ambipolar performance are 6.3 and 2.8
mS/mm, respectively. Considering that gm is in proportion to the reciprocals of LG and EOT, |gm| = 2-3
S/mm, which is an extremely high value, is expected when LG = 100 nm and EOT = 10 nm.
Consequently, although the hysteresis is a critical issue to be solved, DLC can be a promising
material as a gate dielectric of a topgate G-FET.
Acknowledgement: This research has been partly carried out at the Laboratory for Nanoelectronics and
Spintronics, Research Institute of Electrical Communication, Tohoku University.
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Influence of dispersion state of graphene on percolation threshold of conductive
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The large variation in the reported percolation threshold values of graphene-based nanocomposites
which ranges from 0.1 to greater than 2 wt% indicates that the dispersion states and other properties of
graphene affected by processing conditions are important in determining the electrical properties of
graphene/polymer nanocomposites. For nanofiller/polymer nanocomposites dispersion state of a
nanofiller was recognized as one of the critical factors governing conductivity of composites as well as
physical properties. It is generally accepted that a good filler dispersion within the polymer matrix
enhances the physical properties of the composite. However, a few studies done on carbon
nanotubes/polymer nanocomposites suggest that agglomeration of the nanotubes could favor the
formation of a percolating network [1,2]. In this work dispersion state of graphene as parameter having
influence on percolation threshold of corresponding composites prepared with latex technology [3] is
discussed.
Graphene dispersions of different degree of exfoliation and stability were prepared with the aid of
sonication. The dispersion process was monitored by measuring UV–Vis absorption. Quality of the
nanofiller was characterized by Raman spectroscopy. The conductivities of the final composites were
measured by a four-point method. The organization of graphene sheets in nanocomposites and their
conductivity distribution was analyzed with nanometer resolution by means of conductive atomic force
microscopy (C-AFM). The results indicate that agglomeration of graphene sheets and clustering
formation can significantly decrease a percolation threshold of the nanocomposites.

Acknowledgement:
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Netherlands, project nr. #648.
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Figure 1. Conductivity profile for composites prepared with graphene dispersions of different stability. Stability of
the dispersions is increasing in the range A<B<C.

Figure 2. C-AFM images of graphene/polymer nanocomposites containing 4 wt% of graphene prepared with
dispersions A, B and C respectively.
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Ink-Jet printed graphene electronics
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Ink-jet printing is one of the most promising techniques for inexpensive large area fabrication of flexible
plastic electronics[1], due to its versatility, the limited number of process steps[2], the ease of mass
fabrication[2]. Despite much progress, ink-jet printed organic Thin Film Transistor (TFT) still show poor
2 -1 -1
5
air stability, limited lifetime, mobility (µ<0.5 cm V s ) [3], and ON/OFF ratios(<10 ). The use of carbon
nanotubes (CNT) ink [4,5] allowed to increase µ by at least one order of magnitude[3,4].
Graphene is at the centre of an ever expanding research area [6]. Near-ballistic transport and high
mobility make it an ideal material for nanoelectronics, especially for high frequency applications.
Furthermore, its optical and mechanical properties are ideal for thin-film transistors and transparent and
conductive electrodes[7]. Here we exploit the extraordinary properties of graphene to fabricate
graphene-based ink-jet printed transparent and conductive electrodes and TFTs. Liquid phase
exfoliation (LPE) is ideal to produce printable graphene-based inks.
High quality graphite flakes are dispersed in organic solvents by ultrasonication (~9 hours) followed by
ultracentrifugation to remove large graphite fragments that are likely to clog the nozzle of the ink-jet
printer. We investigate N,N-dimethylacetamide, Ethyl Acetate, 1-Methyl-2-pyrrolidone (NMP),
Dimethylformamide as organic solvents. By Optical Absorption Spectroscopy (OAS), Transmission
electron microscopy (TEM) and Raman spectroscopy we find that NMP gives the highest yield of
monolayer graphene [8].
Graphene-ink stripes are then ink-jet printed on Si/SiO2 modified by Self-Assembled Monolayers (SAM),
which reduce the wettability of the substrate and allow uniform printing of graphene electrodes. AFM
shows that a ~20 nm thick conductive stripe is obtained with a uniform distribution of graphene flakes.
Its optical and electrical properties are studied respectively by OAS and electrical four-point probe
measurements at room temperature. The ink-jet printed graphene-ink stripes are then utilized to
2 -1 -1
4
5
fabricate graphene-based TFTs achieving mobility up to 95cm V s and ON/OFF ratio of ~10 -10 . The
electrical and optical performances observed in our devices, demonstrate the viability of graphene-ink to
fabricate electronic devices, paving the way to graphene ink-jet printed electronics [9].
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Figures

a)

b)

c)

Figure: a) Graphene-ink. b) Example of graphene ink-jet printed pattern. c) Graphene TFT fabrication

steps: graphene-ink is printed on Si/SiO2 substrate, gold pads define source and drain.
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We investigate the photoconductivity of graphene within the relaxation time approximation. In presence
of the inter-band transitions induced by the linearly polarized light the photoconductivity turns out to be
highly anisotropic due to the pseudospin selection rule for Dirac-like carriers. The possible observations
and applications of this phenomenon are discussed.
One of the most unusual properties of carriers in graphene is the additional quantum degree of
freedom which is dubbed as a pseudospin but, in fact, is connected with the sublattice index and has
nothing to do with the real spin. Nevertheless, in some cases it turns out to be possible to deal with the
pseudospin in a similar way as with the real electron spin. The experiment proposed below involves the
optical excitation of the valence electrons to the conduction band in the intrinsic (or undoped) graphene.
The idea is that the Hamiltonian describing the interaction between the electromagnetic wave and
charge carriers inherits the pseudospin-momentum entangled structure from the effective Dirac-like
Hamiltonian relevant for the electron pi-system of the single layer graphene near half filling. Assuming
the normal incidence of a linear polarized electromagnetic wave one can arrive at the electron
generation rate which strongly depends on the relative orientation between the electron momentum and
the linear polarization plane, see Fig. 1. As consequence the photoconductivity parallel to the light
polarization plane is 3 times smaller than the perpendicular one, i. e. the photoconductivity turns out to
be highly anisotropic. Thus, changing the linear polarization angle from 0 to 2-Pi one can observe two
minima (and two maxima) in the current flow, as depicted in the inset of Fig. 1. These double extrema
can be seen as a signature of the effect proposed.
To evaluate the plausibility of the photoconductivity response proposed above one has to compare
the residual carrier concentration due to the unintentional doping with the number of the photo-excited
carriers. Assuming the CH3OH laser [1] operating at the wavelength 0.118 nm with the power 20 mW
we find that the concentration of the photo-induced electrons is of the order of the residual carrier
concentration in graphene after annealing. Thus, to observe the effect, we suggest utilizing the undoped
suspended graphene samples which allow the laser beam to excite the substantial number of photocarriers from the valence band. The cleaner samples are expected to demonstrate the better results.
They can be used as the polarized light detectors.
We thank Sergey Ganichev and Vadim Shalygin for stimulating discussions.
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Fig. 1: The sample represents a Hall bar made of graphene which is irradiated by the linearly polarized
electromagnetic wave characterized by the vector potential A. Applying the bias voltage one can observe the
electrical current j which depends on the photo-induced carrier concentration. The carriers in graphene described
by Dirac Hamiltonian with the cone-shaped dispersion law acquire additional degree of freedom known as
pseudospin whose orientation entangled with the particle momentum is shown by arrows. The electrons in the
valence band absorbing the photon energy are excited to the conduction band producing the photoconductivity
response. The electron-hole excitation rate is zero if the light is polarized along the pseudospins of the excited
particles. In contrast, the excitation rate is maximal if the vector potential and pseudospin are perpendicular to each
other. Since the pseudospin orientation is coupled with the particle's momentum the resulting photoconductivity
depends on the angle between A and j, as shown in the inset.
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Suspended bilayer graphene in high magnetic fields
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We have measured the two-terminal magnetoresistance in high-mobility suspended bilayer graphene at
low temperatures down to 0.3 K and in high magnetic fields up to 30 T. We observe the field-induced
appearance of an insulating phase at the charge neutrality point (CNP), a splitting of the lowest Landau
level into eight distinct sub-levels, and, for the highest magnetic fields (B > 20 T), we demonstrate
evidence for the development of a fractional quantum Hall effect (FQHE) in bilayer graphene

The mobility of standard graphene transistors is limited by the interaction with the SiO 2 substrate and
chemisorbed impurities. Making suspended graphene eliminates the interaction with the substrate and
allows removing impurities by local current annealing [1]. The most common technique for underetching
the graphene is directly etching the SiO2 with buffered HF. For our samples, the graphene is placed on
an organic polymer on top of the SiO2 [2]. This technique allows an underetching with inert solvents
which make the devices much mechanically more stable. After processing the samples, we clean up the
suspended graphene by using in-situ current annealing at cryogenic temperatures and obtain high
2

-1 -1

mobilities up to 200.000 cm V s .

In fig. 1a we show how the integer quantum Hall effect in one of our suspended bilayer samples
becomes fully pronounce at 1 T. Additionally, we find a gap-opening at the CNP, visible as a strongly
diverging resistance, R  exp(-/2 kB T Plotting the gap as function of the magnetic field we obtain a
square-root dependence (see fig. 1b) and thus tentatively attribute this behavior to a ferromagnetic
origin which is in contrast to previous reported data in suspended bilayers with a linear field dependence
of the gap proposing due to many body effects [3]. Owing the existence of inhomogeneities leading to
electron and hole puddles, the Coulomb potential is disordered, which might be the reason for the
observation of quantum Hall ferromagnetism in our device [4].

High magnetic fields break the complete eight-fold degenerated lowest Landau level in bilayer
graphene, illustrated in fig. 1c. In addition the possible appearance of a FQHE in the lowest Landau
level is illustrated in Fig. 1d where we plotted the conductance as function of filling factor v. When
approaching the CNP, we can identify a FQHE at filling factors v = 1/3 and v = 2/3. Additional plateaus
with an N-shaped features also appear for v < 1/3 as well as a relatively wide plateau between v = 1/3
and v = 2/3.

In conclusion we show the latest results on two-terminal measurements on bilayer graphene suspended
on an organic polymer in high magnetic fields. Our experiments demonstrate experimental evidence for
a FQHE in suspended bilayer graphene. So far, we can tentatively identify fractional filling factors with
denominator three.
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Two-terminal resistance of suspended bilayer graphene around the CNP. The integer quantum Hall effect
with quantized plateaus at filling factors  = 4 and 8 is already visible and the divergence of the resistance
at the CNP indicates the opening of a gap.
Gaps extracted from the temperature dependent resistance around the CNP. The scaling B points
towards a quantum Hall ferromagnetic behaviour.
Splitting of the eight-fold degenerated lowest Landau level in bilayer graphene.
High-field two-terminal conductance in the lowest Landau level at B = 30 T and T = 0.3K. Features
appearing around  = 1/3 and  = 2/3 propose the appearance of a FQHE.

Tuning graphene's electronic structure via unbalanced disordered sublattices and defect
superlattices
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Graphene, a single carbon plane arranged on a honeycomb lattice, has received a lot of attention in the
last few years due to its very appealing physical properties as the room temperature quantum hall
effect, a large coherence length or a high electronic mobility [1]. These basic properties hold a high
application potential for graphene in nanoelectronics. Nevertheless the future of this field strongly
depends on the possibility to control the electronic properties of this material.

On the basis of extensive tight-binding and ab initio calculations, we demonstrate the possibility to tune
graphene's electronic structure via realistic atomic defects (epoxide and hydroxyl groups chemisorbed
on graphene).

For example we report on the bandgap opening in graphene monolayer induced by unbalanced
disordered sublattices. Our findings show that the bandgap width depends on the nature, the
concentration and the distribution (random, semi-random, periodic) of the impurities. We also perform
an indepth study about the special case of periodic distribution of atomic defects. We demonstrate the
existence of three different families of defect superlattices which conduct to specific band structures and
therefore could lead to different electronic and transport properties [2].
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The discovering of graphene with its impressive properties has involved the development of large-scale
production methods, which is still challenging. Some techniques have been reported in the literature [1]:
lithographic, chemical vapor deposition, chemical exfoliation, even methods that unzip carbon
nanotubes into graphene layers or nanoplatelets. One of the most feasible, nowadays, is the chemical
exfoliation [2]. This technique, traditionally performed from graphite [3], has been recently updated using
CNTs as starting material [4], and consists of the intercalation and oxidation of graphene layers in
graphite or CNTs to space them into separate graphene. The oxidation is followed by mechanical or
thermal exfoliation, improving the yield of the separation into single layers. As innovation, in this work,
we propose the use of helical-ribbon carbon nanofibers (HR-CNF), economical alternative of CNTs, as
starting material for graphene synthesis by chemical exfoliation. High quality graphene oxide
nanoplatelets (GONP) were produced [5].

This new material was introduced in a PMMA thermoplastic polymer matrix. Dispersion, tensile
properties and fatigue of GONP/PMMA nanocomposites were studied and compared with PMMA
nanocomposites containing pristine HR-CNFs and functionalized HR-CNFs with oxygen and nitrogen
groups. GONP are easily exfoliated and more homogeneous dispersion is achieved compared to HRCNFs (Figure 1 A and B). Furthermore, they provide better mechanical properties, with improvements
never seen before with HR-CNFs (Figure 1 C), suggesting high potential of GONPS as reinforcement
materials.
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Figure 1. Comparison of GONP/PMMA and HR-CNFs/PMMA nanocomposites: A) Dispersion of HR-CNF/PMMA;
B) Dispersion of GONP/PMMA; C) Elastic modulus of pristine and functionalized HR-CNF/PMMA and
GONP/PMMA
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Dual Gating of Suspended Graphene Devices via Contactless Gates
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Monolayer and Bilayer graphene devices with local electrostatic gates present a rich platform for
both academic and application driven inquiry. Realization of the veselago lensing effect and band
gap engineering are a few of the most dazzling and promising physical phenomena that these
systems are predicted to host. However, a major roadblock in this quest is the strict requirement
for exceedingly clean samples. We have developed a method to fabricate suspended top gates
above a suspended graphene flake to address this challenge. Using this technique we
demonstrate dual gating of a suspended graphene flake. We will discuss the latest experimental
progress towards the electrical transport of such a device in the zero-magnetic field regime, as
well as in the quantum Hall regime.
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Evaluation of the microwave frequency multiplication effects in microstrip gaps with graphene
layers exfoliated from graphites with a different angular spread of the crystallite c-axes.
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In this work, the frequency multiplication effect predicted in [1-2] is analyzed in a microwave microstrip
gap covered with graphene layers exfoliated from graphites showing optically flat basal plane surfaces
with different values for the angular spread of the crystallite c-axes. Three graphite samples have been
used, two samples with a respective angular spread of the crystallite c-axes of 2.6º and 3.2º, and a third
sample of less oriented graphite. The used microwave structure consists of two microstrip lines with
tapered tips towards a gap of 0.15 mm that is covered with the exfoliated graphene layer (Fig. 1). The
nonlinear behavior of the graphene layer is evaluated by applying on one side of the circuit an input
signal at the fundamental frequency f0 and measuring on the other side the third harmonic component
that is generated at 3f0. The output power Pout of the third harmonic component at 3f0 (30 MHz to 10
GHz) has been measured when varying of the input frequency f0 from 10 MHz to 3.33 GHz, and for
different values of the input power Pin between 1 dBm and 10 dBm. The resulting ratio between the
obtained output power Pout(3f0) and the input power Pin(f0) is shown in Fig. 2. With the used microstrip
circuit, higher values for the output power have been obtained when using graphene layers exfoliated
from less oriented graphites. From Fig. 2, it can also been observed that for higher values of Pin the
output power slightly saturates. The measured third harmonic power has an almost flat frequency
response along the whole frequency range.
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Figures

Fig. 1. Tapered microstrip line structures with a 0.15 mm gap covered with exfoliated graphene layers.

Fig. 2. Relation between the provided input power Pin at the fundamental frequency f0 and the measured output
power Pout at the third harmonic component at 3f0, for three types of graphites with corresponding angular spread
of the crystallite c-axes: (a) 2.6º, (b) 3.2º, and (c) less oriented graphite.
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Carbon nanowalls, described as two-dimensional lamellar nanostructures assembled from few
layers of graphene sheets, might be ideal hosts for supporting metallic nanoparticles because they have
a large specific area related to their volume and present a nano-porous network. CNW decorated with
metal nanoparticles can provide some of the most interesting nanocomposites materials, with
applications in nano-sensors, catalysis and fuel cells. Important issues that need to be considered for
development of nano-sensors are the attaching and integration of the nanoparticles on/in the
nanostructures walls, their homogeneous dispersion/distribution, and their size. In general, the particle
attachment to surfaces under controlled conditions is difficult. Promising results are obtained in case of
functionalization (using for example plasma) of the nanostructured architecture support prior to the
nanoparticles attaching.
The present contribution focuses on the CNW plasma functionalization processing for the
promotion and control of nanoparticles attachment by activation and incorporation of functional groups.
The functionalization with metal nanoparticles was achieved by sputtering of metal targets (Ni, Pt, Ag)
using the magnetron technique implemented in the same deposition chamber in which the CNWs are
synthesized. Magnetron sputtering deposition of metallic nanoparticles was done for different exposure
times, on as –synthesized and plasma treated CNWs in hydrogen, oxygen and ammonia gases. The
characteristics of the obtained nanoparticles/CNW materials were investigated by SEM, AFM, XRD,
TEM, Raman Spectroscopy techniques.
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WAVE PACKET DYNAMICS IN A MONOLAYER GRAPHENE AT THE PRESENCE OF ELECTRIC
FIELD
V. Ya. Demikhovskii, A. V. Volkov
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In this work we study the space-time evolution of electron wave packet moving in monolayer graphene
placed in potential field, potential barrier, and wells. In particular, we describe and visualize the effect of
additional splitting and interference in the process of Klein tunneling [1]. The Klein tunneling is one of
the most important manifestations of the relativistic Dirac spectrum in graphene [2]. In this process an
electron crosses a gap between two bands, which is a classically forbidden area, and transforms from
an electron to a hole, or vise versa. At first time the effect of Klein tunneling on conductance in a
graphene sheet in the ballistic regime was investigated in a series of works [2],[3].
Graphene is a single layer of carbon atom densely packed in a honeycomb lattice. The two-dimensional
Hamiltonian describing its band structure has the form [4]
𝐻 = 𝐻0 + 𝐼 𝑈 𝑥, 𝑦 = 𝑣𝐹 𝑝𝑦 𝜍𝑥 + 𝑝𝑥 𝜍𝑦 + 𝐼 𝑈(𝑥, 𝑦),

(1)

where 𝑣𝐹 is the Fermi velocity, 𝑝 is the momentum operator defined with respect to the centre of the
valley centered at the corner of the Brillouin zone, 𝑈(𝑥, 𝑦) is the potential energy, 𝐼 is a unit matrix. Here
Pauli matrices 𝜍𝑖 operate in the space of the electron amplitude on two sites (A and B) in the unit cell of
a hexagonal crystal, the internal degree of freedom playing a role of a pseudospin.
We represent the initial electron wave function by Gaussian wave packet having the width 𝑑 and
nonvanishing average momentum 𝑝0𝑥 = ℏ 𝑘0𝑥 ,
𝜓 𝑟, 0 =

1
𝑑 𝜋 𝑐1 2 + 𝑐2 2

exp −

𝑟2
2𝑑 2

+ 𝑖𝑘0𝑥 𝑥

𝑐1
𝑐2 ,

(2)

where coefficients 𝑐1 and 𝑐2 determine the initial pseudospin polarization, the packet width 𝑑 is much
greater than the lattice period and consequently 𝜓(𝑟 , 0) is smooth enveloping function. We suppose that
Fermi level is located in the valence band and consider the problem in a one electron approximation.
For a numerical solution of the equation
𝑖ℏ

𝜕
𝜕𝑡

𝜓1
𝜓
=𝐻 1
𝜓2
𝜓2

(3)

we adapt here a finite difference method described in [4] for solution of the two-dimensional massless
Dirac equation. We use Crank-Nicholson scheme with Caley transformation of evolution operator.
Below we discuss the simple case when the initially localized wave packet Eq.(2) moves in a uniform
electric field with potential 𝑉 𝑥 = −𝑒ℇ𝑥. The results of numerical calculations for electron probability
density (see Fig. (a)) and pseudospin density (see Fig. (b)) are presented below for the initial wave
packet (2) with polarization c 1 = 1 and c 2 = 1 and average momentum 𝑘 𝑜𝑥 . One can show that this
initial wave packet can be considered as mainly a superposition of positive energy states of the
Hamiltonian 𝐻0 . As one can see from Fig. (a) the packet moving in the direction of vector ℇ parallel to 𝑥
axis splits into parts. The splitting takes place at the point 𝑥𝑐 where 𝑘𝑥 = 0. At this point one part which
is a superposition of the states with small 𝑘𝑦 demonstrates Klein-like tunneling from the conduction
band to the valence band. The right and left reflected parts are the superposition of the states with
𝑘𝑦 > 0, 𝑘𝑦 < 0 correspondingly. In Fig. (b) we illustrate the evolution of the component of the
pseudospin density: 𝑠𝑥 𝑥, 𝑦, 𝑡 = 2𝑅𝑒(𝜓1 ∗ 𝜓2 ). If at 𝑡 = 0 this component had the positive sign then at
moment 𝑡 = 90 (in the units of 𝑑/𝑢) the reflected and transmitted parts get opposite pseudospin
polarization. This is a result of that the reflected and transmitted part are superpositions of states with
different chirality. If should be noted that the wave packet with the same initial average momentum 𝑘0𝑥
and polarization c 1 = 1 and c 2 = −1 which is a superposition of negative energy states in a uniform
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electric field propagates in opposite direction, and the tunneling takes place from the band 𝐸 − to the
band 𝐸 + .
For the arbitrary pseudospin polarization when the wave packet can be considered as a superposition of
the positive- and negative- energy states of Hamiltonian 𝐻0 , the wave packet evolution is directly
related to the Klein tunneling between two bands. In this case the reflected parts of the wave packet
moving in opposite directions interfere that result in the new type of Zitterbewegung oscillation of the
average packet coordinates and pseudospin polarization at the presence of electric field.
In our presentation we shall consider also the wave packet tunneling thought the potentials barriers and
wells.
We thank G. M. Maksimova for interesting and very fruitful discussions. This work was supported by the
program of the Russian Ministry of Education and Science “Development of scientiﬁc potential of high
education” Project No. 2.1.1.2363

References
[1] O. Klein, Z. Phys. 53 (1929), 157.
[2] M. I. Katsnelson, K. S. Novoselov & A. K. Geim, Nature Phys. 2 (2006), 620.
[3] E. B. Sonin, Phys. Rev. B 79 (2009), 195438.
[4] J. C. Slonczewski and P. R. Weiss, Phys. Rev. 109 (1958), 272.
[5] G. M. Maksimova, V. Ya. Demikhovskii, and E. V. Frolova, Phys. Rev. B 78 (2008), 235321.
[6] T. Iitaca, Phys Rev. E 49 (1994), 4684.

Figure

Figure caption

The electron probability density 𝜌 𝑥, 𝑦, 𝑡) = 𝜓1 2 + 𝜓2 2 (a) and pseudospin density 𝑠𝑧 𝑥, 𝑦, 𝑡 (b) for
initial wave packet Eq.(2) with 𝑐1 = 1 and 𝑐2 = 1 for 𝑘0𝑥 𝑑 = 2, at time 𝑡 = 90 (in units of 𝑑/𝑢). The
calculation was performed for 𝑑 = 20 𝑛𝑚 and for electric field 𝐸𝑥 = 𝑢ℏ/3𝑒𝑑 2 which corresponds to the
amplitude 𝐸𝑥 = 𝑚𝑉/𝑐𝑚.
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DFT calculation of spin-dependent transport properties of Z-shaped graphene nanoribbons
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The recent fabrication of single layer graphene has promoted huge expectations in the field of all-carbon
nanoelectronics and spintronics. The possibility to pattern graphene nanoribbons (GNRs) with widths of
few tens of nm, has enabled band-gap engineering and the development of efficient GNRs-based spin
filters. The lateral confinement of the 2DEG in GNR induces finite bandgap in semi-metallic graphene.
It has been predicted that the electrical properties of GNR can be tuned from perfectly metallic, for zigzag edge ribbons, to semiconducting behaviour, for armchair ribbons. In this later case, the gap varies
with the ribbon width, length and topology [1] .

We performed density-functional theory (DFT) based calculations to obtain electronic structure of
armchair/zig-zag/armchair Z-shaped GNRs [2] with a large variation of geometrical parameters. The
spin-dependent exchange-correlation potential is approximated within the generalized gradient
approximation (GGA) using the QuantumWise toolkit ATK, which employs local numerical double-zeta
polarized basis orbitals. The spin-dependent transport properties of the electrode-device-electrode
geometry were calculated by means of non-equilibrium Green’s function formalism as implemented in
ATK [3].

The GNR lateral asymmetry produces strong spin-dependent behavior resulting in a large spin
polarisation effect. It is shown by analyzing the GNR trasmissivities. Our results endorse that for the
generation of spin-polarized currents, formation of spin-ordered edge-localized states along the zigzag
edges is the key mechanism [4, 5]. In the case of antiferromagnetic spin orientation at the opposite
GNR edges spin dependent transmissivities appear when zigzag edges are long enough (Fig. 1). We
analyzed the influence of the GNR width and of the lengths of arm-chair and zig-zag parts (Fig. 2). The
first calculations of gate electrode influence is performed as well (Figs3, 4). Since GNRs have long spincorrelation lengths and good ballistic transport characteristics they can be considered as a promising
active material of spintronic devices without the need of ferromagnetic electrodes or other magnetic
entities [6]. The spin filtering structure could be prepared by the nanolithography of GNR.
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Fig 1.
Transmissivities of Z-shaped GNR with the width
of 9 carbon atoms, two arm-chair segments with
length of 2 carbon atoms and middle zig-zag part
with length of 7, 6, and 5 carbon atoms for
electrons with spin up and spin downorientations.
No spin polarisation appears for the GNR with the
shortest arm-chair part.

Fig. 3
Structure of Z-shaped GNR with the width of 11
carbon atoms, two arm-chair segments with length
of 2 carbon atoms and middle zig-zag part with
length of 7 carbon atoms and the gate beneath
the zig-zag part.
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Fig. 2
Transmissivities for spin up and spin down of Zshaped GNR with the width of 7 carbon atoms,
two arm-chair segments with length of 2, 3 and 4
carbon atoms and middle zig-zag part with length
of 7 carbon atoms. The GNRs with 3 and 4 carbon
atoms in arm-chair segments show almost the
same behavior.arm-chair part.

Fig. 4
Transmissivities for spin up and spin down of Zshaped GNRs from Fig. 3 with (G) and without
the gate beneath the zig-zag part. The gate
potential is the same as at the both electrodes.
The transmissivities are almost the same for this
gate potential.
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Although graphene displays a large number of extraordinary properties, there is still a need to modify
some of these for graphene based devices. Notably for transistor design it is necessary to create and
engineer an electronic gap in graphene. One way to introduce such a gap is by cutting graphene into
graphene nanoribbons (GNRs). Previous studies have shown that ribbon gaps decrease exponentially
with increasing width [1]. However less attention has been paid to other ways of controlling the band gap
of ribbons. In particular, structure and chemical design of edge states are beginning to receive attention
[2]. First experiments have shown that the most stable configurations of GNRs with chemically
functionalised edges are mostly either zigzag or armchair edges [3]. The simplest chemical edge
termination of GNRs is hydrogen termination, which is used almost exclusively in theoretical modeling
[4,5]. In experiments however edges will be commonly terminated by a range of species including N, O,
etc. Depending on the functional group both the electronic structure and the surface topology can change,
as recently proposed in calculations of twisted F-terminated GNRs [6].
We present here the result of theoretical DFT studies of OH-terminated armchair and zigzag GNRs, and
show first evidence of the stability of 3D-rippled edges as compared to flat OH-terminated ribbons. GNR
result in a significant change of the GNR band gap as compared to equivalent hydrogen terminated
ribbons. Hydrogen bonding occurs between neighbouring edge functional groups. We discuss resultant
mobility and transport properties and the possibility for band gap and transport engineering through
chemical control of edge site terminations.
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The application potential of graphene is currently being extensively explored by the materials science
commuinity. Its immediate potential as a transparent conductive electrode for the microelectronics
industry is already being exploited and it is speculated that the unique combination of electronic,
chemical and structural properties exhibited by graphene will imapct the development of thin film
transistor development. Further applications for the development of graphene based molecular sensors
are underway. In all stages of application development there is a requirement for materials
characterization and analysis; from the initial research stages, through to testing of the finished devices.
Most materials need to be analyzed for compositional homogeneity across the sample surface and
thickness through the sample. It is rare that a single technique can achieve these testing requirements,
and therefore a complementary approach involving several techniques is often required.
In this presentation we will discuss how a multi-technique approach using Raman and XPS can address
the problems associated with the analysis of ultra thin film materials. This approach will be illustrated by
examples from graphene and other carbon nanomaterials, comparing and contrasting the
complementary chemical and structural information offered by each technique.
Raman microscopy is an analytical technique that is well suited for the characterization of graphene.
Raman microscopy is a vibrational technique that that is very sensitive to small changes in a molecule’s
geometric structure and or its environment. This sensitivity allows Raman to be used as a probe for a
number of properties important to a specific graphene samples. These properties include but are not
limited to the determination layer thickness, the presence or absence of defects and for measuring local
strain on a sample. Results from Raman investigations will be presented which will demonstrate
Raman microscopy’s usefulness in graphene and graphene based device characterization.
X-ray photoelectron spectroscopy (XPS) is ideally suited to the determination of the surface chemistry
and the way in which that chemistry changes in the surface and near-surface region. The technique
provides quantitative elemental and chemical information with extremely high surface specificity and is
ideal for comprehensively and quantitatively characterising the elemental composition and chemical
bonding states at surfaces and interfaces.
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Anisotropic honeycomb lattice in the Hubbard
Guangquan Wang
National University of Singapore – (Singapore)

We explore the phase diagram of an anisotropic honeycomb lattice with in the frame work of the
Hubbard Model. Other than the usual semi-metal, band-insulator and anti-ferromagnet, a new
spin-liquid phase is identied, which can be understood in terms of strongly dimerized states. In
the isotropic limit, in contrast to a recent Quantum Monte Carlo calculation, in addition to a
gapped spin liquid, a gapless one is also found, which could possibly be eliminated by
considering dierent dimer covering schemes.
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Adsorption and Separation of Carbon-Monoxide on Metal-decorated Graphene Oxide
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As the superstar in current nanoscience, graphene and related nanomaterials have attracted
continuous interests in the past years, and have many applications in a variety of fields. Among these
graphene related nanomaterials, graphene oxide (GO) has attracted resurgent attentions in recent
years, though graphite oxide has been synthesized for more than 150 years. In our previous works, we
have systematically investigated the structural stability of GO phases [1] and predicted that transition
metal (e.g., Ti) anchored on GO can absorb molecular hydrogen at the room temperature avoiding
metal clustering [2]. Here we will explore the potential applications of GO in the environmental field.
Release of toxic and exhaust gases into environment is a growing national concern and effective
capture of these gases is an urgent issue to the environment protection. Finding the ideal sorbents for
gas capture and separation is of great importance, and previous efforts have been focused on zeolites
and metal-organic frameworks (MOF) materials due to their thermal stability, structural porosity, and
high adsorption capacity. Separation and removal carbon monoxide (CO) from natural gas is one of the
industrially significant separation processes and is an important issue in fuel cell technology. As the gas
sorbents, GO has light mass with large surface area, very low cost and can be easily chemical modified.
Here we will propose metal-decorated GO as an ideal sorbent for CO adsorption and separation from
the natural gas (e.g., N2) or the other gas mixtures (e.g., CH4). The adsorption capacity and selectivity of
different toxic and exhaust gases on the metal-decorated GO surface has been comprehensively
studied using first-principles calculations and Grand Canonical Monte Carlo simulations. In addition to
understand the binding strength and electronic effects of the gas adsorbed on the metal-decorated GO
substrate, we further explore the possibility of selection/separation of gas mixture. Moreover, different
decorated metals exhibit different adsorption capacities for gases.
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Figures

（a）Optimized structures of Ti-decorated GO with fully loaded CO adsorption from first-principles calculations,
brown balls denote carbon atoms, red balls for oxygen atoms, green balls for hydrogen atoms and light blue for
titanium atoms; (b) Density distributions for CO molecules on the Ti-decorated GO at the condition of 298 K and 10
Bar using the Grand Canonical Monte Carlo simulations, and the red points are the centers-of-mass of the
adsorbed CO molecules.
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We study plasmon excitations in nanoscale graphene disks and edge plasmons in semi-infinite
sheets and compare to the corresponding results for 2D metals within a random phase approximation..
Our results indicate that the unusual dispersion relation of graphene gives rise to interesting deviations
from the usual nanoparticle plasmons and surface and edge plasmons seen in conventional metals.
A finite doped graphene sheet, with Fermi level away from the Dirac point, shows metallic
properties including the plasmon excitation also at zero temperature. The density dependence of the
plasma frequency is

  n1/4 , while it is  n1/2 for the 2D electron system. Taking into account that

the electron density of a finite doped graphene is much smaller than that of usual metals results in a
plasma frequency of doped graphene which is much lower than that of metals. This special feature
makes the doped graphene a good candidate for studying the intrinsic THz plasmon excitation and
inspiring THz applications such as THz sensor.
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Scalable, economic growth is a key requirement to utilise the unique properties of mono- and few-layer
graphene (FLG) for device applications. The most promising and versatile growth technique for
graphene is catalytic chemical vapour deposition (CVD), in which catalyst surfaces are exposed to a
1
gaseous carbon precursor at elevated temperatures. This offers a low-cost method of producing
graphene across large areas, but at present the growth mechanism(s) are not well understood.
Elucidation of the growth processes is needed to enable the control and optimisation of CVD graphene
growth beyond the empirical calibrations of C dose and the process temperature profile. In particular,
improvements in the domain size and the control of layer number are needed before CVD graphene
becomes suitable for a wide range of applications.
We compare (few-layer) graphene growth based on a solid C source to graphene CVD based on low
hydrocarbon exposures on thick (>300 nm), poly-crystalline transition metal films. We investigate a
range of different solid and gaseous carbon precursors to understand the effect of C source on the
growth. We focus on graphene nucleation and graphene domain size in relation to the catalyst grain
size distribution and the C chemical potential.
We perform in-situ high-pressure X-ray photoelectron spectroscopy (XPS) and in-situ X-ray diffraction
(XRD) during graphene growth at temperatures between ~300-700C, and during subsequent cooling. In
situ XPS is carried out at the BESSY II synchrotron at the ISISS end station of the FHI-MPG and in-situ
2
XRD at ESRF at the Rossendorf Beamline. Time- and depth- resolved, high-pressure XPS is used to
obtain a detailed record of transient C/metal core level signatures prior to and during graphene
formation for the different experimental conditions. Whereas XPS provides compositional data for the
catalyst surface and near-surface (<1nm) region, we complement this technique with in-situ XRD which
allows characterisation of the bulk crystalline phases present during growth. This allows determination
of the catalyst microstructure, phase composition, and how this evolves during graphene nucleation and
growth. Based on this combination of in-situ techniques, we model the growth processes involved in
catalytic graphene growth.
Ex-situ characterisation is used to assess the uniformity and domain sizes of as-grown and transferred
graphitic layers by optical/scanning electron microscopy, Raman spectroscopy, and transmission
electron microscopy (TEM). The graphene film properties are then compared with the in-situ data to aid
and corroborate the interpretation of the in-situ XPS and XRD results.
References
[1] Oshima et al., J. Phys.: Condens. Matter, 9 (1997) 1
[2] Hofmann et al., J. Phys. Chem. C, 113 (2009) 1648

495

496

Graphene Oxide: a novel support for Transmission Electron Microscopy of Polymers
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The design and synthesis of self-assembled block amphiphilic copolymers are of interest for the
preparation of multifunctional polymeric nanostructures. By tuning the hydrophilic/hydrophobic balance
of these polymers a range of morphologies can be accessed, including spherical micelles, cylinders and
vesicles. These materials are of potential interest in applications such as nanoreactors or delivery
vehicles [1,2]. However, accurate nanometre scale measurement of morphology is essential in order to
give control and optimize these systems. Although transmission electron microscopy (TEM) and
associated analytical techniques can supply information about morphology and chemical composition at
sub-nanometre levels, scattering from light elements is weak. This leads to very low contrast when this
type of specimen is examined upon a conventional support film such as amorphous carbon or formvar.
The most common approach to overcome this problem is to stain the specimen with a heavy element
(e.g. using OsO4, or Phosphotungstic Acid PTA) to increase contrast, allowing morphology and the
polymer phases in the system to be visualized. Nevertheless, staining is an invasive technique which
may affect the morphology, can lead to significant and misleading artifacts, and make compositional
analysis difficult or impossible. Analysis of polymer systems without staining would represent a major
step forward.
Graphene is a highly electron-transparent material, as it consists of a single sheet of carbon atoms. It
has found applications in recent years as a support film for nanoparticle analysis [3], but has the
disadvantage that manufacture of graphene coated grids is both time-consuming and expensive and
that graphene itself is hydrophobic. Graphene oxide (GO), however, is hydrophilic and water soluble,
and large areas of single-sheet GO for use as TEM support films are extremely easy to prepare by drop
casting methods. Furthermore, the chemical manufacture of GO is also simple and is a very low-cost
process in comparison with graphene. GO retains the hexagonal symmetry of the unmodified graphene
without any ordering in the functional groups [4]. It has been also demonstrated by TEM that GO is
highly electron transparent and stable under the electron beam. The electron transparency of GO is
close to that of graphene itself, and its hydrophilicity makes it easy to deposit samples directly from
solution, and consequently it is an ideal support film for self-assembled diblock copolymer
nanostructures. Furthermore, the chemistry of the GO surface can be tailored by further
functionalisation, opening up the possibility of new fields of experimentation.
In this work, we show how diblock copolymer systems can be imaged on GO allowing morphological
and compositional analysis to be carried out without staining. GO support films were prepared by drop
-1

casting from a 0.25 mg ml GO aqueous suspension onto a lacy carbon TEM grid. The diblock co
aggregates, consisting of Polylactide (aka Polylactic acid, PLA) (Hydrophobic) and Poly acrylic acid
(PAA) (hydrophilic), were deposited directly onto this support and examined in a JEOL 2100 LaB6 TEM
operating at 200 kV. A typical image is shown in Fig. 1. The contrast in this TEM image arises from both
mass-thickness and phase contrast mechanisms. To enhance the phase contrast, the image was
recorded in under-focus conditions, i.e. inducing a phase shift of the scattered electrons. It is evident
from the structural characterization of the unstained diblock copolymer on GO is that there is a wall
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thickness of ~ 2 nm which could not be observed in the stained specimen Fig. 2. Additionally, the
stained specimen does not reveal the presence of both open and closed cylinder nanostructures as can
be observed in the specimen prepared directly on the GO support. The mottled background is
contamination arising from the diblock copolymer deposition, its removal will enable further advances in
resolution and detailed analysis of these self-assembled nanostructures.
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Figures

Figure 1. TEM image of the copolymer deposited directly on the GO support film.

Figure 2. TEM image of the PTA-stained copolymer on a carbon support film.
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Graphene oxide (GO) provides a potential route to large quantities of graphene, is cheap to make in
bulk and easy to process.[1, 2] It is also a starting point for further functionalisation to create chemically
modified graphenes (CMGs) e.g. for use in composites, light-harvesting, or as sensors. Understanding
the chemical and physical structure of GO is a necessary step towards its controllable functionalisation
for CMGs and potential complete reduction back to graphene.

Here we will provide compelling evidence that GO, as produced by the Hummers' method, is composed
of functionalized graphene sheets decorated by strongly bound oxidative debris, which acts as a
surfactant to stabilize aqueous GO suspensions. We will also show that the physical and chemical
properties of the as-produced GO are strongly influenced by this oxidative debris.[3]

Upon the addition of NaOH as-produced graphene oxide (aGO) rapidly separated into a black
aggregation and an essentially colorless supernatant, Figure 1. The black aggregate was separated and
analysed; TEM and AFM showed it to contain graphene-like single sheets (we subsequently refer to it
as base-washed GO, or bwGO). The supernatant was also dried and analysed; it showed a similar FTIR
spectrum to aGO but contained no graphene-like sheets. We will show that this material contains
oxidative debris, and refer to it as OD. Careful and independent measurement of the masses revealed
that 64 ± 2 % of the mass of aGO can be attributed to bwGO, and 30 ± 9 % to OD. We conclude that
base-washing separates aGO into two-parts, bwGO and OD, and that by mass they are present in a
ratio of roughly 2:1. XPS analysis showed the C:O ratio increased from 2:1 for aGO to 4:1 for bwGO,
with no discernible change in the Raman spectra, Figure 2. It was not possible to resuspend the bwGO
0

1

-1

in water. bwGO is conducting with a conductivity of order 10 -10 S m .

These results strongly suggest that the as-produced GO consists of functionalized graphene-like sheets
to which oxidative debris is strongly adhered. The graphene-like sheets are oxidized, but at a much
lower level than current models for GO suggest, Figure 3. This OD-bwGO complex appears to be
indefinitely stable in water, but the removal of the oxidative debris can simply be effected with a base
wash, whereupon the more highly functionalized debris dissolves fully into water, leaving a suspension
of functionalized sheets. The importance of the oxidative debris is demonstrated by the change in
properties of aGO after its removal: unlike as-produced GO, the resultant base-washed graphene oxide
is not easily suspended in water and is conducting.

Our results suggest that models for the structure of graphene oxide need revisiting. The oxidative debris
non-covalently attached to as-produced GO has important implications for the synthesis and application
of CMGs, particularly where direct covalent functionalisation of the graphene lattice is required.
.
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Figures

Figure 1. Photograph of 0.5 mg ml-1 aGO suspension in NaOH (concentrations as marked) within 30 s of addition
of the NaOH (top), and after three hours (bottom).

Figure 2. a) C 1s XPS spectra of as-produced GO (aGO) and base-washed GO (bwGO). b) Raman spectroscopy of
aGO and bwGO using 633 nm laser excitation.
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Figure 3. A diagrammatic representation of aGO; large oxidatively functionalized graphene-like sheets with surface
bound debris. Note that the graphene-like sheets extend further than depicted.
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We present microscopic calculations of the relaxation dynamics of photo-excited carriers in graphene.
Our approach includes the major relaxation channels, i.e. carrier-carrier as well as carrier-phonon
scattering, and considers the coupled ultrafast dynamics of carrier population, coherence, and phonon
population resolved in time and momentum. In agreement with several differential transmission
experiments, we observe a redistribution of the excited carriers to energetically lower states resulting in
a hot Fermi-Dirac distribution on a hundred femtosecond timescale followed by phonon-induced cooling
in the range of a few picoseconds [1-4].

Due to its zero-bandgap and the linear bandstructure of graphene, Auger-type relaxation channels
become efficient, which are negligible in conventional semiconductors. In contrast to any other
Coulomb-induced channels, these scattering processes modify the total carrier density by bridging the
valence and conduction band. Two competing processes are important: Auger recombination (AR)
annihilates an electron and a hole, whereas impact ionization (II) creates both (cp. fig. a). Here, we
evaluate both Auger-type processes and find a significant influence on the relaxation dynamics in the
form of ultrafast carrier multiplication (CM), a process where multiple charge carriers are generated from
the absorption of a single photon [5].

The temporal evolution of the total carrier density during and after a 10 fs pulse (800 nm) is shown in
figure b. To study the influence of Auger-processes, we compare two situations: First, only the excitation
is simulated to obtain the number of optically excited carriers (blue line). In a second calculation we
include the full Coulomb scattering resulting in a significant increase of the carrier density after the pulse
(red line). This nonequilibrium effect is caused by an asymmetry between AR and II during the
equilibration in favor of II. We note that the CM depends on the strength of the pulse, for higher
excitations the CM is reduced. Including the carrier-(optical)phonon scattering we also estimate the
efficiency of the CM under realistic conditions. As expected, we observe a phonon induced carrier
recombination and temporal decay of the carrier density on a picosecond timescale. Thus, the carrier
multiplication remains efficient up to a few picoseconds confirming the potential of graphene as a new
material for photodevices.
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Figure: (a) Scattering scheme of Auger recombination and impact ionization. Both processes fulfill momentum and
energy conservation. (b) Temporal evolution of the charge carrier density considering the exciting pulse (blue) and
carrier-carrier scattering (red). The preference of II results in a significant increase of the carrier density during the
equilibration.
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Graphene is an ideal material for electrochemistry because of its very large two-dimensional electrical
conductivity, excellent electron transfer rate, huge specific surface area and low cost. In addition, it is
considered a more practical electrode material than carbon nanotubes (CNTs) counterpart because it
can be cheaply produced from low cost graphite with no metallic impurity [1-2].
In this work, a electrochemically synthesized graphene-PEDOT:PSS (GP-PEDOT:PSS) is presented as
a new electroactive material that is utilized for the first time to modify screen printed carbon paste
electrode (SPCE) by inkjet printing technique. The electrochemical characteristics of the inkjet printed
SPCE electrode is characterized by cyclic voltammetry (CV) for detection of salbutamol.
Two graphite rods were placed in an electrolysis cell filled with the PEDOT:PSS electrolyte and a
constant potential of 8 V was applied between electrodes for 5 hours to obtain stable GP-PEDOT:PSS
dispersion with intended graphene concentrations. The dispersed product was centrifuged at 1200 rpm
to separate large agglomerates and supernatant portion of the dispersion was then decanted. The GPPEDOT:PSS solution was used as an ink for inkjet printing on SPCE by the commercial Dimatrix
material inkjet printer. Five layers of GP-PEDOT:PSS material were coated over 3x5 mm2 electrode
area. The surface morphologies of fabricated electrochemical electrodes were examined by SEM (Fig.
1). It is seen that uncoated SPCE electrode has rough surface with large grain size of several microns
and surface becomes smoothen after inkjet printing with PEDOT:PSS or GP-PEDOT:PSS.
Cyclic voltammetric response of GP-PEDOT:PSS modified SPCE electrode in 1 mM salbutamol solution
was compared to those of PEDOT:PSS modified and unmodified SPCE electrodes as shown in Fig. 2. It
is found that the oxidation peak amplitudes of PEDOT:PSS modified and GP-PEDOT:PSS modified
SPCE electrodes are approximately 30 and 150 times higher than that of unmodified SPCE electrode,
respectively. The dramatic enhancement can be attributed to huge reactive surface area, high electronic
conductivity and excellent electron transfer rate of graphene and PEDOT:PSS. Cyclic voltammetric
responses of electrodes with different numbers of inkjet printing GP-PEDOT:PSS layers are shown Fig.
3 (a). It can be seen that the oxidation peak of salbutamol is considerably affected by the number of
inkjet printing layers. The oxidation peak amplitude is then plotted as a function of number of inkjet
printing layers as shown in Fig. 3 (b). It is evident that the current amplitude initially increases as the
number of layers increases from 1 to 4 and then begins to decrease. Hence, the optimal number of
printing layers is 4. From concentration depedent study, good analytical features with wide dynamic
working range of more than 500 µM and low detection limit (3S/N) of 1.25 µM are obtained. Therefore,
electrode based on inkjet printed GP-PEDOT:PSS layer is a promising candidate for advanced
electrochemical sensing applications.
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Figures

Fig. 1 Photograph of fabricated electrode and SEM micrographs of SPCE electrode, inkjet printed PEDOT:PSS on
SPCE electrode and printed GP-PEDOT:PSS on SPCE electrode.

Fig. 2 The oxidation of 1 mM salbutamol on
(a) GP-PEDOT:PSS and (b) PEDOT
electrode and (c) SPCE electrode. Scan rate
was 100mVs−1. 50 mM PBS: pH 7.0.
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Fig. 3 (a) Cyclic voltammograms obtained at various
number of printed GP-PEDOT:PSS layers on SPCE
electrode. (b) Relationship between current response and
number of GP-PEDOT:PSS layers.
Scan rate was
100mVs−1. 50 mM PBS: pH 7.0.

Bandgap opening in hydrogenated graphene studied by electronic transport and STM
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Most electronic logic applications require material with a bandgap. Although graphene is a
gapless conductor a gap can be created by chemical modification, e.g. hydrogenation [1], in which
adsorbed H changes the orbital hybridization of carbon from sp2 to sp3. Depending on the degree of
hydrogenation one can tune the graphene’s transport properties from zero-gap semiconductor to
insulator. In experiment we hydrogenate graphene by RF plasma with a gas mixture of Ar/H2 (85:15).
Here, the introduced defects like hydrogen adsorbates or argon induced vacancies, can be
characterized by the ratio of the D and G band in Raman spectrum [2]. We present the systematic
studies of electronic transport in graphene depending on plasma exposure time and report the influence
of the amount of defects on graphene carrier mobilities and mean free path.
Additionally, we have explored the change in the electronic properties of CVD graphene and
graphite after hydrogenation by scanning tunneling microscopy (STM). STM topography images reveal
a non-uniform hydrogen chemisorption on the surface, forming islands, which cover roughly 20% of the
surface. From the statistical analysis of scanning tunneling spectroscopy (STS) traces we have
observed a hydrogen induced bandgap opening, with an average value of 0.6 eV. Further, we have
studied the electronic and structural changes of the samples after a moderate thermal annealing which
should de-hydrogenate the surface. Remarkably, it has been found that even though topographic
changes are not fully reversible after annealing, the bandgap is closed. The full cycle of
hydrogenation/de-hydrogenation can be repeated with similar results.
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Figures

a)

b)

Figure 1. (a) Resistivity of single (blue) and double layer graphene (black) after several exposures to hydrogen
plasma. Filled circles represent the resistivity at the Dirac point, open circles represent the resistivity in metallic
12
-2
regime (at 2·10 cm carrier density). The inset present the single resistivity curve for SLG. (b) Mean free path of
charge carriers in graphene after the exposures. The gray area indicates the values below the length of C-C bond,
where the calculations of the mean free path are no longer valid.
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Figure 2. A set of 2D histogram of STM spectroscopic dI/dV traces acquired for two different samples: HOPG
graphite and CVD graphene on Ni at different processing stages. In each histogram 2000 traces are collected at
random STM tip locations on the sample. Initially both samples show metallic behaviour (dI/dV>0) (a, f), while after
hydrogenation (b,g) the semiconducting behaviour, with the bandgap above 0.6 eV is present. Annealing recovers
the metallic behaviour (c,h). The procedure of hydrogenation and annealing can be repeated (d,e,i,j)leading to
similar properties.
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2D graphene due to its electrical properties has been investigated for nanoelectronic
applications, including lithium ion batteries. It was proved that it exhibits an enhanced lithium storage
capacity as anodes in lithium-ion cells and good cyclic performance [1-3]. Moreover, MnO2/Graphene
composite displays almost three times higher capacitance compared to the pristine graphene [4]. Here,
we present a synthesis method of MnO2/Graphene composite, where MnO2 nanocrystals are deposited
on few-layered graphene. The crystal formation is a result of redox reaction of KmnO4 and oleic acid at
the oleic acid/water interface at room temperature, according to the method of Yan et al. [5].The
material was characterized by means of high resolution transmission electron microscopy (HR-TEM)
and EDX as its mode, Raman spectroscopy, XRD and TGA. Electrochemical properties of the material
are currently under investigation.
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Effects of Polycrystalline Cu Substrate on Graphene Growth by Chemical Vapor Deposition
J. D. Wood, S. W. Schmucker, J. C. Koepke, A. S. Lyons, E. Pop, and J. W. Lyding
Beckman Institute, Micro and Nanotechnology Laboratory, and Dept. of Electrical and Computer
Engineering, Univ. of Illinois at Urbana-Champaign, 405 N. Mathews Ave., Urbana, IL 61801, USA
jwood2@illinois.edu
Previous experiments have shown that graphene chemical vapor deposition (CVD) on copper
can form large monolayer sheets that can be transferred to a target substrate [1]. Nevertheless,
graphene’s lack of epitaxy with the underlying Cu causes issues with the as-grown material quality.
Typical CVD growths employ polycrystalline Cu substrates, whose surfaces possess multiple
polycrystalline facets, grain boundaries, annealing twins, and rough nucleation sites. Understanding how
these surface structures affect graphene is critical for high quality, reproducible graphene growth.
In this work, we determine that Cu surface structures interact strongly with graphene, contrary to
previous study [2]. Non-primary Cu crystal facets promote the growth of dendritic graphene lobes,
causing irregular grain boundaries with other patchwork grains. We also find that graphene growth is not
favored on both Cu annealing twins and non-primary crystal facets.
We grow graphene by CVD using 99.9% pure Cu foils in all of our experiments in a low pressure
CVD process (~0.5 torr growth pressure). Fig. 1(a) and 1(c) are SEM and AFM images, respectively, of
partially nucleated graphene, showing multi-lobed graphene “flowers” similar to those seen previously
[1,2]. Around ~1000ºC, the average Cu surface energy decreases, becoming comparable to the
Cu(111) surface energy, the lowest energy Cu surface [3]. In this case, small changes in surface energy
from polycrystalline Cu facets [e.g. Cu(311), Cu(221)] drastically alter the Cu growth front, leading to
bizarre, anisotropic lobed shapes in the Wulff construction, shown in Fig. 1(d). Combining the Cu and
graphene growth fronts gives the multiple lobes seen in fig. 1(a) and in graphene dendrites [4]. Fig. 1(c)
shows some of these graphene grains coalescing, bringing about irregular armchair and zigzag grain
boundaries. To address this problem, one must lower the growth temperature to suppress the surface
energy and limit Cu atomic diffusion; doing so gives hexagonal graphene grains with regular edges and
grain boundaries, given in fig. 1(b).
To further characterize the effects of polycrystalline Cu on graphene growth, we grow a full
graphene monolayer on patterned Cu registration mesas, with optical images in Fig. 2(a) and (b).
Further, in fig. 2(c), we gather electron-backscatter diffraction (EBSD) data on the Cu mesa, showing
that mesa is predominantly Cu(110). However, the mesa has many annealing twins present and nonprimary (362), (441) facets, displaying crystallographic diversity. We correlate the EBSD data with
spatial Raman maps of the typical G’, G, and D bands found in graphene in fig. 3. Fig. 3(c-e) denote
sparse or nonexistent graphene growth on annealing twins and non-primary crystal facets like Cu(441)
and Cu(362). From fig. 3(b), the graphene distorts along Cu grain boundaries, and it is mainly
monolayer on the Cu(110) surface. The Cu(232) and Cu(100) twins do not grow graphene from full
width at half-maximum (FWHM) analysis. Additionally, it is possible that the twinning regions or nonprimary facets have higher roughness, affecting nucleation site density [5]. Therefore, we perform AFM
measurements on the mesa’s facets, but find no dependence for the G’ FWHM, IG’/IG (signifying
monolayer coverage), or ID/IG (signifying defect coverage) on RMS roughness. Thus, the graphene
growth mechanism appears to be crystallographically dominated, based on the surface energy and
diffusion of the underlying Cu substrate’s crystal structure.
Once one has high quality graphene on Cu, one needs an effective technique to transfer to it to
a choice substrate. We developed a process using multiple layers of PMMA (polymethyl methacrylate)
with differing molecular weights. From Raman analysis with the Tuinstra-Koenig relation [7], it appears
this transfer procedure does not introduce significant defects, transfers several inch wide monolayer
graphene sheets, and allows the creation of unique graphene superstructures.
Our study elucidates the high graphene-Cu substrate interaction. To grow monolayer graphene
with large, hexagonal grains, one must grow at temperatures <900ºC and employ dominant Cu facets
such as Cu(110), Cu(100), and Cu(111), consistent with other results [2,6]. Additionally, low growth gas
flow rates should be used to lower pressure, force surface catalysis [1], and eliminate multilayer
dendritic formation [4].
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Figure 1. (a) SEM of partial graphene coverage on 5 mil Cu (3 min,
1000ºC, 200 sccm CH4). The graphene flowers possess more than
four lobes due to underlying polycrystalline Cu facets. Yellow
diamond indicates a primary Cu facet, giving four lobed graphene,
and scale bar is 20 μm. (b) SEM of partial graphene on 5 mil Cu (5
min, 900ºC, 20 sccm C2H4). The lower temperature suppresses the
Cu growth rate anisotropy. Perfect hexagons given in red, and
scale bar is 5 μm. (c) False-color 3D rendering of an AFM image
(inset) of coalescing graphene grains (green, purple, yellow, and
red). (d) Wulff constructions for the [100] and [110] Cu zones
(orange), showing asymmetric lobes for the Cu growth front
(graphene growth front isotropic). For highly faceted surfaces, these
lobes become more anisotropic, leading to dendritic graphene.
(b)

Figure 2. Optical (a) and
differential interference contrast
(b) images of graphene on a Cu
mesa, with Cu annealing twins in
red. (c) Electron-backscatter
diffraction (EBSD) data showing
the different polycrystalline Cu
facets, grain boundaries (black
lines), and twins. Scale bar 50
μm.
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Figure 3. (a) Mesa optical image, with Cu crystal facets identified. Raman spectra taken at the colored
spots. (b) Raman spectroscopy of selected spots, with D, G, D’, and G’ bands present. The mesa edge
shows defective graphene, and the Cu(232) twinning region has no graphene. Spatial maps for the G’
band (c), G band (d), and D band (e), respectively. Highly faceted regions such as Cu(362) have lower
G’ and G intensities, indicating sparser graphene coverage. Raman pixel size is 7.5 μm.
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Edge Effects in Graphene Nanostructures - Spectral and Transport Properties
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In this work we study edge specific effects on spectral and transport properties of nanostructured
graphene. In particular, we focus on the different types of edges and show how they affect the spectrum
and the conductance. Previously we have investigated the effects of edges on the transport and
spectral properties of graphene quantum dots, as well as on the conductance of graphene nanoribbons
numerically [1,2]. Some edges can lead to effective (e.g. zigzag and infinite mass edges) or real
(magnetic edges) time reversal symmetry breaking, others are effective intervalley scatterers (e.g.
armchair edges).
Here we describe the quasiparticle dynamics in graphene analytically using the effective 2D Dirac
Hamiltonian and imposing appropriate boundary conditions that depend on the specific structure of the
graphene edges. Starting from the multiple reflection expansion for the exact Green function, we
develop a theory that naturally incorporates the influence of the edges.
We then use our formalism to study the density of states (DOS) of closed graphene billiards and the
conductance of open cavities. For the DOS we derive the Weyl expansion for the smoothed DOS,
where we find that the surface contribution is exclusively due to the zigzag edges. That allows us to
relate the DOS directly to the total number of zigzag edges. Furthermore, we derive trace formulae that
connect the oscillating part of the DOS with the periodic classical orbits of the system. The correlations
of the spectrum are found to depend on the structure of the edges, especially on the amount of
intervalley scattering boundary parts. The reason is that the effective symmetry classes are changed
depending on the ratio of the different time scales of the system.
Related effects are found also in the average conductance and the universal conductance fluctuations
of open systems. By means of a semiclassical theory we show that a finite weak localization correction
relies on the existence of armchair edges. Furthermore we obtain the size of both the weak localization
and the universal conductance fluctuations as a function of the relevant time scales.
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High quality multi-layer graphene grown by low-temperature plasma CVD for future nano-carbon
LSI interconnects
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Graphene has various superior properties over Cu such as high current tolerance, ballistic transport

and high thermal conductivity, and therefore, is one of the most promising material for interconnect like
carbon nantube (CNT). According to theoretical study[1], graphene shows lower resistivity compared
with Cu in the form of ultrafine, less than 10 nm in width, interconnect. High-quality graphene growth at
low temperature and on a large-area substrate is indispensable for realizing application for interconnect.
In general, a plasma-based chemical vapor deposition (CVD) technique has the advantage of lowtemperature thin film growth because it can supply a plasma-decomposed radicals and ions on a
substrate. We have reported extremely high-density CNT growth at the growth temperature as low as
450 C[2], which indicates that a plasma-based CVD is suitable for growing carbonaceous materials at
low temperature. Since graphene is one of carbon allotropes, high-quality graphene growth at low
temperature is expected by using a plasma-based CVD. In this study, we investigated the dependence
of crystalline quality of graphene on major parameters of plasma, plasma power density and distance
between a substrate and plasma, in low-temperature graphene growth by a plasma-based CVD.
Co was used as a catalytic thin layer in order to obtain multi-layer graphene. The thickness of which
2

was 30 nm. Plasma power density was widely controlled to the range of 0.01-25 W/cm . Growth
temperature was ranged 500-600 C. We employed a two-step growth method. Firstly, plasma
pretreatment was carried out for reduction of Co film and subsequent step was graphene growth.
Plasma pretreatment was performed at lower temperature, 25-350 C, than that for growth temperature.
Crystalline quality of graphene was evaluated by Raman spectroscopy and transmission electron
microscope.
-1

Figure 1 shows a typical Raman spectrum. The G/D ratio, ratio of G peak at ~1580 cm to D peak at
-1

~1360 cm , which is used as an index of crystalline quality of graphene was calculated to be about 12.
This was considerably high taking account of growth temperature of 580 C. TEM image of graphene
was shown in Fig. 2. Layers of graphene were clearly seen. It was observed that higher plasma power
density leads to higher G/D ratio. Concerning plasma pretreatment, gas species have more influence on
G/D ratio compared with plasma power density.
Acknowledgement: This work has been performed as a part of Ultra-Low Voltage Device project
supported by METI Japan.
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Fig. 1 Raman spectrum. The G/D ratio was calculated to be about 12.
Fig. 2 TEM image. Number of layers of graphene was typically 30-40.
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The Optoelectronic Property of Single CdSe Nanowire/monolayer Graphene Heterojunctions
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[1] [2]

Graphene has attracted wide atterntions since first discover in 2004
and then awarded Nobel Prize
[3]
in 2010，because of its exceptionally high crystal and electronic quality . However, as a strictly twodimensional material with zero-gap, its optoelectronic property is not good enough. Considering the
[4] [5]

excellent luminescent material CdSe whose badgap is 1.74eV at 300K

, we constructed

heterojunction structure based on a single CdSe nanowire and a monolayer graphene.
[6]

Here, graphene have been synthesized via a simple chemical vapor deposition method on Cu chip ,
and then transferred to a clean silicon substrate with 300nm oxide layer. The CdSe nanowires have also
been synthesized via a simple chemical vapor deposition method at 0.5Mpa in a horizontal quartz tube
[7]

furnace . After the electrodes on graphene were done, the CdSe nanowire was transferred from silicon
substrate to across on the graphene directly by glass fiber under an optical microscope.

Under wavelength-635nm, power-10mV red laser irradiated, the device should show some interesting
phenomenons

[8] [9] [10]

. However, a similar phenomenon in our experiment did not be found. At the same

time, this device just has a weak backgate modulation.

We will put much more attentions on the performance of the device, more and better results can be
expected.
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(a) Schematic picture of the heterojunctions and the schematic test circuit; (b) SEM image of the
heterojunctions; (c) SEM image of the CdSe nanowire device; (d) I/V curves of CdSe nanowires device; (e) I/V
curve of graphene; (f) I/V curves of CdSe Nanowire/Graphene heterojunction with backgate, red-0V, black-80V.
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Shape induced Magnetic Moment in Graphene Nanomesh from First-Principles
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Unique electronic properties arising from confinement of electrons in two dimensions leading to very
large charge mobility make graphene to be extremely promising material for “beyond CMOS”
nanoelectronics developments [1]. Furthermore, the inherently weak spin-orbit coupling allows long spin
coherence times for carriers [2] making graphene also primary candidate for spin electronics
(spintronics) [3]. Recent reports on possibility of inducing localized spin polarization and magnetic
moments at one-dimensional zigzag edges in graphene nanoribbons open the way to novel concepts of
building nanoscale spintronic devices [4]. Magnetic states in graphene can be also induced by single
defects and disorder [5]. On another hand, recent reports on possibility of experimental fabrication of
graphene nanomesh (GNM) gave rise to possibility of introducing of large scale patterned defects into
graphene [6].

Motivated by recent reports on successful fabrication of GNM, on the one hand, and possibility of edge
and defect induced spin polarization, on the other hand, we performed first-principles investigations of
electronic and magnetic properties of pure and hydrogen terminated graphene nanomesh. Calculations
were performed using Vienna Ab-Initio Simulation Package (VASP) which is based on density functional
theory with generalized gradient approximation, for the exchange correlation potential and projector
augmented wave based pseudopotentials [7]. Full structural relaxations in shape and volume have been
-3

performed to ensure the Hellman-Feynman forces acting on carbon atoms to be less than 10 eV/Å.

For pure GNM, non-spin-polarized states are found stable in armchair-type edges while
antiferromagnetic states are found stable for balanced zigzag edge structures. Furthermore, an
unbalanced edge structure shows stable ferrimagnetic state giving rise to a net magnetic moment up to
4 uB per 6 x 6 unit cell. We also found the gap opening in the balanced zigzag edge GNMs which may
reach up to 0.40 eV. For hydrogen terminated GNM, we found that the ground state strongly depend
both on the hole size and shape. For instance, a large net magnetic moment (~2.15

B)

is induced in the

ground state for GNM with pentagon and trianglular shaped holes shown in Fig. 1(a) and (d),
respectively. At the same time, the ground state is found to be paramagnetic for GNM with rhombic and
6-ring shaped holes represented in Fig. 1(b) and (e). Interestingly, the net magnetic moment for GNM
with intermediate between trianglular and rhombic shaped holes is equal to 1.04
that it scales between two end case values of 2.15

B

and 0

B,

B

(Fig. 1(c)) providing

respectively. The magnetization is found

to depend strongly on GNM hole size. Such behavior can be explained in the framework of Lieb’s
theorem [8].

We thank A. Fert and X. Blase for fruitful discussions. This work was supported by Chair of Excellence
Program of the Nanosciences Foundation in Grenoble, France.
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Fig.1. Total magnetic moment in the ground state for geometries for (a) pentagon, (b) rhombic, (c) triangle-to-rhomb
intermediate, (d) triangle and (e) 3-ring H-terminated GNMs.
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rGO-Wrapped Fullerene (C60) Wires
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The assembly of reduced graphene oxide (rGO) and fullerene (C 60) into hybrid wires were successfully
performed by employing the liquid-liquid interfacial precipitation (LLIP) method.

[1]

C60 wires are first

formed and then rGO sheets are coated on surfaces of them. The structural characterization of the
[2],[3]

rGO/C60 wires was carried out by using UV-Visible spectroscopy and Scanning Electron Microscope.

FET devices with rGO/C60 wires were prepared to investigate their electrical properties. The I-Vg curve
of the hybrid wires exhibited p-type semiconducting behavior, indicating the hole transport through rGO
as a shell layer, whereas pure C60 wires showed n-type behavior in vacuum.

[4]

In this presentation,

furthermore, we show interesting applications using the hybrid wires like photocurrent generation and a
photovoltaic device. The hybrid wires showed a significant enhancement of short circuit current (JSC)
when compared with pure rGO and evaporated C60 devices. This improvement can be interpreted that
the photocurrent by efficient exciton dissociation is generated between the rGO donor and C 60 acceptor.
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Figure

Figure 1. Photovoltaic device of rGO- wrapped fullerene wires.
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Breakdown of Quantum Hall Effect in Graphene
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The breakdown of the quantum Hall effect, which is observed as an abrubt change in the longitudinal
resistance by several orders of magnitude with an associated loss in quantization of Hall voltage is the
major obstacle against improving the resistance standard which is currently based on this effect.
Graphene is inherently a 2D material and in comparison with GaAs based 2DEG and has an unsual
1
band structure that allows the quantization of the Hall resistance even at room temperature . These
unique properties of graphene make it a good candidate for being used as a high precision
metrological characterization tool for the quantum Hall resistance. A relative uncertainty of 1 ppb in
the resistance quantization can be achieved by quantum Hall effect GaAs based 2DEG. The
uncertainity in the Quantum Hall resistance in graphene has been rapidly improving in the last couple
2
3
of years, from 15 ppm in exfoliated graphene to 3 pbb in epitaxial graphene . Sufficiently high
breakdown currents and low contact resistances are needed to obtain such high accuracy in
determining the resistance quantum.
In this work, we report experimental results on the breakdown of quantum Hall effect in graphene. The
Hall devices were fabricated on mechanically exfoliated graphene. Single layer, bilayer and a few layer
graphene sheets are transferred onto SiO x substrate where Raman spectroscopy is used to identify
the number of graphene layers. Devices are patterned by optical and electron beam lithography.
Measurements are done in a temperature range of 1.4 –300 K. Some samples exhibit immediate
onset of the breakdown in the longitudinal resitance even at very small currents [Fig.1]. This behavior
2
could be attributed to relatively mobility of the samples (~5.000 cm /V.s). However, in the same
measurement we observe that the Hall plateaus [Fig.2] can endure to much higher currents. We
elaborate on the physical phenomena underlying this behavior in the breakdown of the quantum Hall
effect and its possible implications on the improvement of the accurate determination of the plateau
levels.
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Figure captions
Fig.1. Longitidunal resistance vanishes below 100 nA even for ν = ± 2 and it rapidly increases for
higher applied current values.These nonzero resistance values implies the breakdown of quantum Hall
effect. Inset shows the optic microscope image of the graphene hallbar with the contact configuraiton.
Fig.2. The plateaues of Hall resistances at filling vactors (ν = ± 2,6,10) due to the unsual band
structure of graphene determines the anomalous quantum Hall effect in monolayer graphene.
Quantized Hall plateaues at ν = ± 2 are clearly visible up to 1 A.
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Solitons in a system of coupled graphene waveguides
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We consider a propagation of ultra-short optical pulses, which can be represented as discrete solitons in
the graphene waveguides. The effective equation, which has the form of an analog of the classical sineGordon equation was obtained. And the effects observed when changing the width of initial momentum
were.
The unique properties of graphene [1-2], largely related to the periodical dispersion law, and also works
on ultrashort optical pulses amplification in nanotubes and graphene [3] give additional incentive to
study the problem of the propagation of electromagnetic pulses through a system consisting of several
graphene sheets.

We consider Hamiltonian of the electron system in the Hubbard model. It should be noted taking into
account the energy of the Coulomb repulsion between electrons located at one site leads to a change in
the spectrum of elementary excitations of the model. Now we consider the propagation of
electromagnetic pulse in geometry where the wave vector along a graphene layer and the polarization
vector lies in a graphene plane.

Maxwell's equations taking into account dielectric and magnetic properties of the system [4] with
Coulomb calibration can be written in the following form:



2
Ak
1 2 Ak 4  4 Pk
j
0
k
x2
c2 t 2
c
c t

here Ak (0,0, Ak ( x, t )) is the vector-potential which corresponds to electromagnetic field in the k-th layer


of graphene. j k is the current in k-th layer of graphene, аnd Pk is the polarization induced in the k-th
layer of the electromagnetic field and currents of the neighboring graphene layers. Further we consider




( E k 1 E k 1 ) , here
the simple model, where Pk
is the coupling coefficient, аnd E k 1 are the
magnitudes of electric field in the neighboring graphene layers.
After the expansion rate of the carrier in a Fourier series, we obtain an effective equation which has the
form of an analog of the classical sine-Gordon equation. The equations were solved numerically by
using a direct difference scheme of the cross type. The initial condition was selected in the form of a
Gauss curve:
R(t , N )

A e

( t t0 ) 2

e

( N Nc ) 2

where A is the pulse amplitude, Nc is the number of central waveguide (Nc=5), β is the parameter that
determines the pulse wide, N is the number of waveguide, t0 is the initial time.

Studying the dynamics of the momentum carried in the nine parallel graphene planes. The dependence
of electric field on waveguide number is presented in Figure 1. The dependences suggest a significant
effect of the pulse width β on the energy distribution between the waveguides. And the pulses evolution
is shown in Figure 2. An inversion signal was observed starting from a certain time (t = 150), the
amplitude of the inverted signal is almost identical to the amplitude of the original signal.
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Figures

Figure 1. Dependence of the electric field on the waveguide number. All magnitudes are in the non-dimensionless
units. For the solid curve the time is t=130, for the dotted curve t=200, for the dashed curve t=250: a) β=1; b) β=2;
c) β=3.

Figure 2. Dependence of the electric field on the time. All magnitudes are in the non-dimensionless units. For the
solid curve the waveguide is N=5, for the dotted curve N=6, for the dashed curve N=7: a) β=1; b) β=2; c) β=3.
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Local strains and gap formation in graphene
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Graphene is a novel two-dimensional material [1,2] that, due to its exceptional mechanical and
electronic properties, has attracted a great deal of attention in the last year. Despite having an
extremely high carrier mobility [3], its straightforward use in the electronics industry is precluded, among
other factors, by its semimetallic character. Thus, great efforts have been made in order to open a gap
in graphene and render it a semiconductor. These include adding an extra dimension of confinement,
obtaining graphene nanoribbons (GNRs) [4], electrostatic patterning [5], chemical decoration [6], etc.

Band crossings, such as the one present at the graphene charge neutrality point (CNP), typically reflect
an underlying lattice symmetry that forbids the coupling of the different participating states. Therefore, a
common route for introducing such couplings is to apply a uniaxial strain to the system, thereby
reducing the crystal symmetry. This approach has been followed by Zhong et al. and Farjam et al. [7,8],
who have observed that, in isolated graphene, the application of a uniaxial strain is not sufficient to
induce the opening of a gap. However, in that study the strain was applied uniformly, whereas, in some
experimental situations, such as bent graphene [9], strain might be applied only to a limited region of the
material.

Thus, we have investigated the band structure of graphene under several types of local strain that aim
to isolate the different strain components that can be present when undergoing an experiment where
graphene is strained in a limited region.

First we have studied the effect of a pure torsion of graphene (Fig. 1.a), while keeping all bond
distances intact. We have observed that, no matter the width w of resulting “pseudoribbons” and the
crystallographic direction (zigzag vs. armchair) along which the bending is applied, the band crossing
remains at the CNP (Fig. 1.b).

We have also studied the effect of stretching one or two lines of bonds along an armchair direction,
simulating the local stretching that can take place in the region with finite curvature when a graphene
sheet is bent. For one stretched line of bonds, when account is taken of the periodic boundary
conditions needed for ab-initio calculations, the resulting structure resembles an array of laterally
coupled armchair GNRs (aGNRs) (Fig. 2.a). There are well known rules that determine the semimetallic
or semiconductor character of isolated aGNRs, and we find that these rules are not modified by the
introduction of the lateral coupling (Figs. 2.b and 2.c). Finally, we extend the area of application of the
local strain by allowing two bond lines to stretch (Fig. 3.a). We observe that, now, electrons propagating
along the y axis observe a gap, but those moving along x are still subject to a band crossing (Fig. 3.b).
However, if the bond stretching occurs asymmetrically, as would be the case for a non-uniform strain, a
gap does appear over the whole Brillouin zone.
We acknowledge financial support by the Spanish Ministerio de Ciencia e Innovación under Project No.
TEC2009-06986.

525

References
[1] A. K. Geim and K. S. Novoselov. Nature Materials (2007), 6:183 – 191
[2] Novoselov, K. S. et al. Science (2002), 306:666 – 669
[3] X. Du, et al. Nature Nanotechnology (2008), 3:491 - 495
[4] L. Brey and H. A. Fertig, Phys. Rev. B (2006) 73:235411
[5] J. B. Oostinga et al. Nature Materials (2007) 7:151 – 157
[6] X. Dong et al. Phys. Rev. Lett. (2009) 102:135501
[7] Gui Gui et al. Phys. Rev. B (2008) 78:075435
[8] M. Farjam and H. Rafii-Tabar, Phys. Rev. B (2009) 80:167401
[9] Benjamin D. Briggs et al. Appl. Phys. Lett. (2010) 97:223102

Figure 1.
(a) Graphene with periodic bends and (b) band structure
around the Fermi energy (dashed line). Note the absence
of a gap.

Figure 2.
(a) Graphene with local stretching (orange
bond), obtaining transversal aGNRs. (b)
Band structure of metallic and (c)
semiconducting stretched graphene sheets.

Figure 3
(a) Graphene with two stretched bonds
(in orange). (b) Band structure and
Brillouin zone (inset).
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Thermal expansion coefficient of single-layer graphene measured by Raman spectroscopy
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Graphene is attracting much interest due to potential application as next generation electronic
material as well as its unique physical properties. In particular, its superior thermal and mechanical
properties, including high thermal conductivity and extremely high mechanical strength that exceeds
100 GPa, make it a prime candidate material for heat control in high-density, high-speed integrated
electronic devices. For such applications, knowledge of the thermal expansion coefficient (TEC) as a
function of temperature is crucial, but so far few reliable measurements on the TEC have been reported
[1]. Several authors have calculated the TEC using various models [2-6]. Mounet et al. estimated the
TEC of graphene as a function of temperature by using a first-principles calculation and predicted that
graphene has a negative TEC at least up to 2500 K [6]. Bao et al. experimentally estimated the thermal
coefficient in the temperature range of 300 – 400 K by monitoring the miniscule change in the sagging
of a graphene piece suspended over a trench and found that it is negative only up to ~350 K [1]. It is not
yet clear whether this discrepancy between theory and experimental data is caused by uncertainties in
the accuracy of the experimental measurements or limitations in the theoretical calculation. Since
precise knowledge of the TEC in the temperature range around room temperature is crucial in designing
graphene-based devices and heat management systems, more precise measurements are needed. In
this work, we analyze the temperature-dependent shift of the Raman G band of monolayer graphene on
SiO2 to estimate the TEC of graphene. We find that the data can be explained in the temperature range
of 200 – 400 K with the help of the calculated temperature dependence of the Raman G band of free
standing graphene.
When the temperature of a graphene sample fabricated on a SiO 2/Si substrate is raised, two effects
should be considered: the temperature dependence of the phonon frequencies and the modification of
the phonon dispersion due to strain caused by mismatch of the TEC’ss of the substrate and graphene.
The Raman frequency shift of the G band of free standing graphene as a function of temperature has
been estimated by first-principles calculations [7]. Since most graphene samples are fabricated on SiO 2
substrates or over a trench held at the edges, the pure effect of temperature change on the Raman
spectrum cannot be measured directly and compared with the theory. The discrepancy between the
experimentally measured Raman frequency shift and the theoretical prediction can be reconciled by
accounting for the TEC mismatch between the substrate and graphene.
Graphene samples used in this work were prepared on silicon substrates covered with a 300-nmthick SiO2 layer by mechanical exfoliation of natural graphite flakes. The number of graphene layers was
determined by inspecting the line shape of the Raman 2D band. Temperature-dependent Raman
spectra of graphene and graphite were obtained while cooling and heating the samples in a microscope
cryostat where the temperature could be controlled between 4.2 K and 475 K. The 514.5-nm line of an
Ar ion laser was used as the excitation source, and low power (< 0.3 mW) was used to avoid
unintentional heating. A long-working-distance microscope objective (40x, 0.6 N.A.) was used to focus
the laser beam onto the sample and collect the scattered light. The Raman scattered light signal was
dispersed by a Jobin-Yvon Triax 550 spectrometer (1800 grooves/mm) and detected with a liquid–1

nitrogen-cooled CCD detector. The spectral resolution was ~0.7 cm .
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Figure (a) shows the frequency shifts of the Raman G band of single-layer graphene (SLG), bilayer
graphene (BLG), and graphite samples as functions of temperature. The Raman peaks redshift as
temperature rises and blueshift as temperature falls from room temperature. The Raman peak shift of
SLG as a function of temperature is largest. Temperature-dependent Raman shift is commonly
attributed to thermal expansion of the lattice and an anharmonic effect which changes the phonon selfenergy. As the temperature rises, the SiO2 layer expands whereas the graphene sheet contracts. This
TEC mismatch would induce a biaxial tensile strain on the graphene sample. When the sample is
cooled, a compressive strain is induced instead. In order to interpret our data correctly, we should
consider the effect of stain on graphene induced by the TEC mismatch between the SiO2 layer and the
graphene sheet.
We estimated the TEC by fitting our data to the theoretical prediction [7] of temperature dependence
of the Raman G band of free standing graphene. Figure (b) shows the temperature dependent TEC
obtained from the fitting. TEC at room temperature is estimated to be –9×10–6 K–1, which is similar to the
previous experimental value of –7×10–6 K–1 [1].
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Figures

(a) Raman frequency shifts of graphene and graphite as functions of temperature. (b) Thermal expansion coefficient
of single layer graphene that gives the best fit between data and theoretical estimate.
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Carrier-optical phonon scattering and quasiparticle lifetime in CVD-grown graphene
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Ultrafast carrier dynamics in graphene grown by chemical vapor deposition (CVD) has been
investigated by UV pump/white-light probe spectroscopy. Transient differential transmission spectra of
monolayer and stacked graphene films are observed in the visible range from 380 (3.3 eV) to 670 nm
(1.9 eV). After photoexcitation, the intraband carrier equilibration by carrier-carrier scattering occurs
within 60 fs. The subsequent carrier relaxation process is governed by carrier-optical phonon (c-op)
scattering. As extending the probe ranges from visible to infrared wavelengths, we find the evolution of
carrier relaxation channels from monoexponential c-op scattering to double exponential decay including
c-op and optical phonon-acoustic phonon scattering. Moreover, quasiparticle lifetimes of these
graphene samples are continuously obtained for the probe photon energies from 1.9 to 2.3 eV. With the
increase of the number of graphene layers, the dependence of quasiparticle decay rate on the probe
photon energy becomes obvious and exhibits a clear linear feature for 10-layer stacked graphene films.
From the linear fit, a dimensionless coupling constant W [1] is derived, which characterizes the
scattering strength of quasiparticles by lattice points in graphene. The origin of this dependence is
attributed to the dominant c-op intervally scattering and the linear density of states in the probed
electronic band of graphene.
Reference:
[1]. T. Ando, Zero-mode anomalies of massless Dirac electron in graphene, Proceedings of 30th
International Conference on the Physics of Semiconductors (2010).
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Phonon dispersion and Raman spectra of graphene and graphene layers on gold substrate
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The phonon dispersion of graphene displays two strong Kohn anomalies in the highest optical branch at
the high-symmetry points
the graphene

and K [1]. This phenomenon is related to the electron-phonon coupling with

bands and has a strong influence on Raman scattering. The interaction between

graphene and metallic substrate can significantly modify the electron-phonon coupling thus the Raman
spectra can be used to identify the type of doping together with determination of number of graphene
layers and their electronic structure [2, 3]. In this work, we analyze the influence of gold substrate on the
phonon dispersion of the graphene and graphene multilayer calculated with DFT-LDA and Van der
Waals density functional. The simultaneous analyzes of the Raman spectra, e.g. the changes in
shapes, widths and positions of D, G and 2D peaks, allows to identify first of all the number of graphene
layers, next substrate influence on their electronic properties as well as the nature of doping and its
probable source.

In Fig.1 we present the schematic view of the sample used in the Raman experiment. Measured Raman
spectra with laser line 514 nm for different places of the sample are shown in Fig. 2. The layer number
of graphene has been identified by analyzing the shape of 2D band. We could indicate 4 regions:
monolayer, bilayer, trilayer and few layers. The simultaneous up-shifts of the G and 2D band positions
confirm [4] the p-doping in the graphene/Au system. The accurate DFT calculations analyzed together
with the computed phonon frequencies lead to the determination of the electron-phonon coupling which
allows to understand and explain the observed p-doping.

This work was financially supported by Polish Ministry of Science and Higher Education in the frame of
grant N N202 204737.
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Fig. 1 Schematic view of a sample
Fig. 2 Raman spectra of mono-, bi-, tri-, and few layers graphene deposited on Au substrate.
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Electronic structure of fully intercalated few-layer graphene probed by Raman spectroscopy
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Huge progress on graphene researches has been achieved in recent years including: Various methods
for graphene fabrication; Discovery of its unique electronic, thermal and mechanical properties;
Successful fabrication of prototype graphene-based devices. However, much of the unique properties of
graphene are accorded to that of single layer graphene (SLG). It would be very desirable to modify fewlayer graphene (FLG) samples so that they have similar properties as that of SLG. Graphite intercalation
compounds (GICs) are complex materials that formed by insertion of atomic or molecular layers of
different chemical species between graphite interlayer space.

[1]

The interlayer distance of graphite is

dramatically increased due to presence of intercalants, which would strongly affect the electronic
coupling between graphene layers, hence changes its properties. Thus, graphene based intercalation
compounds would be an efficient method to modify the properties of FLG.

[1-3]

Until now, there are no

experimental reports on few-layer graphene intercalation compounds (FLGIC) except the most recent
report on Br2 and I2 intercalated FLG by Jung et al.,

[4]

however, the FLG is still not fully intercalated

according to their Raman spectra and the structural model.

[4]

In this presentation, we will report the fully intercalated FeCl3-FLGIC which fabricated by two-zone vapor
transport method. This is the first report on full intercalation for graphene samples. Fig. 1 shows the
schematic crystal structure of FLGIC. The distance between adjacent graphene layers enlarged
dramatically due to the insertion of FeCl3. Furthermore, as FeCl3 is an acceptor type intercalant, it gives
rise to the strong charge transfer induced hole doping effect on graphene. The detailed information for
FLGIC is investigated by Raman spectroscopy and mapping. For FLG, Raman G band properties are
very sensitive to doping, while the 2D band properties quite dependent on the electronic band structure.
Thus analyzing the evolution of G and 2D bands features from pristine FLG to FLGIC can give us a lot
of information for probing the properties modification of FLGIC, such as Fermi level shift and band
structure evolution. Fig. 2 shows the Raman spectra for graphenes (1 layer (1L) to 4 layers (4L)) after
intercalation, which present obviously different Raman features compare with that of the pristine FLG.
The features of the Raman G peak of such FLGIC are in good agreement with their full intercalation
structures. The FLGIC presents single Lorentzian 2D peak, similar to that of single layer graphene,
indicating the loss of electronic coupling between adjacent graphene layers. First principle calculations
further reveals that the band structure of FLGIC is similar to single layer graphene but with strong
doping effect due to the charge transfer from graphene to FeCl 3. Furthermore, the distribution of density
states of FLGIC in k-space is strongly influenced because of the coupling with adjacent intercalant layer
based on the observation of resonant Raman scattering for G peak.

FLGIC not only changes the physical structure from its precursor FLG, but also effectively modifies its
properties, such as electronic structure and density of states. Therefore, the successful fabrication of
FLGIC opens a new way to modify properties of FLG for fundamental studies and future applications.
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Fig. 1 Schematic crystal structure of 2L- to 4L- FLGIC.
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Figure 1. Schematic crystal structure of 2L- to 4L-FLGIC.
Figure 2. The Raman specta of 1L doped graphene and 2L-to 4L-FLGIC.

534

One Pot Functionalization of Graphene with Porphyrin using Cycloaddition Reactions
Xiaoyan Zhang,[a,b] Lili Hou,[a] Arjen Cnossen,[a] Anthony C. Coleman,[b] Bart J. van Wees,[b]
Wesley R. Browne,[a] and Ben L. Feringa[a]
a

Stratingh Institute for Chemistry, University of Groningen, Nijenborgh 4, 9747 AG Groningen,
The Netherlands
b
Physics of Nanodevices, Zernike Institute for Advanced Materials, University of Groningen, The
Netherlands

xiaoyan.zhang@rug.nl
Two types of graphene based hybrid materials, graphene-TPP (TPP: tetraphenylporphyrin) and
graphene-PdTPP (PdTPP: palladium tetraphenylporphyrin) were prepared directly from pristine
graphene using one pot cycloaddition reactions. The hybrid materials were characterized by TGA,
UV/Vis, FTIR, TEM, Raman, luminescence spectroscopy and fluorescence/phosphorescence
lifetime measurements. The covalent linkage between graphene and porphyrin was confirmed by
FTIR, Raman spectroscopy and further supported by control experiments. The presence of TPP
(or PdTPP) in the hybrid material was demonstrated by UV/Vis spectroscopy, and TGA results
indicate that graphene-TPP and graphene-PdTPP hybrid materials contain approximately 18%
TPP and 20% PdTPP, respectively. The quenching of fluorescence (or phosphorescence) and
decreased lifetime suggests excited state energy/electron transfer between graphene and the
covalently attached TPP (or PdTPP) molecules. Considering the unique properties of both
graphene and porphyrin, these two hybrid materials may have potential applications in a number
of areas, such as solar cells, catalysts, sensors.
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Scheme 1. Synthesis scheme of graphene-TPP and graphene-PdTPP hybrid materials.
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We developed a special graphene transfer technology based on traditional graphene transfer process.
The technology used PMMA film as a transfer template, and electron beam lithography to make patterns
of different size and shape of small graphene flakes all grown on one Cu substrate by CVD process. We
could transfer specific graphene flakes onto specific locations of various kinds of substrates. The
transfer process resulted tiny damage to graphene itself, and remained its high quality. Quantum Hall
Effect was also observed in the so-transferred graphene flake.
The technology could make electrode-deposition-free graphene devices with good electrical behavior. It
could also be used to “repair” breaks and damage in graphene-based “full carbon” circuits, and pointed
out a new way of “bottom up” process to manipulate graphene as building blocks in nano devices.
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The electronic band structure of graphene allows for continuous tuning between electron and hole
transport, making it an interesting candidate for pnp-type devices. Using reactive ion etching we pattern
graphene flakes into various geometries, including side-gated constrictions, quantum dots and ribbons.
Side-gating of graphene devices has the advantage that the graphene etched side-gate can easily be
very close to the device, 20 nm for our devices. Furthermore, no additional fabrication steps are needed
to locally gate etched graphene devices, compared to etched top-gated devices.
In this work we study magneto-transport in the quantum Hall regime through a side-gated graphene
constriction. The quantum Hall effect was already measured in both two- and multi-terminal top-gated
pnp-junctions [1,2]. To study magneto-transport through a side-gated graphene constriction we etched a
Hall bar shaped device with a 100 nm wide constriction in the central region. By back- and side-gating
we tune both the global and local charge carrier densities in our device, creating a pnp-junction. This
way we control the chirality and number of edge states separately in the constriction and the rest of the
device. The Landauer-Büttiker formalism is used to calculate the expected quantized conductance
through the junction [2,3]. In the pp’p regime we find good agreement with theory, but in the pnp regime
the conductance is lower than expected. This can be explained by a reduction of equilibration along the
pn interfaces.
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Figures

Quantized conductance through the constriction as function of side-gate voltage for two different back-gate
2
2
voltages. In the pp’p regime we observe levels at 2e /h and 6e /h. The inset shows an AFM phase image of the
device. The dark areas are graphene, the light areas are SiO2. The 100 nm wide constriction is in the center
between two side-gates, labeled sg.
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One of the central issues in graphene research is to identify scatterers that dominate the conductivity σ.
This is not only a fundamental question, but also the prerequisite for progress regarding the quality of
graphene-based devices for electronics and optoelectronics. Since the character of the scatterers (i.e.
long- or short range) manifests itself directly in the dependence of the conductivity σ on the electron
density n, this function plays a key role in the corresponding experimental and theoretical investigations.
In most experimental studies the conductivitiy of single layer graphene (SLG) and bilayer graphene (BLG)
exhibit similar linear dependences σ  n. The experimental results are commonly analyzed on the basis of
the standard Boltzmann approach within the Born approximation. This approach leads to qualitatively
different predictions for the short- and long-range scatterers in respectively the SLG and the BLG. This, in
its turn, leads to the conclusion that scattering mechanisms has to be different for the SGL and the BLG.
This is a rather surprizing conclusion because these mechanisms in both systems are expected to be the
same as both the SLG and the BLG are produced by the same manufacturing technique with the same
substrate used in the measurements.
Because the conclusions on the nature of scattering mechanisms in graphene rely essentially on the
predictions of the Boltzmann approach, it is of the utmost importance to establish the limits of its validity
for the SLG and the BLG. In the present study we first derive analytical expressions for the conductivity of
the SLG and the BLG within the standard Boltzmann approach for the Gaussian disorder and then
compare them with the exact numerical tigth-binding (TB) Landauer-type calculations.
(a) SLG [1]. We demonstrate that for the SLG the TB calculations give the same linear density
TB

dependence of the conductivity, σ

 n, for short- and long-range Gaussian scatterers. In the case of

short-range scattering the TB calculations are in agreement with the predictions of the Boltzmann theory
going beyond the Born approximation but in qualitative and quantitative disagreement with the standard
Boltz

Boltzmann approach within the Born approximation predicting σ

 const. Even for the long-range

Gaussian potential the standard Boltzmann predictions are in quantitative and qualitative disagreement
with the TB results in a parameter range corresponding to realistic systems, πnξ² << 1 (with ξ being the
effective screening length of the Gaussian potential). This questions the validity of the standard
Boltzmann approach within the Born approximation, commonly used for the interpretation of the results of
experimental studies of the conductivity in the SLG [1].
(b) BLG [2]. For the case of BLG we demonstrate that, as for the case of SLG, the standard Boltzmann
approach and the TB calculations agree qualitatively and quantitatively in the regime of πnξ² >> 1
(corresponding to high densities/smooth potential). This regime however is not achieved in realistic
devices. In the opposite regime πnξ² <<1 appropriate to all experiments, our findings are strikingly
different from those for the case of SLG where the Boltzmann approach is not valid. We find that for the
541

BLG the Boltzmann approach is consistent with the corresponding TB calculations for the range of
electron densities where the BLG dispersion is parabolic. In this regime the Boltzmann theory predicts σ
∼ n regardless of the potential range ξ (i.e. for both short- and long-range Gaussian potential), which is
confirmed by the TB calculations in the parameter range of ξ explored in our study. For higher electron
densities when the BLG dispersion is linear, the Boltzmann and the TB calculations disagree.
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