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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



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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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].

2nm

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 %.



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 =1/ 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 = 30A, 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.

CONDUCTANCE

TIP DISPLACEMENT GRAPHENE
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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 (Pl) 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 (p,,) and longitudinal (py) 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/SIO,
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 v=-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 py, isotherms as a function of B for
Vs = 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 Ml 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 vg (vg
should not be confused with the Landau level filling factor) in from the equation p,, = exp[(1/B-1/B¢)/ U]
applied in the vicinity of the T-independent crossing point [2,3] as shown in the right panel of Fig.1
Then, extracting ug at every temperature we could calculate the associated critical exponent from vo.T*.
We have obtained a value for k=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 k=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 v = -10— v = -6 and v = -6— v = -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 v = -6— v = -2 and from the temperature dependence of
the maximum slope for p,, between adjacent plateaus in both transitions. The value extracted obtained
k=0.25£0.02 does not match with the expected universal value for 2DEGs k = 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, FIS2009-
07880, PCT310000-2009-3, SAO049A10, and European Union CTA-228043-EuroMagNET I
Programme.
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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 p, close to the T-
independent crossing point following the standard procedure [2,3] for the same density of carriers. The
associated critical exponent derived from the fit to v,.T" is kK = 0.697 + 0.005, in contrast with the

expected value 0.58.
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Plasmonics in Graphene Nanoribbons
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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, 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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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 free-
standing 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 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].

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 CH,/H, ratio were
optimized at different pressures between 7 and 80 Torr. The composition of the deposited film was
characterized with scanning confocal pu-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™) that has been associated with defect states [2].
When reducing the pressure, the optimal CH,/H, ratio increased from 0.3 to 4, while the deposition
temperature was kept close to 1000 °C. 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 HfO, 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 HfO,. The Raman
spectrum is averaged over a 20 x 20 pm? area, excluding the darker multilayer spots shown in figure 2. Measure-
ment 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.

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 Cs-
corrected TEM (JEOL 2200FS) at 80 kV.
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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 500°C in a reactive gas mixture composed of NH3, N, and H, whose flow rates
were 10, 50 and 6 ml/min, respectively. One of the three samples was also nitrogen-dopped at a higher
temperature (900°C) in order to observe any changes in the structural modification. Parallel to these, all
three graphene oxides were heated at 500 °C under inert nitrogen atmosphere (50 ml/min) which served
as a reference when comparing with those treated with NH;. 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 500°C and at 900°C). GO has a sharp peak at 16° corresponding to an
interlayer distance of 0.67 nm. This peak completely disappears for all reduced GO and a small peak at
about 26° 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 NH; 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 NaHSO, 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) NaHSQO, 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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Graphene layers deposited on copper substrate by hot wire CVD
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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 C,H, 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” Pa. A
graphite heater kept the substrate temperature at 800°C 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 cm?). 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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Clar Sextet Theory for low-dimensional carbon nanostructures: an efficient approach based on
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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 -
conjugated 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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The first observation of superconductivity in doped graphite goes back to 1965 when it was observed in
the potassium graphite intercalated compound CgK [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 Josephson-
coupled 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 (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.

References

[1]1 Hannay, N. B. et al., Phys. Rev. Lett., 14, (1965), 7.

[2] Weller, T. E., et al., Nature Phys., 1, (2005), 39.

[3] Emery, N. et al., Phys. Rev. Lett., 95, (2005), 087003.

[4] Kopelevich, Y. et al., Physica C, 408, (2004), 77.

[5] Esquinazi, P. et al., Physical Review B, 78, (2008), 134516.

[6] Barzola-Quiquia, J. and Esquinazi, P., J. Supercond. and Novel Magnetism, 23, (2010), 451.
[7]1 Ambegakoar, V. and Halperin, B. |., Phys. Rev. Lett., 22, (1969), 1364.

25



Figures

D.iﬁ Ty
0+ " iz ' ' '
i "FH o~
'4‘3%”.1 ;‘ 0.2 . \\‘ 10.8
s 5{f fhoomen |
E. - H' '\If 000 70.6
= -104 f %
W . ] -0.014
) | k] * 0.4
8 o1pny o ] :
5 sl MY LA
- [ 'Mv;-m 125 130 175 200 25
|I j_r-#'“’-'.-.* & DE
| -
-20 |IJ.'|-'F" 1 uA .
T T T T T T E—— DD
0 50 100 150 200 250

Figure 1. Voltage vs. temperature measured at four different current amplitudes. The right y-axis applies
for the results at 1 and 10 uA. 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.
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Figure 2. Current-voltage curves at different temperatures. (a) A noisy behavior is found at low
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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.

References
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Figures

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 ym. (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 / was
1.4 mA;in(c) V= 127V, =163 mA, t =9 minutes.
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Introduction

Graphite oxide (GO) has been known since the 19" 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, 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 °C 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 | was accomplished with a two-
dimensional diffusion model whereas for mechanism Il an autocatalytic model was found very adequate.
These results, although contrast with previously published second order kinetics by both McAllister et al.
[1]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 | 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.
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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].
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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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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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Graphene is characterized by remarkably large room-temperature carrier mobilities (> 10°
cm2Vs_1) [1], as well as by its ability to sustain high current densities (> 108 Alcm2) [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 um’
graphene channel shown in the top inset (the scale bar is 2 um). The lower inset shows the back-gate
dependence of the channel conductivity (o). (b) Electronic (T, squares, deduced from the spontaneous
optical emission spectra) and optical phonon (T, circles, deduced from Raman measurements)
temperatures as a function of the dissipated electrical power. The dashed line is a guide to the eye,

based on a scaling of the temperature as P"*.
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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 eIectrons For UCF we
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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Figure 1: SPM tip as a local scatterer in graphene hall bar sample
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Figure 2: Conductance image vs. tip position: (a) Far from the dirac point, (b) Near the dirac point
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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 SiO,/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 AR 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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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 semi-
conducting 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 non-
equilibrium 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.

[11 H. H. B. Sgrensen, 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).
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model for nanoscale device simulations, Phys. Rev. B 82, 075420 (2010).
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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 A. 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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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.
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Figure 2. Measured resistance during irradiation with 2 MeV protons with a current of 40 nA/em®. 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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In this contribution, we propose a theoretical model for calculation of absorption spectra of graphene
and carbon nanotubes (CNTSs) 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 electron-
electron and electron-phonon interaction [1, 2]. We derive and numerically solve microscopic graphene-
and 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 side-
bands in the spectra of graphene is work in progress.
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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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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
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™ 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 ym for 1 min giving
a total dose of 1.59x10'? 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 13563 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 um.
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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.
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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 lon/lorr
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 non-
hexagonal 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 di-
vacancies, which are more stable and tend to be reconstructed with topological defects. Using a first-
principles 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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Figure 1. Molecular model of the formation of extended lines of defects in graphene from the reconstruction of
divacancies
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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 SOl 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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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 ultra-
low 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
1100°C and 1700°C 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 (NH,) 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 Quantum-
dot labeled antibody.

Fig. 1: SEM image of epitaxial graphene Fig. 2: Laser scanning confocal micrograph of epitaxial
grown on a silicon carbide substrate. 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 AccV SpotMagn Det WD —————— 50um
image of epitaxial graphene microchannel device. LRSS L e R L el
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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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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
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, | will review our recent attempts to overcome these limitations by a bottom-up
strategy allowing for the atomically precise fabrication of graphene-related 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, (i) polymer formation by covalent interlinking of the dehalogenated intermediates, and (iii)
establishement of fully aromatic r1-systems by thermally induced cyclodehydrogenation. Using
experimental methods such as 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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Synthesis of Single-layer Graphene-nanocomposite directly from graphene oxide
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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 graphene-
quantum 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
(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, CdS-
decoration 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 time-
resolved 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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Fig.1 Scheme of the one-step synthesis of G-CdS nanocomposite.

Fig.2 TEM images of Graphene-ZnS nanocomposite.
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Graphene mechanical resonators: Direct electrical readout and magnetometry
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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, V. 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 source-
drain bias and the absence of transconductance. This is crucial for low temperature experiments such
as in quantum hall regime.

With the presence of applied magnetic field E, there will a szg torque exerted on the graphene
sample, where Zl 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-tooth-
like 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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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 H, 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™' 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).
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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) as-
produced chemical reduced graphene sheets (CRGS).
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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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Magnetic transport in a graphene double quantum dot
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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
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
extract the capacitive coupling strength between dots and the gatesz, 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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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
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 green-
phosphor 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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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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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).
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Figure 1: Large scale topographic NC-AFM  Figure 2: FM-KPFM image of
image of graphene on Ru(0001) at room  graphene on Ru(0001). Bright areas
temperature. The graphene monolayer shows  in the contact potential map Ucpp
the characteristic buckling resulting in a  correspond to the metal substrate.
hexagonal reconstruction.
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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.
1 (a-d)). [1, 2]. Areas in excess of 30 cm” have been achieved with typical sheet resistances of ~3 kQ/x.
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-MWNTSs,
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 inter-
flake/CNT separation, where this second contribution is significantly enhanced in CNT-based thin-
films. The HPL graphene flakes have an exposed area of the order of 400 pm? (Fig. 1(e)).

Low temperature |-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/SiO, 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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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
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TappingMode AFM height image (3 um % 3 um, 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.
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SEM image of graphene platelets stacked on top of one another, scale bar 1 um.
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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

[1] B. N. Szafranek et al., APL, 96 (2010) 3364139.
[2] K. Zou and J. Zhu, PRB, 82 (2010) 081407.
[3] A. Baumgartner et al., PRB 76 (2007), 085316.

Figures
(a) (d)
SiO,
(300 nm)
(b)
6 " 8
—~ <
E 4 N\q)/ 6
@ o4
2
2

15 20 25 0 5 10 15 20 25
v) Vgg (V)

Ve (

Fig.1. (a) Schematic of scanning gate microscopy on a graphene flake. The current Ips 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
Graham Creeth,
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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 low-
temperature MR data, while the temperatures at which this becomes necessary agree with a deviation from
linear temperature dependence of the scattering rate 1,
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Figure 1

(a) 20 minutes 1300 °C (b) 60 minutes 1300 °C

(¢) 30 minutes 1400 °C (d) 55 minutes 1400 °C

LEEM images of samples annealed under UHV with varying conditions. Field of view in each case is 10 ym.
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The grafting of chemical groups on the graphene surface strongly modifies the sp2 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 ¢4 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 £, 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, £ 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, ¢, 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, ¢ is almost independent of W. This suggests a more

pronounced electron-hole asymmetry in larger ribbons.

When varying the defect density, ¢ 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, ¢, 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-EUROPAZ2 project (project number: 228398) with the
support of the European Commission - Capacities Area - Research Infrastructures.
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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.
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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 pre-
defined 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 grahee by rapping 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 sun‘c. The atom is shown n 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.
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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 electron-
electron 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 T 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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Atomic Force Microscopy cleaning of graphene deposited on SiO, substrate
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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 (Ep). 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, 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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Fig. 1 AFM topography showing SiO, 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].

Graphene, a single atomic layer of spz-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 single-
layer. 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 ym (Fig. 1A) and is consisted
with a graphene layers ranged from 2 to 15 (Figure 1B). The specific surface area of the FLG,
measured by means of the liquid-phase adsorption of the methylene blue, is about 260 mZ. g'1, 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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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 11 (monolayer) or 21
(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.

References

[1] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov and A. K. Geim, Rev. Mod. Phys. 81 (2009)
109.

[2] J. M. B. Lopes dos Santos, N. M. R. Peres, and A. H. Castro Neto, Phys. Rev. Lett. 99, (2007) 256802.

[3] G. Li, A. Luican, J. M. B. Lopes dos Santos, A. H. Castro Neto, A. Reina, J. Kong, and E. Y. Andrei,
Nature

Physics 6 (2010) 109.

[4] A. Luican, Guohong Li, A. Reina, J. Kong, R. R. Nair, K. S. Novoselov, A. K. Geim, E.Y. Andrei arXiv:
1010.4032v1 (2010).

[5] R. de Gail, M. O. Goerbig, F. Guinea, G. Montambaux, and A. H. Castro Neto, In preparation

[6] R. Bistritzer and A. H. MacDonald, arXiv:1009.4203 (2010).

[7] G. Montambaux, F. Piéchon, J.-N. Fuchs, and M.O. Goerbig, Phys. Rev. B 80 (2009) 153412; Eur.
Phys. J. B 72 (2009) 4.

93


mailto:degail@lps.u-psud.fr

94



Influence of the initial stepped SiC surface on epitaxial graphene formation
M.H. Oliveira Jr., T. Schumann, R. Hey, J.M.J. Lopes and H. Riechert

Paul-Drude-Institut fur Festkdrperelektronik, Hausvogteiplatz 5-7, 10117 Berlin, Germany
oliveira@pdi-berlin.de

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/semi-
insulating nature of the SiC). However, in order to achieve an optimized growth of uniform and high-
quality 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-SIiC(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 % H.) atmosphere at 900 mbar for 15
min. Different temperatures ranging from 1350 °C to 1550 °C 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 °C,
while the terrace widths varied from 160 nm up to 5 um, respectively. After the etching, high-quality
epitaxial graphene layers were grown at 1600 °C 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 pm 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 um wide) and step heights around 0.75 nm (i.e. half of Cen-sic).
However, it is interesting to observe that for a stepped SiC surface with very wide terraces (~5 um) and
even higher steps (16 nm — more than 10 times ceusic), 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 °C
(the case where no additional step bunching is observed during graphene formation), it presents much
broader G (29 cm™) and 2D (61 cm™) peaks and a 2D peak shift of 42 cm™ 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 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 f(d) and (e)/ for a SiC sample etched at 1500 °C. 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 °C 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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Vitamin C as an innocuous and safe reductant for the preparation of graphene suspensions from
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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’ (O-H stretching vibrations) and 1720 cm” (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 ym) and large spin
signals (80 MQ) have been achieved for carbon nanotubes [1]. This result awaits now to be extended to
wafer scale materials like epitaxial graphene. The high mobility of graphene (up to 107cm2/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 um. Successful spin dependent transport has
already been demonstrated in micron-sized exfoliated graphene sheets [4,5], with reported spin-
diffusion length in the order of 1-4 ym 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 Al,O; 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 Al,Os;, we first deposit a 0.6nm Al film, and then
oxidize it in a pure O, 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,O;. When one wants to make use of standard
tunnel junctions, Al,O3 is shown as definitely more suitable for spin transport together with bilayers (and
other multilayers) graphene. The electrical characterization of these Al,O3; 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 MQ 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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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 “nano-
Raman” 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.

101



Figures

EXCITATION lT COLLECTION

High NA
x100
objective
a1

AFM/STM probe
Laser spot

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 qubitimplementation
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 7 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 ¢>-dependence for out-of-plane modes
in bulk is cut off at the zone center (near ¢ = 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.
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[2] B. Trauzettel et al., Nature Physics 3, 192-196 (2007).
[3] L. A. Falkovsky, Phys. Lett. A 372, 5189-5192 (2008).

Figure: The graphene nanoribbon lies in the x-y-plane, with free (a) and fixed (b) boundaries at z = 0, .
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.

103



104



Ballistic transport at room temperature in micrometer size multigraphene
S. Dusari+, J. Barzola-Quiquia+, P. Esquinazi+, N.Garcia*

+Division of Superconductivity and Magnetism, Universitat Leipzig,
Faculty of Physics and Earth Sciences, Institute for Experimental Physics I,
Linnéstr. 5, 04103 Leipzig, Germany
*Laboratorio de Fisica de Sistemas Pequefios y Nanotecnologia, Consejo Superior de
Investigaciones Cientificas, Serrano 144, E-28006 Madrid, Spain
Contact: srujana@physik.uni-leipzig.de

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
order of microns. The values obtained for the mobility (u~10"cmv's™) and density of the electrons
(n~108 cm'z) 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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Recently we have demonstrated that polyoxometalate (POM) ions, formed from various
assemblies of tungsten oxide polyhedra, and of the form [VV6019]2' or [y-SiW10036]8' can be imaged by
conventional and aberration corrected transmission electron microscopy gAC-TEM) when supported
either within carbon nanotube capillaries1 or on monolayer graphene oxide. 3 These experiments have
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
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
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
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
graphene supporting a single anion (i.e. either the lacunary [y-SiW1OO36]8' Keggin ion or the WV6019]2'
Lingvist 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
specified polyoxometalate anions (and the [WGO19]2' 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 [y—SiW10036]8' lacunary Keggin ion mounted on graphene projected
in a direction orthogonal to its oy mirror plane which is arranged parallel to the supporting graphene plane. (b)
Underfocus image simulation of (a) (Cs = 0.02 mm and Af = -5 nm). (c) At focus image simulation of (a) (Cs = 0.02
mm and Af = 0 nm). (d) Over focus image simulation of (a) (computed with Cs = 0.02 mm and Af = +5 nm). (e)
Composite structural model with the [W6017]2 " Lingvist 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 Af = -5 nm). (g) At focus image simulation of (e) (Cs = 0.02 mm and Af = 0 nm).
(h) Over focus image simulation of (e) (Cs = 0.02 mm and Af = +5 nm).
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Figure 2(a) Schematic view of a curved graphene sheet with a height of 20 nm with both [y-SiWoOssl® lacunary
Keggin ions and [WsO1o* Linquist ions arranged at different heights on the curved sheet. (b) Top down projection
of the sheet in (a) showing effectively columns of [WsO19]2' Linqvist ions projected along C: (i.e.. column 1) and C4
(i.e. column 1) and also the the [y-SinOge]B' lacunary Keggin ion arranged with its o, mirror plane arranged
orthogonal to the electron beam direction (i.e. column 1ll). 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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T.J. Echtermeyer‘, L. Britnellz, A. Lombardo1, P.K. Jasnos1, R. V. Gorbachevs, A. N. Grigorenkoz, A. K.
Geim3, A. C. Ferrari‘, K. S. Novoselov?

1 Department of Engineering, University of Cambridge, Cambridge CB3 0FA, UK
2 School of Physics & Astronomy, University of Manchester, Oxford Road, Manchester M13 9PL, UK
3 Centre for Mesoscience and Nanotechnology, University of Manchester, Oxford Road, Manchester
M13 9PL, UK

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+SiO, 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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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.

Graphene oxide is an electrical insulator with large in-plane resistivity (~ 10" Q/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 space-
charge-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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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 e-
beam 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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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
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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.
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The role of electron-phonon interaction is an important issue to be addressed, since it can provide
information regarding the ultimate intrinsic mobility limit (u) 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
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
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

50% graphene
3000 3000

2500>_ 2500 T~ | _— |

<

N
o
o
o

2000

1500

1000 1000

500 500

frequency (1/cm)
g

0 - 4 5
Phonon Density of States (a.u.) q M K I

Fig.2: Phonon Density of States and phonon spectra for 50% hydrogenated graphene (spin up)
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Fig.3: Phonon Density of States and phonon spectra for 100% hydrogenated graphene

Table |

% Me* mey* Mpns™* Mpny* Min* Mipy* Dace Dachn Dacin He Mhn Min

(eV) (eV) (eV) (cm%Vs) | (cm’/Vs)  (cm’/Vs)

50 | 1.315 | 1.346 1.540 1.478 2 3.74 1.62x10 1.189x10

100 | 1.029 | 1.027 0.622 0.641 | 0.278 | 0.270 | 5.228 | 7.532 | 7.532 | 1.09x10° 5.18x10° 2.833x10°

me* and mg,* are the relative effective masses of electrons along the x and y direction, respectively. muny*,
Mmpuny™, Min* and mypy*, are the heavy and light hole relative effective masses along the x and y direction.
Dace, Dachn and D, are the deformation potential for the electrons and the heavy and light holes. e, pns and
Min are the mobility computed for electrons, and heavy and light holes.
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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 Epg 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
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
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 €V), 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.
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 (2Dq;) originating from resonance processes
involving only the “original” n; and n1 bands belonging to the single layer. The FWHMSs were set as
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equal for all components and otherwise left unconstrained. The shift rates of the three lower frequency
components involving the n, and 71:2* electronic bands are all similar - close to 50 cm™/%. However, the
2D,4 shifts at a rate of only 30 cm™'/%. The relative intensities of the components evolve differently. The
2D,, experiences a double intensity increase in the observed strain range, mainly at the cost of the
2D44. 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 2D, and 2D+, 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
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 2D+, 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 2D4, and
thus contributes to its huge intensity increase. However, more data complemented with first-principles
calculations are necessary to fully explain the observed processes.
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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

2
using the model in [5, 6]: N = \/ng +[Ctop (VGS Ve )/e] , V°birac is the top gate-source voltage at

the Dirac point in these regions and ng is the minimum 2D carrier concentration which contains the
effect of disorder and thermal excitation. The current in the channel is given by

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

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

E
Varit ()= =

—— , where the saturated velocity depends on the carrier concentration as
1+ uElv,

Ve = Ve (hQ/ EF) where Vg and Er is the Fermi velocity and Fermi energy, hQ is the surface phonon
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 Ips versus Vpg 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 gy (calculated from
measured DC Ip(Vgs) characteristic) and measured real part of Y,; (calculated from measured S-
parameters)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 ng (AC regime) by ng+nya,s"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
Voirac parameter in order to introduce charge dependence. The change in Dirac point voltage is
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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 Y, parameter.

References
[1] Novoselov, K.S., et al., Science, 306 (2004): p. 666-669.

[2] Geim, A.K. and K.S. Novoselov, Nat Mater, 6 (2007): p.
183-191.

[3] Zhu, J., R. Jhaveri, and J.C.S. Woo, Applied Physics
Letters, 96 (2010): p. 193503-3

[4] Canali, C.M., G. Minder, R. Ottaviani, G., IEEE
Transactions on Electron Devices 22 (1997): p. 1045-1047.

[5] Meric, |., et al., Nat Nano 3 (2008): p. 654-659.

[6] J. L. Xia et al. Applied Physics Letters 96, 162101, 2010.
[7] N. Meng et al, Device Research Conference (DRC), 2010
[8] Meng, N. et al., EuUMIC 2010 - Conference Proceedings ,
art. no. 5613734, pp. 294-297

5.00

450
= measurement

400 r © simulation

250

Ips [MA]

200 r

150

1.00 -

0.50

0.00 . 1 . . L 1
0.00 0.20 0.40 0.60 0.80

Vps [V]

1.00

Figure 2. Ips-Vps characteristics for Vgs = -2 to 1
V (upwards) with the step = 0.5 V. The simulated
results are blue lines, the measured ones are red
circles

——gM simulation

1.00

O gM measurement

0.75

0.50

Transconductance [mS]

0.25

Figure 4. Transconductance gy as a function of
VGS for VDS =0.6,0.8,and 1 V.

122

Figure 1. Top gated graphene FET for
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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,/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
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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 2¢
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Photon helicity driven currents in graphene
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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 spz—bonded carbon atoms, has attracted the
worldwide interests after the experimental isolation from graphite.1 High-quality graphene can be
prepared by micromechanical cleavage method, thermal decomposition of SiC,? epitaxial growth and
chemical vapor deposition (CVD) on Ru (0001),® Pt (111),* PtgsRh47 foils,® Ni films,*’ Cu (111),® and Cu
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 ym), 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." Although

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

2

adsorption process, which is similar to that on Cu foils."" However, in contrast to Cu foils,'* 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/SiO; 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), SiO, 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
at ~1370 cm™ that is from the underlying h-BN substrate. The spectrum taken on SiO, (black) shows
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.

NEXAFS measurements confirm the predominant sp2 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)
shows the following graphitic characteristics: an intense C=C n* resonance at 285 eV (missing for sp3-
like diamond), a C=C c* resonance at ~292 eV, and a strong polarization dependence of n* and c*
resonances characteristic of an ordered 2-D bonding environment. Finally a fine structure in the c*
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 (2009501154), 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: lllustration 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 Do (13:3 mm), 6 and d.

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

Figure 3: NEXAFS spectra of a MBE grown sample on Mica (top) and, for reference, a CVD grown sample on

copper.

130

counts (a.u.)

Intensity [a.u]

Yl

T L) T L ] v T . T L] T v T v T ]
3 nm carbon on h-BN | ]
——3 nm carbon on SiO, | ]
3 nm carbon on Mica | ]

\J
1400 1600 1800 2000 2200 2400 2800
Raman Shift (cm’ )

MBD Graphene on Mica

CVD graphene on copper

E-vector
= OOP
— P

L s (/G B B I [ PR TR ] RN 1 ot L P VI | . T T |

285 290 295 300 305
Photon Energy [eV]



Lindhard screening in graphene antidot lattices
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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 GALSs.

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
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where the c-coefficients are obtained from the tight-binding wave function,
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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 wave-
vector 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 g-
vector. Also shown are results for a simplified model, “gapped graphene”, where the dispersion is

Enk = ﬂ\/m |r1;'}k| = |Eé‘k"§1 —+ eik'aﬂ + E,'i]{wﬁg

Here, n = £ 1, and §; are the nearest neighbors. The parameter A 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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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 a; » 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.
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Figure 2. The imaginary (left panel) and the real (right panel) part of the polarization function, shown for two
different azimuthal angles of the g-vector of length gqa = 0.00048223, kT /t=0.01, and w'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 gra-
phene 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 deter-
mined 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 mono-
layer 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 sub-
strate. 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 deter-
mined the crystallite length scale increases with increasing GCB lateral dimension, from about 100 nm
for small GCBs to > 1 um for macroscopic areas. This implies that the crystallinity of the merged mate-
rials 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, sim-
ilar 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 un-
changed 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.

133


mailto:gaskill@nrl.navy.mil

References

[11 J.L.Tedesco, et al., Appl. Phys. Lett. 96, 222103 (2010).

[2] P. Lauffer, K.V. Emtsev, R. Graupner, Th. Seyller, L. Ley, S.A. Reshanov, and H.B. Weber, Phys.
Rev. B 77 (2008) 155426.

[8] M.E. Twigg and Y.N. Picard, J. Appl. Phys. 105 (2009) 0943250.

[4] J.A.Robinson, et al., Nano Letters 9, 2873 (2009).

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.
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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 SiO,. 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 dis-
placements of the flake.

STM allows a direct observation of microscopic scattering, which could possibly affect the elec-
trical properties of this system. Our measurements reveal intense interference patterns with a
wavelength of 0.37 nm. This 43x+/3R30° 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 con-
ical 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]. The-
reby, 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 pat-
terns at an adsorbate, (b) hex-
agonal 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 in-
plane 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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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 (>2x10° cm®V's™) 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 (I) and mobility (x) measured in
supported graphene are usually significantly lower than in suspended ones.

In the present work, | and ux have been comparatively evaluated in graphene sheets mechanically
exfoliated from highly oriented pyrolytic graphite and deposited on substrates with different relative
dielectric permittivities, SiO, (Ksi02=3.9), SizNs (Ksizna=7.5), 4H-SIC (0001) (Ksic=9.7) and strontium
titanate, STO (kst0=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 | 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 SiO,
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 SiO, 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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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.

L. 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).

Il 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 3.5A is a strong evidence for the existence of graphene grown by means of CVD.

1. 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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Figure 2. AFM Measurement (left) of the graphene layer on a
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Figure 4. Scanning electron microscopy image of the probe at
the catalyst graphene interface.
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In recent years, Graphene has explored versatile applications in nano electronics, sensors and biomedical
diagnosis etc. Several synthetic strategies were developed to obtain reduced and magnetic graphene oxide
(rMGO). 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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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 umCo 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
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
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
derived layers reveal a Young modulus closely approaching that of pristine graphene3, 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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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.
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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 nearest-
neighbour tight-binding approximation. Pumping is achieved by periodic variation of two external gate
voltages which are modelled by adding on-site energies U; and U, 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 Er in the leads is plotted. The
transmission amplitude is peaked when Er 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 Er 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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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 Us and U,. (b) Typical pumping contour, schematic resonance line of
conductance and two resonance points A and B.
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Fig 2. (a) The pumped charge per cycle Q for 10-AGNR as a function of the Fermi energy Er 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 Er in the
leads for a fixed pumping contour. See ref. [5] for the details.
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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 3um 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
v+- 1cm™ were plotted against frequency v. 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
that the mean position of the 2D line is located at frequency 2743cm™ (Fig 1). Such a shift of the 2D
line (blue shift up to 63cm™) in comparison to free unstrained graphene, in which the 2D line is at
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
2708cm’™ (Fig 1). This reveals that CVD growth of graphene produces much less strained layers (blue
shift up to 280m'1). 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 CVD-
EG 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 S-
EG 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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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]. | 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. | 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 filed when polaron side bands form. This
demonstrates the potential to use substrate (or superstrate) induced electronic correlations to engineer
the electronic properties of graphene.
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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 (1) is increased, and the polaron side band which forms in the gap at large coupling.
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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 MS, (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 MoS, 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 MoS, is associated with the edges of its 2-dimensional S-
Mo-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
MoS, 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 MoS, 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 MoS, nanoparticles dispersed on a high-surface-area graphite support [5]. Figure 1
shows the HRTEM reconstructed phase image of a hexagonal MoS, 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 MoS, 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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Figures
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0.16 nm

Figure 1: (a) Reconstructed aberration corrected HRTEM phase image of a MoS» 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 MoS: particle illustrating the atomic arrangement of single- and double layer MoS: structure

[5].
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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, a and B, are considered. Their structures are
shown in Fig. 1. In the a structure, the upper layer is shift by the bond length downward to the position
of the lower layer. In the B structure, the lower layer is shift to the right-down direction. In the boron-
carbon-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 a structure, while the splitting in the
wave number direction is found in the B structure (Fig. 2). The local density of states in the 8 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 a structure (b), and the B structure (c). The interlayer interaction strength
is t,=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 2n/3 < |kd| < & is present at the energy E~O 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 t; here. In (b), the f 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 / t

Energy band structures in the single layer (a), a structure (b), and f structure (c).
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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 oxygen-
terminated 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

K. Tada', S. Kamikawa', Y. Yagi', J. Haruyama]*, T. Matsui’, H. Fukuyama®

'Faculty of Science and Engineering, Aoyama Gakuin University, 5-10-1 Fuchinobe, Sagamihara, Kanagawa 252-5258, JAPAN
2Department of Physics, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, JAPAN

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 electrons'”. However,
few independent observations have reported the
existence of ferromagnetism in controllable systems
with high reproducibility, such as poor reproducibility
in uncontrollable graphite-related systemss'w. On the
other hand, the edge structures of graphene are of
particular interest'' %, Theoretically, the so-called
zigzag edge has strongly localized electrons due to the
presence of flat bands near the Fermi level'. 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 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 effect’>**?,

Ferromagnetism in graphite-related systems has been
poorly demonstrated such as in highly oriented pyrolytic
graphite (HOPG) detected specifically at defects® and
fibers (ACFs)’. 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)IO.

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)'. The
localized electron spins are strongly polarized depending

alumina

activated carbon

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 antiferromagnetism™ "', 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
GNRs'”’,  antidot-lattice ~ graphenes (ADLGs) with
honeycomb-shaped antidots">, and graphene nano-flakes
(nano-islands) with triangular and hexagonal shapes'*.
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 probels, fabrication of GNRS”'lg, and formation of
ADLGs with edges around the antidots™™?".

Figure la shows the top view of a scanning electron
microscopy (SEM) image of a nanoporous alumina
template23 (AL,Os3; 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 7 = 2 K
(Supplementary information (5)). A ferromagnetic-like
hysteresis loop is clearly observed. In contrast, this feature
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Figure 1. Top view images of samples. a, SEM of a nanoporous
alumina template (NPAT) with antidot diameter ¢ ~ 80 nm and
antidot spacing L; ~ 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 ¢, 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.

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 um. The structure is
quite simple and highly reproducible compared with
previous  graphite-related  systems
ferromagnetism. To date, 5 samples of the measured 11
samples 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.

to observe

have shown

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 (M) value corresponds to
a magnetic moment of ~1.2 10 Up per edge carbon atom
(Fig. 2d; pup is the Bohr magneton), based on the origin of
ferromagnetism discussed later. This value is mostly 100
times larger than those reported in theory’ and indicates
that other carbon atoms possessing weakly localized
n-electrons also contribute to magnetization. Assuming that

all carbon atoms within 7 nm from the zigzag edge
(estimated as ~10") equally contribute to magnetization, a
magnetic moment of ~1.2 pg per edge carbon atom is
estimated. This value is in good agreement with theory5 .

As mentioned in a latter part, spin interference, caused by
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Figure 2. Magnetization of monolayer ADLGs (Supplementary
information (5)) with ¢ ~ 80 nm and L; ~ 20nm for a, d
hydrogen-terminated and b, e oxygen-terminated antidot edges, and
¢, 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 ~10" 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 ¢ and d are just for magnetization per
unit area.
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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 ug.

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
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between antidots can correspond to this space (Fig. 4b).
The radius of cyclotron motion electrons is given by R, =
(nng)l/z(h/Zn)/eB. From observing magnetoresistance (i.c.,
commensurability peak), we estimate ng~ 4 x 10" ¢cm™ in
the present ADLGs. Based on this ng value, R, 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
R, 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(Supp1ementary 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 m-orbital edge states at 2n/3 < k < . (2)
Di-hydrogenated edges on both ends with a flat band and
localized edge states at 0 < & < 2m/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 < . 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 spins edges are
ferromagnetically (FM) polarized due to maximizing of
exchange energy gain’. 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’
exchange energy gain (Fig. 4a), while FM state becomes
stable when the abovementioned case (2) is realized’.

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)’, 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 Er 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).

electron at each

interaction which maximizes
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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 m-orbital states localized at the edge. Due to the
lattice symmetry, the tails of the m-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
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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 effect™ and a
(quantum) spin Hall effect (QSHE)ZS'27 utilizing edge spin
current of graphene has been predicted, assuming enhanced
spin-orbit interaction. SHE is expected to realize novel
spintronic devices™, 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.

1. Nakada, K., Fujita, M., Dresselhaus, G. and Dresselhaus, M. S.,
Edge state in graphene ribbons: nanometer size effect and edge
shape dependence. Phys. Rev. B 54, 17954-17961 (1996).

2. Fujita, M. et al. Peculiar localized state at zigzag graphite edge.
J. Phys. Soc. Jpn. 65, 1920-1923 (1996).

3. Kusakabe, K. and Maruyama, M., Magnetic nanographite. Phys.

166

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Rev. B 67, 092406 (2003).
Okada, S.
Hexagonally Bonded Sheets with First-Row Elements. Phys.
Rev. Lett. 87, 146803 (2001).

Lee, H. et al., Magnetic ordering at the edges of graphitic

and Oshiyama, A., Magnetic Ordering in

fragments:  Magnetic  tail interactions between the
edge-localized states. Phys. Rev. B 72, 174431 (2005)

Veiga, R. G. A. et al., Quenching of local magnetic moment in
oxygen adsorbed graphene nanoribbons. J. Chem. Phys. 128,
201101 (2008).

Lee, H. et al., Ferromagnetism at the edges of the stacked
graphitic fragments: an ab initio study. Chem. Phys. Lett. 398
207-211 (2004).

Cervenka, J. et al., Room-temperature ferromagnetism in
graphite driven by two-dimensional networks of point defects.
Nature Phys. 5, 840-844 (2009).

Enoki, T. et al,, The edge state of nanographene and the
magnetism of the edge-state spins. Sol. Stat. Comm. 149,
1144-1150 (2009).

Niimi, Y.

spectroscopy of the electronic local density of states of graphite

et al, Scanning tunneling microscopy and
surface near monoatomic step edges. Phys. Rev. B 73, 085421
(2006).

Son, Y-W., Cohen, M. L. and Louie, S. G., Energy gaps in
graphene nanoribbons. Phys. Rev. Lett. 97, 216803 (2006).

Yang, L. Louie, S. G., et al., Quasiparticle energies and band
gaps in graphene nanoribbons Phys. Rev. Lett. 99, 186801
(2007).

Shima, N. and Aoki. H.,
superhoneycomb systems. Phys. Rev. Lett. 71, 43894392
(1993).

Rosser, J. F. and Palacios, J. J., Magnetism in graphene

nanoislands. Phys. Rev. Lett. 99, 177204 (2007).
Jia, X. M. et al., Controlled formation of sharp zigzag and
Science 323,

Electronic  structure of

armchair edges
1701-1705 (2009).
Girit, C. O. et al., Graphene at the edge: stability and dynamics.
Science 323, 17051708 (2009).

Shimizu, T., Haruyama, J., et al., Large intrinsic energy

in graphitic nanoribbons.

bandgaps in annealed nanotube-derived graphene nanoribbons.
Nature Nanotech. Advance online publication (19th December
2010).

Han, M. Y., et al., Electron transport in disordered graphene
nanoribbons. Phys. Rev. Lett. 104, 056801 (2010).

Wang, X., et al,
sub-10-nm graphene nanoribbon field-effect transistors. Phys.
Rev. Lett. 100, 206803 (2008).

Bai,J., Zhong, X. et al., Graphene nanomesh. Nature Nanotech.
5,190-194 (2010).

Russo, S., et al., Observation of Aharonov-Bohm conductance
oscillations in a graphene ring. Phys. Rev. B 77, 085413 (2008).
Son, Y-W., Cohen, M. L. and Louie, S. G., Half-metallic
graphene nanoribbons. Nature 444, 347-349 (2006).

Takesue, I., et al., Superconductivity in entirely end-bonded

Room-temperature all-semiconducting



multiwalled carbon nanotubes. Phys. Rev. Lett. 96, 057001
(2006).

24. Murakami, S., Nagaosa, N., and Zhang, S. C., Dissipationless
quantum spin current at room temperature. Science 301,
1348-1351 (2003).

25. Kane, C. L. and Mele, E. J., Quantum spin Hall effect in
graphene. Phys. Rev. Lett. 95, 226801 (2005).

26. Kane, C. L., Graphene and quantum spin Hall effect. J. Modern
Phys. B 21, 1155-1164 (2007).

27. Schmidt, M. J. and Loss, D., Edge states and enhanced
spin-orbit interaction at graphene/graphane interfaces. Phys.
Rev. B 81, 165439 (2010).

Acknowledgements

The authors wish to thank S. Tarucha, M. Yamamoto, H.
Aoki, N. Nagaosa, A. Oshiyama, K. Fujita, Y. Hashimoto,
E. Endo, Y. Iye, S. Katsumoto, T. Ando, M. Koshino, T.

Enoki, J. Akimitsu, T. Muranaka, K. Nakada, P. Kim, and
M. S. Dresselhaus for their technical contribution, fruitful
discussions, and encouragement. The work at Aoyama
Gakuin was partly supported by a Grant-in-aid for
Scientific Research and a High-Technology Research
Center Project for private universities in MEXT.

Author contributions

J.H. conceived and designed the experiments. K.T., S.K.,
and Y.Y. performed the experiments. J.H. analyzed the
data and wrote the paper. T.M. and H.F. contributed to the
STM observations.

Additional information

Correspondence and requests for materials should be
addressed to J.H. (J-haru@ee.aoyama.ac.jp).

167



168



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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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 (Psqurce)- 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 Psgyce 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 Pggyree, growth time and
the nature of the Cu catalyst surface.

In our experiments, graphene was synthesized on a sputtered Cu film on Si/SiO, wafer placed in a cold-
wall type high-vacuum chamber using C,H,; or CH, diluted by Ar and H, as the carbon source. After H, /
Ar annealing, graphene growth was performed at temperatures ranged from 700 to 1000 °C. Psyyrce 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 Pg,,c 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 Pg.uce iNncreases, while the total amount of source gas supply [Psource X
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 Psoce 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 Pggyrce -

We then made back-gate field-effect transistors using graphene grown at Pg,ce Of 0.7 Pa. For transistor
fabrication, graphene was transferred to an SiO./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 cm?®/ Vs.
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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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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 (KAIy(SizAl
)O10(OH,F),) 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 A, 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 A 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
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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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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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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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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 (V) and of the barrier length (D):
-1

) 1 3
VZsin?l —~ D —E ? —E?sin? j-tan2

TE V, D¢ =|1+
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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-Buttiker formalism [4]

2e? of,
G="— jM(E)T(E)(—a—E}jE

We define the effective conductance like the conductance by the unit of width W in a sheet of graphene
on fundamental units €°h. By using the previous expression of the T, we have obtained the effective
conductance across a square barrier in monolayer graphene

. 1 -~ 1
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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 (V). 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 ¢=0. In this
particular case (¢=0) 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.
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Figures

Figure 2 : Conductance with arithmetical average function for D = 100 nm with EF in meV and Vp in mV
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Orbital magnetism in ballistic graphene nanostructures
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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
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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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(a) Intensity G | (b) Intensity D

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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Single-layer graphene can be produced by chemical vapor deposition (CVD) on copper substrates on up
to meter scales(7, 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(70), and mechanical(77-13) 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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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 (Sec-
AB).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 f;) 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-k 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: SiO, (£,~3.9) and SizNy4 (€,~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, 8-
20 mQ-cm) with 300 nm of dry, chlorinated thermal SiO,, 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
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, (20sccm
of Ar and O, gas at 5mbar, 20nm/min growth rate) or 10nm of SizN4 (25sccm of Ar and N, gas at S5mbar,
3.3nm/min growth rate).

Raman spectroscopy reveals an increase in D-peak (~13500m'1) 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 Rg versus
back gate voltage Vgs measurements (Fig. 3) reveal that both SiO, and Si;N, top-dielectric layers
significantly reduce the doping of the field effect transistors, presumably due to the reduced presence of
water [5]. The carrier mobility, g = [CRs(Ves=Vne)]~ Where C = 11.8nF/cm? is the back-gate capacitance
and Vyp 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
~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 Si;N4 deposition. Future work to
incorporate top-gated large-area graphene devices in high-frequency compatible structures is
underway.
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Fig. 1 : Graphene is transferred,
etched and contacted into a van
der Pauw sample on a SiO/Si
substrate for back gating. A
dielectric top layer of 10nm SiO;
or 10nm Si3N4 is sputtered for
encapsulation.

Fig. 2 : Raman spectra (A=514.5nm) of large area
graphene as transferred to SiO/Si. Following
deposition of a Si3Ns dielectric top layer, an
increase in D-peak (~1350cm™) scattering and
background fluorescence is observed. A more

intense

D-peak

and greater

background

fluorescence is observed with SiO, 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 SiO; top-dielectric
deposition (left) shows a
reduction in doping and a
reduction in mobility. A
device before and after Si3Ny
deposition (right) shows a
reduction in doping and a
negligible change in mobility.
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Fig. 4 : Carrier mobility u at
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. !
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, 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, 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 x 7mm) mono- and bi-layer transferred graphene on the SiO,/Si substrate.” 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
SiO,/Si substrate should be necessary to obtain the high quality transferred graphene on the SiO, 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°C, 900°C,
and 1000°C under the ultra high vacuum (UHV) better than 1.0x10” Torr, before the investigation of the
repair technique of the defects. The carbon MBE onto the defective transferred graphene surface was
performed at 900°C under the ultra high vacuum better than 1.0x10® 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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Fig. 2 typical Raman spectra from transferred graphene before and
after repair process by carbon MBE
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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 self-
consistent 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]:

H, =Av.6-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 Ak — 7K +€eA in Eqg. (1), so
that electron-plasmon interaction can be written as:

H, , =ev.6-A (2).

Turning our attention to phonons let us first assume that U= (U, —0y)/+/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):

By - - "
He o :_\/EFO-XU =eveo-Ay (3).
When comparing this to Eq. (2) one can see that Eq. (3) is equivalent to the presence of an effective

vector potential ‘Aéﬁ‘ o |U| which simply shifts original Dirac cone to a new position as show in Fig. 1d.

The peculiar property of graphene is that vector Aeﬁ is perpendicular to the displacement vector U so

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 A}ﬁ L U. We also show in figure (c) the orientation of wave vector ( for

different polarizations of phonon modes.
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Fig. 2. Dispersion relation for coupled: (a) longitudinal plasmon-transverse optical phonon mode at
doping value E. =0.82eV , and (b) transverse plasmon-longitudinal optical phonon mode for doping
value E; =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
relation of transverse plasmons is very close to the light line, we plot AQq =0 —®/C on ordinate axis in

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 (i) 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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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 angle-
resolved 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
C,H; at 1250 K. The band structure of graphene was observed at the K point after C,H, dosing of 10 L
(1L= 1x10°® Torr for 1 sec.). At the same time, the Shockley surface state of Cu(111) at ' 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 C,H,, 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 p-
type 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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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 Ip/lg 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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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 (~10° cm?/V-s) and saturation velocity (~10°
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 (GFETSs). Specifically, for large-area GFETSs, 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 close-
form 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 um, gate width of 5 um, 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
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 Q, 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
=3.10" 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 D, 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 D, desorption is significantly larger than what is found for the desorption of D,
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.
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Figure 1 TPD spectra of D, 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 valence-
conduction 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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Robust, High-Performance of Flexible, Transparent Conducting Films from Graphene and their
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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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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.
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Strong Electron and Hole Doping on the Raman Intensity of CVD Graphene. ACS Nano, 4 (10), 6055-
6063(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 ym 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 ypA = 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 yA = 1470 cm2V-1s-1. For sample B we obtain a mobility and hole density of about
puB = 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)l. 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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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/SiO, substrates in the frequency range from 10 to 400Hz at room
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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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 SiO,/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 SiO, shows relatively durable and low friction coefficient compared to the
Cu-grown graphene on SiO,, 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.
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Figure 2. Pull-off force on the graphene samples measured by microtribometer.
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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 quasi-
particles 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 pseudo-
magnetic 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 Ill-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 O, 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 (V =-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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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 Vo (push-pull, V. = -Vg) 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 1I-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 SnO, 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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Figure 2. Current-voltage characteristics of the CdSe QDs (240s)/graphene/quartz with and without the
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: bi-
layer 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 (Ep) 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, (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 Ep. Particularly, Ep 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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Fig.1 (a) 450 nm x 450 nm STM topography showing the details of MG and Au border line. (b) dl/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 dl/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) dli/dV (E, line) maps recorded on different TG/Au
regions denoted by #1, #2 and #3 lines on figure (a). (e) Typical dl/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 SiO,/n+ Si substrate after growth. Figure 1(a) shows an optical image
of the graphene after the post-growth transfer to the SiO,/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 dl/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 dl/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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Figure 1. (a) Optical image of transferred monolayer graphene on 80 nm of SiO,. Raman spectroscopy taken at
spots indicated. Scale bar is 20 um. (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
Ic7/lg ratios, indicating monolayer coverage. (c) STM topograph of a clean area of the graphene. Scale bar is 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; [1] or 72 nm
AlL,O; [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 CLD;
describes the luminance difference between the colors of a monolayer graphene and the top of the
multi-layer system, CLD, between a mono- and a bilayer graphene and CLD; 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 CLD-
values, i.e. obtaining the best visibility and possibility to distinguish between graphene mono- and bi-
layers.

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.
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Fig. 1. Fresnel-law-based multi-layered system Fig. 3. Visibility of graphene depending on the three layers's
to achieve the reflection spectra Ro, R1and R, thicknesses for stack 10 in Fig. 2.

which are functions of the layer's thicknesses
ds,d....d, and of the refractive indexes fi,Az....Ax.

substance stack1 stack2 stack3 stack4 stack5 stack6 stack7 stack8 stack9 | stack10 | stack11 | stack12

Graphene
ALO, 72 nm 25 nm 85nm| 221nm| 131nm
SiaNA 55 nm

HfO, 25 nm 45 nm 25 nm 10 nm‘
CaF 90 nm 242 nm 95 nm
Ag 20 nm 20 nm
Si

Calculated

colors:
CLD1 1.2 2.2 0.5 1.8] 2.3 2.1 2.2 2.2 2.3 1.9 2.1 1.4
CLD2 1.1 2.2 0.4 1.8 2.2 2.1 22 2.2 2.3 1.9 2 1.4
CLD3 2.2 4.4 1 3.6 4.5 4.3 4.3 4.5 4.6 3.8 4.1 2.8
ZCLD 4.5 8.8 1.9 7.2 9 8.5 8.7 8.9 9.2 7.6 8.2 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).
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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 h-
BN 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.
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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 inte-
rior 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. Stockmann, 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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Large area CVD Graphene TEM supports

Shishir Kumar, Ehsan Rezvani, Nikos Peltekis, Anne Weidlich, Georg S. Duesberg
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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) 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 um.
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Graphene edge magnetism for spintronics applications: Dream or Reality?
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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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Spin-splitting in graphene

E.V. Kurganova', H.J. van Elferen’, A. McCollam", K.S. Novoselov?, B.J. van Wees®, J.C. Maan?,
U. Zeitler

"High Field Magnet Laboratory, Institute for Molecules and Materials, Radboud University Nijmegen,
Toernooiveld 7, 6525 ED Nijmegen, The Netherlands

2School of Physics and Astronomy, University of Manchester, M13 9PL, Manchester, United Kingdom
®Physics of Nanodevices, Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh
4, 9747 AG Groningen, The Netherlands

e.kurganova@science.ru.nl

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 B, 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 B, 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 B, = 8 T and for different Landau level indices N. The reduction of the SdH amplitude

mB .
can be quantitatively described by a factor COS[EZQTJ [4] for particles with an effective g-factor g

7 dS(E)
2z dE
the Fermi energy. This allows us to extract g'm from our measurements.

and a cyclotron mass m’ = , where S(E)=7k? is the area in k-space of the Landau orbits at

Assuming a parabolic dispersion at low magnetic fields for BLG and using a constant effective mass
m'=0.032 m, [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 g-
factor for low Landau levels (N =+1), though we cannot yet exclude an enhancement for the higher
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