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Within Nano-ICT coordinated action, a GRAPHENE Working Group (GWG) was 

established with the aim of gathering European scientists involved in graphene 

research, to highlight the latest developments in graphene material growth, 

characterization and devices, identifying the technological bottlenecks and 

challenges, and brainstorming solutions to take these technologies from lab to 

industry. Two meeting were celebrated during GRAPHENE 2011 in Bilbao and 

TNT2011 in Tenerife.  

 

Although the discovery of graphene and most of its peculiar physical properties 

has been achieved in Europe, international competition has become fierce, 

especially in boosting technological innovation in a broad spectrum of 

applications (flexible electronics, photonics, energy, sensors, functional 

composites, and so forth). To overcome fragmentation issues and establish a 

long term program for science and technology innovation, European 

researchers have been networked through the GRAPHENE FLAGSHIP pilot 

action (www.graphene-flagship.eu) coordinated by Chalmers University and 

which has attracted a considerable interest with more than 500 groups 

thousands of researchers registered to the web database. Based on genuine 

synergies with scientific communities of members states including Spain 

(through the Spanish mobilizing action, see www.icmm.csic.es/graphene/), 

France and Belgium (through the GDR Graphene and nanotubes network, see 

www.graphene-nanotubes.org), Germany or Netherlands (FOM program, see 

www.graphene.nl) to cite a few, the Graphene Flagship is preparing the 

European graphene roadmap for Science and Technology innovation, to be 

delivered during GRAPHENE 2012 in Brussels in April 2012 

(www.graphene2012.com). 

 

The position paper presented afterwards can be seen as a compacted view of 

the state of graphene research in Europe and overseas, while giving some 

flavor of road-mapping, pinpointing several directions of important challenges 

for European researchers. 

 

The content of the position paper includes overview of large scale catalytic 

growth, exfoliation and wafer bonding approaches of graphene monolayers 

and few layers compounds, integration with other materials (nanotubes, 

organics, metals and semiconductors, defect characterization and defect 

engineering (doping, functionalization, patterning, indentation), 

nanoelectronics (field effect transistors), RF-applications (THz), magnetism and 

Spintronics, electro-mechanical devices, optical properties, nanophotonics, as 

well as theoretical properties, and device simulation. 

 
> Dr. Stephan Roche 

ICREA Research Professor, Catalan Institute of Nanotechnology (Spain) 

foreword 
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Growth: CVD growth, epitaxial growth, 

modelling. 

Post-growth modification: Doping, & 

functionalization, dispersion and separation, 

purification, annealing. 

Properties/characterization: Defects, electron 

transport, phonons, thermal 

properties/conductivity, wetting, friction, 

mechanical, chemical properties, optical, 

structural properties, contacts. 

Electronic Applications: RF devices, transistors, 

sensors, touch screens, flat displays, flexible 

electronics. 

Optical applications: OLED, Absorbers, 

photodetectors, photovoltaics...  

Electromechanical applications: NEMS 

(resonators), sensors, bio-medical. 
Energy applications: Fuel cells, supercapacitors, 

batteries, solar cells. 
Blue sky: Spintronics, quantum computing, 

plasmonics. 

 
 

 

Introduction 
 

In this paper, we aim to position the current 
state and perspectives of graphene-based 
technologies and applications. This is not 
meant to be a comprehensive review of the 
field, but rather an overview with particular 
focus on European strengths and potential. 
Non-European researchers clearly give a huge 
contribution to the field, and set the 
benchmark against which the European work is 
measured.  
 
7 years ago, the ground-breaking experiments 
on graphene in Manchester initiated a field of 
research moving at an ever faster rate, and 
gained the 2010 Physics Nobel prize to Andre 
Geim and Kostya Novoselov.  
 

Even though, graphene science and technology 
has been pioneered in Europe, international 
competition is and will remain fierce, given the 
extensive applications domain. Graphene and 
related two-dimensional materials offer a 
completely new “flatland playground” for 
physicists, chemists and engineers. After the 
discovery of fullerene and carbon nanotubes, 
graphene has complemented the sp2 carbon 
family, being at the same time more suitable 
for (co)-integration and connection to CMOS 
technologies, benefiting from conventional 
techniques of lithography and material 
engineering. Graphene also appears as a 
unique platform bridging conventional 
technologies with the nanoscale Pandora´s box, 
enabling chemistry to enrich material and 
device properties. 
 

Graphene-based materials as thus “enabling 

materials for ubiquitous electronics 

applications” in the fields of information and 
communication technology (ICT), energy or 
medicine/biology. Beyond Graphene and the 
(two-dimensional) flatland, engineering novel 
materials using the third dimension is also 
matter of excitement and future innovation. 
During his Plenary talk at IMAGINENANO 2011 
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 (Bilbao April 2011, www.imaginenano.com), 
Kostya Novoselov called the scientific 
community to explore the “spaceland” which 
could complement graphene through its 
combination with other two-dimensional 
exfoliated materials (such as Boron-Nitride)[1]. 
This opens unprecedented horizons for the 
design of materials on demand, supplying the 
suitable structure for a given properties 
portfolio. Europe could take an international 
leadership in “novel material innovation”, 
provided a strategic scientific and industrial 
roadmapping, implementation plan, team 
networking and relevant funding are smartly 
merged. 
 

We report here a summary of recent 
developments in graphene 
science and technology, 
pinpointing future directions for 
innovation and discovery, with a 
particular emphasis on 
positioning the prospects for 
European research. This first 
version of the Nano-ICT position 
paper is thus to be considered a 
mixture between a short review 
of recent achievements and 
ingredients for the elaboration 
of a more specific and detailed roadmap, and 
not a comprehensive and final review and 
roadmapping exercise.  
 

In that direction, a particular mention deserves 
the initiative named GRAPHENE FLAGSHIP pilot 
(see www.graphene-flagship.eu) which is 
currently establishing a large database of 
European groups and research activities 
focused on Graphene Science and Applications. 
To date more than 500 groups have registered, 
gathering several thousands of researchers and 
engineers and more than thirty companies. This 
initiative will issue a more exhaustive graphene 
roadmap in 2012. 
 

Vision for the future 
 

A.K.Geim and K. Novoselov, were awarded the 
2010 Nobel Prize in physics for 
“groundbreaking experiments regarding the 

two-dimensional material graphene". Graphene 
is a one-atom-thick sheet of carbon whose 
strength, flexibility, and electrical conductivity 
have opened new horizons for fundamental 
physics, together with technological 
innovations in electronic, optical, and energy 
sectors. 
 

The production of high quality graphene 
remains one of the greatest challenges, in 
particular when it comes to maintaining the 
material properties and performance upon up-
scaling, which includes mass production for 
material/energy-oriented applications and 
wafer-scale integration for device/ICTs-
oriented applications (see Fig.1 for illustration). 
 

Potential electronics applications of graphene 
include high-frequency devices and RF 
communications, touch screens, flexible and 
wearable electronics, as well as ultrasensitive 
sensors, NEMS, super-dense data storage, or 
photonic devices (see Fig.2). In the energy field, 
potential applications include supercapacitors 
to store and transit electrical power, and highly 
efficient solar cells. However, in the medium 
term, some of graphene’s most appealing 
potential lies in its ability to transmit light as 
well as electricity, offering improved 
performances of light emitting diodes (LEDs) 
and aid in the production of next-generation 
devices like flexible touch screens, 
photodetectors, and ultrafast lasers. 
 

There are many other potential uses of graphene 
because of its unique combination of properties. 
Graphene is transparent like plastic but conducts 
heat and electricity better than metal, it is an 

Mechanical 

cleavage 
CVD (metal substrates) 

growth 
Epitaxial(SiC) 

growth 

   
    

Fig. 1 >Fig. 1 >Fig. 1 >Fig. 1 >    Illustration of various techniques to either separate out a 

graphene monolayer by mechanical/chemical exfoliation of layers from 

graphite, CVD grow graphene on a metallic substrate, or epitaxial growth 

of graphene layers at the surface of Silicon Carbide./ 
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 elastic thin film, behaves as an impermeable 
membrane, and it is chemically inert and stable. 
In 2010 Ref [2] reported the first roll-to-roll 
production and wet-chemical doping of 
predominantly monolayer 30-inch graphene 
films grown by chemical vapour deposition (CVD) 
onto flexible copper substrates. The produced 
films were characterized by low sheet resistances 
(Rs) and 90% transmittance (T), competing with 
commercial transparent electrodes such as 
indium tin oxides (ITO). This work demonstrated 
that graphene electrodes can be efficiently 
incorporated into a fully functional touch-screen 
capable of withstanding high strain. Such results 
allow us to envision the development of a 
revolutionary flexible, portable and 
reconfigurable electronics, as pioneered by 
NOKIA through the MORPH concept (See Fig.3).  
 

 
Fig. 2 >Fig. 2 >Fig. 2 >Fig. 2 >    Overview of Applications of Graphene. After 

Royal Swedish academy [3]. (by courtesy of Byung Hee 

Hong Seoul National). / 

 

New horizons have also been opened from the 
demonstration of high-speed graphene circuits 
[4] offering high-bandwidth suitable for the 
next generation of low-cost smart phone and 
television displays. 
 

Concerning the domain of ICT, CMOS 
technology, as currently used in integrated 
circuits, is rapidly approaching the limits of 
downsizing transistors, and graphene is seen as 
an alternative. However, the technology to 
produce graphene circuits is still in its infancy, 
and probably at least a decade of additional 
effort will be necessary, for example to avoid 
costly transfer from metal substrates. The 
device yield rate also needs to be improved. 

The use of graphene in electrodes is probably 
the closest to commercialization.  
 

 
Fig. 3 >Fig. 3 >Fig. 3 >Fig. 3 >    Graphene in NOKIA Morph concept: the future 

mobile device, Morph, will act as a gateway. It will 

connect users to the local environment as well as the 

global internet. It is an attentive device that shapes 

according to the context. The device can change its 

form from rigid to flexible and stretchable. For more 

information see [5]. / 
 

In 2011 Ref. [4] reported the first wafer-scale 
graphene circuit (broadband frequency mixer) 
in which all circuit components, including 
graphene field-effect transistors (FETs) and 
inductors, were monolithically integrated on a 
single carbide wafer. The integrated circuit 
operated as a broadband radio-frequency 
mixer at frequencies up to 10GHz, with 
outstanding thermal stability and little 
reduction in performance (less than one 
decibel) between 300 and 400K.  
 

These results pave the way to achieving 
practical graphene technology with more 
complex functionality and performance.  
 

Another potential field of application is 
photonics and optoelectronics, where the 
combination of its unique optical and electronic 
properties can be fully exploited, even in the 
absence of a band-gap, and the linear 
dispersion of the Dirac electrons enables 
ultrawideband tunability. The rise of graphene 
in photonics and optoelectronics is shown by 
several recent results, ranging from solar cells 
and light-emitting devices to touch screens, 
photodetectors and ultrafast lasers. 
 

Graphene is promising as addictive for composite 
materials, thin films and conducting inks. High 
quality graphene inks [6] can now be produced 
via solution processing [7] and ink-jet printed 
thin film transistors with mobility ~90cm2/Vs 
have already been demonstrated, paving the 
way towards fully graphene-based printable 
electronics [6].  
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Scientific output 
 
Europe is competitively placed in terms of 
scientific output, with total graphene 
publications1 from North America and Europe  
closely matching (see Fig. 4).  
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Fig. 4 >Fig. 4 >Fig. 4 >Fig. 4 >    Total scientific publications on graphene by 

region (2011 January-September)./ 

 

The rise in output from Asia since 2009 is clear, 
largely due to a rapid increase from China, in 
2011 overtaking the US as the largest producer 
of graphene publications. While the division in 
academic graphene publications between 
Europe, North America and Asia is roughly 
equal (Fig.5(left)), the US produced so far over 
three times as many patents as the others 
(Fig.5(right)), with the ten highest applicants for 
patents2 divided between US academia (Rice 
University, MIT, University of California and 
Harvard) and US industry (Sandisk 3D, Graftech, 
Hyperion Catalysis International,General 
Electric and BASF)[8]. This, to some extent, 
reflects the different patent regimes in the 
regions, and Europe is once again well placed 
with nearly twice as many patent applications 
as Asia. The importance placed on graphene 
research by Korea, Japan and Singapore is 
clearly represented in their patent and 
publication output. Within Europe the majority 
of scientific publications comes from Germany, 
the UK and France (followed closely by Spain 
and Italy), while European patent activity is 
concentrated in Germany and the UK (see 
Fig.6). 
                                                                                                          
1 Topic search on ‘graphene’ from Thomson ISI Web of Science database. 
Note that this does not take into account any additional criteria such as 
impact factor of the publishing journals. 
2 Patent search on ‘graphene’ from the WIPO Patentscope international 
patent application database. 
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USA 4229

Germany 1080

Japan 1403

Korea 779

UK 754

Canada 320

Netherlands 295

France 706

Singapore 499

Italy 437

China 2794

India 387

Taiwan 328

Spain 567
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Belgium 223
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Fig. 6Fig. 6Fig. 6Fig. 6    >>>>    Breakdown of total patents and publications on 

graphene by country. Source: Publications from 

Thomson ISI Web of Science ‘graphene’ topic search; 

Patents from WIPO PATENTSCOPE international patent 
applications./ 
 

    

Fig. 5 >Fig. 5 >Fig. 5 >Fig. 5 >    (Left) Total scientific publications and (Right) 

total patents on graphene by region. Source: 

Publications from Thomson ISI Web of Science 

‘graphene’ topic search, Patents from WIPO 

PATENTSCOPE international patent applications./ 



 

 
9999    

n
a

n
o

IC
T

 The sp
2
 two-dimensional lattice: essentials 

 
Graphene consists of carbon atoms arranged in a 
2-dimensional honeycomb crystal lattice with a 
bond length of 1.42 Å [9,10]. A schematic of a 
single layer graphene (SLG) is shown in Fig. 7a, 
including “armchair” and “zig-zag” edges, named 
after their characteristic appearance on the 
atomic scale. The carbon atoms are sp2 
hybridized and three of the four valence 
electrons participate in the bonds to their next 
neighbours (σ–bonds). The schematic in Fig. 7b 
shows these in green (colour online). The fourth 
π electron orbital is oriented perpendicular to 
the sheet, forming with the neighbouring ones a 
highly delocalized network of π bonds (Fig. 7b, 
red). 
 

The graphene lattice consists of two sub-
lattices A and B, which lead to crystal symmetry 
[11,12]. As a consequence, the charge carriers 
(n) can be described by the Dirac equation [12], 
i.e. the band structure of graphene exhibits a 
linear dispersion relation for n, with 
momentum k proportional to energy E [12]. 
The energy bands associated with the 
sublattices intersect at zero energy. For this 
configuration graphene has been “commonly” 
called a zero bang gap semiconductor. 
However, the conductivity of graphene is 
independent of the Fermi energy (EF) and n as 
long as the dependence of scattering strength 
on EF and n is neglected [13].Thus graphene 
should be considered a metal rather than a 
semiconductor [13]. 
 
 

 
Fig. 7 >Fig. 7 >Fig. 7 >Fig. 7 >    a) Schematic of a graphene crystallite with 

characteristic armchair and zig-zag edges. b) Schematic 

of electron σ–bonds and π-electron orbitalof one 

carbon atom in graphene. c) Band diagram of graphene 

at k = 0; From [14]./ 
 
 

A schematic of the band structure close to k = 0 
including the Fermi level, EF, is shown in Fig. 7c.  

Charge carriers in graphene have a very small 
effective mass [15], hence graphene shows 
extremely attractive properties relevant to 
electronic devices. These include carrier 
mobilities of up to 15000 cm2/Vs for graphene 
on SiO2 [15], 27000 cm2/Vs for epitaxial 
graphene [16] and hundreds of thousands 
of cm2/Vs for suspended graphene [17,18,19] 
(Fig. 8), for typical charge density (n) ~1012cm-2. 
Very recently, mobilities up to 106 cm2/Vs with 
n of 1011cm-2 were reported for suspended 
graphene at helium liquid temperature [20]. 
These mobility values are at least 40 times 
higher than typical Si mobility. In addition, high 
current carrying capability exceeding 
1x108 A/cm2 [21], high thermal conductivity 
[22,23], high transparency [24] and mechanical 
stability [25,26] have been reported. While 
similar promising properties have been 
reported for carbon nanotubes (CNTs)[27], the 
fact that graphene processing is compatible 
with conventional CMOS-technology is 
potentially a huge advantage. 
 

 
 

Fig. 8 >Fig. 8 >Fig. 8 >Fig. 8 >Electron mobility versus density for an ensemble 

of materials, positioning graphene performances. 

Extracted from [17,18,19]./ 
 

Graphene chemistry: not a molecule, not 

a polymer, not a substrate 
 
Graphene chemical properties have raised great 
interest and stimulated excellent research. The 
main reason of interest is that graphene cannot 
be easily classified from a chemical point of view, 
having a size which is atomic in one dimension, 
and mesoscopic in the other two, resulting 
particular and somehow contrasting properties. 
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 Graphene can be patterned, etched and coated 
as a substrate. It can also be processed in 
solution and chemically functionalized, as a 
molecule. It could be considered a polymer, 
obtained by bottom-up assembly of smaller 
molecules [28], but it can also be obtained from 
top-down exfoliation of graphite (a mineral). It 
is not a nano-object similar to fullerenes or 
CNTs, because it does not have a well-defined 
shape; conversely, it is a large, highly 
anisotropic, very flexible ultra-thin material, 
which can have different shapes and be folded, 
rolled or bent.  
 

The simplest and most studied chemical 
functionalization of graphite is oxidation 
[29,30,31]. This leads to the production of 
graphene oxide (GO), [29,30,31], with the 
formation of defects such as C-OH, COOH and 
C-O-C bridges on its surface and at edges. The 
functionalization with these hydrophilic groups 
greatly favours GO exfoliation, allowing to 
produce on large scale highly concentrated 
solutions of GO in water [32], containing high 
percentage of monolayers [33].  
 

The chemical polar groups created by oxidation 
can also be used for further functionalization, 
allowing to exploit the full power of carbon-
based organic synthesis to achieve different 
graphene-based materials (Fig. 9a) [34,35]. By 
taking advantage of the extensive know-how 
already available for CNTs, either covalent 
[36,37] or supramolecular [38,39] 
functionalization of graphene with different 
molecules can be achieved. This includes 
selective organic functionalization of graphene 
edges, taking advantage of the higher 
concentration of carboxyilic groups at the 
edges of exfoliated GO sheets [34]. 
 

Chemical functionalization from one hand 
makes graphene more processable, but from 
the other hand destroys its peculiar electronic 
properties, transforming it into an insulator 
[40]. The GO chemical structure can be highly 
variable, depending on the details of its 
production, but can be described as a mosaic of 
different domains, of nanometer size, featuring 
highly conjugated, graphene-like areas, 

alternated to completely oxidized, insulating 
sp

3 domains, as well as to void areas where the 
oxidation process has completely destroyed the 
carbon backbone, leaving a hole in the GO 
sheet [41,42]. Overall, the surviving graphene 
conjugated domains in GO can be seen as an 
ensemble of polycyclic aromatic domains of 
different size, all linked on the same sheet by a 
network of insulating sp

3 bonds, which hinder 
charge transport [42]. 
 

 

 
Fig. 9Fig. 9Fig. 9Fig. 9>>>>    a) Schematic representation of covalent 

functionalization of GO. From [35] b) Fluorescence 

quenching image of graphene oxide sheets on a thin 

molecular layer of quater-thiophene. From [43] c) 

Evolution of measured charge mobility in transistor 

devices based on polythiophene (P3HT) and reduced 

graphene oxide (RGO) at increasing RGO coverage. In 

the inset, a schematic representation of the transistor 

device. From [35]./    

 

The conductivity can be increased by producing 
Reduced Graphene Oxide (RGO). Reduction can 
be achieved by thermal [40,55,44] chemical 
[40,45,46] or electrochemical [47,48] methods. 
Though this process never re-establishes the 
“perfect” lattice of graphene, being unable to 
heal some more stable defects, such as the 
voids in the sheets and some particular 
oxidized forms (carbonyl and ether groups) 
[49]. Nonetheless, RGO is conductive, with a 
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charge mobility larger than typical organic 
semiconductors, and can have promising 
applications as electrode [50] and charge 
transporter [33,51] in organic electronics, as 
interface layer in photovoltaic blends [52], to 
replace or improve indium tin oxide (ITO) 
electrodes, in dye sensitized solar cells, to 
improve charge collection and transport [53] 
and as material with high surface area and 
good conductivity for energy storage [54]. 
 

An approach for selective GO reduction is to use 
a scanning probe by locally applying high 
temperature [55], or to perform electrochemical 
reduction on microscopic scale [56], allowing to 
fabricate electronic devices where the active 
layer is formed by a sheet of conductive RGO 
“drawn” on an otherwise insulating GO layer 
(Fig. 10a) [57]. Once functionalized, either by 
covalent or supramolecular chemistry, graphene 
interacts strongly with the surrounding 
molecules (either small molecules or polymers), 
gaining new electronic, chemical and optical 
properties. Graphene-organic interactions are 
studied for a wide range of applications, form 
surface science [39], to electronics [33,54,56] to 
composites, to biological and sensing 
applications [58,59,60]. 
 

Organic molecules can be absorbed on graphene 
substrates forming 2D layers which tend to have 
a weak interaction with the underlying graphene 
[39], with small but significant differences with 
respect to the packing of the same molecules on 
bulk graphite [39]. The graphene-molecule 
interaction can be strong, resulting in a complex 

interplay of π-π stacking, electrostatic 
interactions, and molecule-molecule lateral 
interactions [39,61,62]. 
 

Graphene-organic interactions can lead to 
strong doping [63,64,65,66], and to charge [67] 
or energy [68] transfer, making graphene a 
strong quencher of fluorescence of several 
organic molecules (Fig. 10b,c) such as pyrene 
[67,68] oligo- and poly-thiophene [33,69,70], 
poly-phenylenevinylene [70]. Even one SLG, GO 
or RGO can effectively quench the fluorescence 
of an organic thin layer [69], allowing to 
visualize single sheets with high optical contrast 
(∼0.8) [69], or to quench fluorescent molecules 
at tens of nm away [71]. For more detailed 
reviews on graphene interactions with organic 
materials, see Refs. [72,73].  
 

Graphene fabrication 
 
The industrial exploitation of graphene will 
require large scale and cost-effective production 
methods, while providing a balance between 
ease of fabrication and final material quality. 
There are currently five main approaches: 1) 
mechanical exfoliation, 2) carbon segregation 
from carbon containing metal substrates and 
silicon carbide (SiC) 3) chemical vapour 
deposition (CVD) of hydrocarbons on reactive 
nickel or transition-metal-carbide surfaces, 4) 
chemical synthesis and 5) liquid phase 
exfoliation (LPE).  
 

Exfoliation; Novoselov et al. introduced a 
manual cleaving process of graphite, frequently 

Au AuGO

rGO

GO

AFM

C-AFM

cccc))))    bbbb))))    a)a)a)a)    

Fig. 10 >Fig. 10 >Fig. 10 >Fig. 10 >    a) Schematic representation of the creation of conducting RGO patterns on an insulating GO layer using a 

scanning probe. b) AFM and conductive AFM image of a source-drain electrode pair bridged by an electrically 

conducting tip-reduced GO region. c) Drain current (ID) vs. drain-source voltage (VDS) measured on graphite oxide 

films before (black squares) and after (red squares) reduction by a scanning probe. An increase of about 10
8
 in the 

normalized source-drain current is shown. From [57]./ 

 



 
 

 
12121212    

n
a

n
o

IC
T

 called “mechanical exfoliation”, to obtain SLG 
and few layer graphene (FLG) [12,74]. This 
process makes use of adhesive tape to pull 
graphene films off a graphite crystal. When 
observed through an optical microscope, SLG 
and FLG add to the optical path compared to the 
bare substrate. If a proper SiO2 thickness is 
chosen, the resultant visible contrast is sufficient 
to identify the number of layers [75,76,77,78]. 
Fig. 11b shows the result of a contrast simulation 
of SLG on SiO2, where the contrast is plotted for 
a range of wavelengths and SiO2 thicknesses [75]. 
In the visible range, SiO2 films of ~90 nm and 
~300 nm maximise contrast, hence are widely 
used as substrates. This pragmatic, low-cost 
method has enabled researchers to conduct a 
wide variety of fundamental physics and 
engineering experiments, even though it cannot 
be considered a process suitable for industrial 
exploitation (even though approaches for large 
scale mechanical exfoliation have been 
proposed). An example of typical exfoliated 
flake, with a varying number of layers, on an 
oxidized silicon wafer is shown in Fig. 11c. 
These layers have a slightly different colour in 
the optical microscope (Figure 11c). While a 
trained person can distinguish single- from few 
layer graphene by “naked eye” with high 
fidelity, Raman spectroscopy has become the 
method of choice when it comes to scientific 
proof of SLG [79,80]. Indeed, the graphene 
electronic structure is captured in its Raman 
spectrum that evolves with the number of 
layers [79]. The 2D peak changes in shape, 
width, and position for an increasing number of 
layers, reflecting the change in the electron 
bands via a double resonant Raman process. 
The 2D peak is a single band in SLG, whereas it 
splits in four bands in bi-layer graphene (BLG) 
[79]. This is demonstrated in Fig. 11d, where 
Raman spectra for SLG and FLG are plotted. 
Since the 2D peak shape reflects the electronic 
structure, twisted multi-layers can have 2D 
peaks resembling SLG, if the layers are 
decoupled.  
 

The Raman spectrum of graphite was measured 
42 years ago [81]. Since then Raman 
spectroscopy has become one of the most used 

characterization techniques in carbon science 
and technology, being the method of choice to 
probe disordered and amorphous carbons, 
fullerenes, nanotubes, diamonds, carbon 
chains, and polyconjugated molecules [82]. The 
Raman spectrum of graphene was measured 6 
years ago [79]. This triggered a huge effort to 
understand phonons [79,80], electron-phonon 
[79,80,83], magneto-phonon [84,85] and 
electron-electron [86] interactions, and the 
influence on the Raman process of number [79] 
and orientation [79,80] of layers, electric 
[87,88,89] or magnetic [90,91] fields, strain [92, 
93], doping [94,95], disorder[80], quality[96] 
and types [96] of edges, functional groups [97]. 
This provided key insights in the related 
properties of all sp

2 carbon allotropes, 
graphene being their fundamental building 
block. Raman spectroscopy has also huge 
potential for layered materials other than 
graphene. 
 

 
 

Fig. 11 >Fig. 11 >Fig. 11 >Fig. 11 > (a) Maximum contrast at 633 nm as a function of N. 

(b) Calculated contrast of graphene as a function of oxide 

thickness and excitation wavelength. Dotted lines trace the 

quarter-wavelength condition. c) Optical micrograph of 

multilayer with 1, 2, 3, and 6 layers. (d) Raman spectra as a 

function of number of layers.; From [75]./ 
 

Liquid phase exfoliation; Graphene flakes can be 
produced by exfoliation of graphite via chemical 
wet dispersion followed by ultrasonication, both 
in aqueous [98,99,100,101] and non-aqueous 
solvents [6,7,101,102]. This technique has the 
advantage of low cost and scalability. Graphene 
flakes with lateral sizes ranging from few nm to a 
few microns can now be produced with 
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 concentration up to a few mg/ml in up to litre 
batches [102,103]. Control of lateral size and 
number of layers is achieved via separation in 
centrifugal fields. Up to ~70% SLG can be 
achieved by mild sonication in bile salts followed 
by sedimentation based-separation [100,104]. 
LPE also allows isolation of flakes with controlled 
thickness, when combined with density gradient 
ultracentrifugation (DGU) with~80% SLG yield 
(Fig.12) [99].  
 

Other routes based on chemical wet dispersion 
have been investigated, such as exfoliation of 
fluorinated graphite [105], intercalated 
compounds [106], expandable graphite [107] 
ultrasonication of graphite in ionic liquid [103] 
and non-covalent functionalization of graphite 
with 1-pyrenecarboxylic acid [108].  
 

LPE is an essential tool for the production of 
composite materials, thin films and conducting 
inks, with no need of expensive growth 
substrates. Graphene inks have been already 
demonstrated to be a viable route for the 
production of ink-jet printed thin film 
transistors [6]. Furthermore, many applications 
in photonics and optoelectronics, such as 
transparent conductors, third generation solar 
cell electrodes and optical graded graphene-
based polymer composites will benefit from 
graphene produced by LPE [104]. LPE is also a 
useful for the production of graphene 
nanoribbons (GNR) [109]. LPE does not require 
transfer techniques and the resulting material 
can be deposited on different substrates (rigid 
and flexible) following different strategies such 
as, dip and drop casting, spin, spray and rod 
coating, ink-jet printing, etc.  

LPE can also be used to exfoliate and disperse 
any other layered materials, such as 
chalcogenides and transition metal oxides 
(TMOs), BN, MoS2, Ws2 etc. [110]. The 
development of a sorting strategy both in lateral 
dimensions and number of layers will be 
essential for the full exploitation of their optical 
and electronic properties.   
 

Segregation form silicon carbide; Acheson 
reported a method for producing graphite from 

SiC in as early as 1896 [111]. Recently 
this approach has been perfected to 
yield SLG and FLG [112,113,114,115] 
(crystallites >10μm, small number of 
defects). Electronic decoupling from 
the underlying SiC substrate can be 
achieved by hydrogen treatment 
[116]. During the process, silicon is 
thermally desorbed at temperatures 
between 1250°C [112] and 1550°C 
[114,115]. This process is more 
controllable and scalable when 
compared to mechanical cleaving. In 

fact, graphene transistors can be manufactured 
from epitaxial graphene on a wafer scale [117]. 
Similar to exfoliated graphene, it has been 
demonstrated that single epitaxial graphene 
layers can be identified by Raman spectroscopy 
[118]. In addition Raman spectroscopy revealed 
that these layers are compressively strained 
[118]. A major disadvantage of epitaxial 
graphene is the high cost of SiC wafers, their 
limited size compared to Si wafers, and the high 
processing temperatures, well above current 
CMOS limits.  
 

Chemical vapor deposition (CVD); SLG and FLG 
can be grown by CVD on metals, such as nickel 
[119,120,121,122], ruthenium [123] iridium 
[124,125] or copper [2,126]. Several methods of 
transferring the CVD graphene films onto target 
non-metallic substrates have been suggested 
[2,121,122], including the use of disposable 
Poly(methyl methacrylate) (PMMA) [121] or 
Polydimethylsiloxane (PDMS) [122] films.  
 

CVD has now almost reached maturity for mass-
production. Samples over 50 cm in size have been 
grown and transferred on target substrates [2].  

Fig. 12 >Fig. 12 >Fig. 12 >Fig. 12 > Sorting of graphite flakes using DGU. a) Schematic illustration 

of surfactant encapsulated graphene sheets and photograph of an 

unsorted aqueous. b) Photograph of a centrifuge tube following DGU 

marked with the main bands of monodisperse graphene [99]./ 
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 Decisive progresses were made in the last few 
years towards the understanding of the growth 
processes, the characterization of the 
graphene/metal interaction, the tailoring of 
graphene's properties by tuning this interaction, 
or the design of novel hybrid structures with 
unique functionalities for spintronics, 
nanomagnetism, or catalysis. Europe occupies a 
special position in this respect, with a number of 
theory and surface science groups having 
pioneered the field. 
 

Although CVD growth on Cu-foils is the most 
popular approach to date; there are other 
alternative schemes to produce wafer-scale 
graphene which yet require an active phase of 
research. Amongst these, are CVD on insulating 
substrates [127,128,129,130,131,132,133], 
Plasma Enhanced CVD (PECVD) [134] and 
molecular beam epitaxy (MBE) growth [135] . 
 

Carbon segregation from metal substrates; This 
method exploits the solubility of carbon in 
transition metals (thin films of nickel), that 
subsequently segregates graphene at the metal 
surface. The graphene quality and the number of 
layers are strongly dependent on the growth and 
annealing conditions. The advantage of this 
method over standard CVD is that the graphene 
quality is controlled by the carbon source and 
annealing conditions. To get large metal grains 
with appropriate crystalline orientation (111) 
[136], a first step annealing of the metal surface 
is often performed. The carbon diffusion is 
simultaneously occurring during the crystalline 
orientation of nickel. 
 

All the process steps occur in fully semiconductor 
compatible environment. Europe semiconductor 
industry can, then, reasonably take benefit of the 
versatility of this method toward the integration 
of graphene in their technological process flow. 
 

Graphene growth by carbon segregation in 

Europe 

 

This section exemplifies the leading and active 
position of Europe in graphene growth by 
carbon segregation. The first section deals with 
the study of the structural properties of 

graphene, the second addresses the 
investigation of the electronic, magnetic, and 
mechanical properties, the third focuses on the 
design of graphene/metal hybrid structures 
with novel functionalities, and the last gives an 
overview of Europe's efforts towards the 
production of graphene via growth on metals. 
 
Structural properties of graphene/metals 

 
Ref. 137 reported a pioneering atomic-scale 
characterization of SLG with scanning 
tunnelling microscopy (STM) in 1992, well 
before the “rise” of graphene. The study was 
performed for graphene grown on a Pt(111) 
crystal by chemical vapour deposition [137]. A 
number of European groups have employed 
this technique to study the structure of 
graphene on other metal surfaces, like Ir(111) 
(Fig. 13a) [138,139], Ru(0001) [140,141] or 
Ni(111) [142,143,144]. 
 

 
 
Fig. 1Fig. 1Fig. 1Fig. 13333    >>>>    (a) 250×125 nm

2
 STM topograph of graphene/Ir, 

showing the moiré superstructure spanning over four 

atomically flat terraces (from Ref. [124]); inset: atomic 

resolution STM topography showing the centre of 

carbon rings as dark spots, and the moiré 

superstructure, from [125]. (b) Top-view of the relaxed 

geometrical structure of graphene/Ir obtained by DFT 

including van der Waals interactions (from Ref. [145])./ 

 

Ref. [146] conducted surface X-ray diffraction 
(SXRD) measurements of SLG, and revealed a 
surprisingly large (ca 5 nm) commensurate 
graphene/Ru. Recent experiments also 
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 revealed that incommensurate structures may 
be found as well, on graphene/Ir [145]. The 
question of commensurability of graphene onto 
metals is of fundamental nature. It has deep 
consequences, a wealth of intriguing 
phenomena related to the physics of phase 
transitions in two dimensions being expected. 
The graphene-metal distance and the nano-
rippling of graphene on its metallic substrate, 
which follows the graphene-metal so-called 
moiré superstructure, are hallmarks of 
graphene-metal interaction:  metals with a 
strong affinity with carbon are expected to 
induce a low graphene-metal distance [147], 
and a strong nano-rippling, which eventually 
can disrupt the conical band structure around 
the Fermi level and induce charge transfers. 
 

This question fuelled an active debate in the 
literature. The contribution of Europe is 
decisive, and has much enriched the picture of 
the graphene/metal interaction thanks to the 
involvement of different groups with 
complementary expertises, ranging from STM 
[140,141], density functional theory (DFT) 
calculations [145,146,147,148,149], electron 
diffraction [150], He diffraction [151], SXRD 
[146], and more recently, X-ray standing waves  
[145]. 
 

There exist a long-lasting tradition of DFT 
simulations of carbon materials in Europe and 
this holds for graphene on metals. A pioneering 
contribution was in Ref. [136], who targeted 
the study of graphene on Ni(111). Large 
supercells (several hundred atoms) were 
considered in Ref. [145]. This is an 
unprecedented fine description of the 
graphene-metal electronic interaction [149]. 
Europe maintains its leading position, notably 
by its efforts towards taking into account van 
der Waals interactions in DFT [152,153], the 
most recent achievement being the use of a 
fully-consistent treatment of several hundred 
atoms supercells (Figure 13b) [145]. These 
interactions, often eluded in DFT calculations, 
are known to have prominent contribution to 
the graphene bonding on metals in many cases. 
Their implementation in DFT now provides a 
good description of the structure of 

graphene/metals, which agrees with the latest 
state-of-the-art measurements. 
 

The production of high quality graphene via 
growth on metals first requires that defects in 
graphene are identified, then controlled, and 
whenever possible avoided. European groups 
have addressed, in some cases initiated, the 
study of a number of defects in 
graphene/metals: grain boundaries, pentagon-
heptagon pairs [124], point defects [154], 
wrinkles [155], or local deformations [147]. 
 
Foreseen progress/evolution 
 

The full understanding of the influence of 
defects on the properties of graphene has not 
been achieved yet. Benefiting from a strong 
expertise in defect characterization, Europe can 
play a crucial role in this respect. Answering the 
debated question of carbon magnetism due to 
vacancies in graphene would for instance be a 
major advance. Better controlling their 
formation and eventually avoiding them is of 
prime importance in view of producing ultra-
high quality graphene. Another field where 
Europe could largely contribute to, based on its 
experience, is towards the graphene band 
structure engineering with the help of super-
potentials induced by the graphene/metal 
epitaxy. Ordered vacancy lattices or antidot 
lattices, triangular or anisotropic moiré 
patterns, periodic strain patterns, etc, were 
proposed as efficient routes in this respect. 
Only a few of these routes were explored by 
experimentalists so far. Another area where 
Europe should continue is the understanding of 
the graphene/metal interaction, which drives 
the structure, electronic properties, and growth 
of graphene. A unified and predictive picture is 
still missing. 
 

Electronic, magnetic, and mechanical 

properties of graphene/metals 
 

It was realized a few years ago that the moiré 
pattern arising between graphene and metal 
substrate can act as a varying electronic 
potential for n [156]. This could induce 
nanometre-scale electron/hole pockets for 
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 graphene/Ru [141]. The origin for these in-
homogeneities is thought to be local charge 
transfers and change of hybridization [157]. 
Fainter modulations were found in graphene/Ir 
[158], where superpotential effects were 
evidenced by angle-resolved photoelectron 
spectroscopy (ARPES) (Fig. 14a) [158]. It was 
shown that the band structure can be further 
disturbed, up to the point where graphene π-
bands become anisotropic, by metal cluster 
growth on graphene/Ir [156]. 
 

The study of the metal-graphene interactions 
started some years ago with ARPES [158]. Until 
2009 however, only those metals which 
strongly interact with graphene were 
addressed. European groups conducted the 
first studies of graphene decoupled from its 
substrate [159]. 
 

    

Fig. 14 >Fig. 14 >Fig. 14 >Fig. 14 >    Energy (E)  verus in-plane wave vectore (k||) 

cuts in the band structure of graphene in the vicinity of 

the K point of graphene. The origin for the energy axis is 

taken at the Fermi level (EF). (a) Graphene on Ir(111), 

showing a conical dispersion, marginal charge transfer, 

mini-band gaps (arrows) and a replica band, arising for 

moiré superpotential effects (from Ref. [158]), (b) 

graphene on Ni(111) (left) and with an intercalated Au 

layer (right), for which the conical dispersion of 

graphene is recovered (from Ref. [159]), (c) H-adsorbed 

graphene on Ir(111), characterized by the presence of a 

large band gap at the Dirac point (from Ref. [160])./ 

 

An almost intact Dirac cone, with a Dirac point 
almost matching the Fermi level (marginal 
charge transfer), was achieved for graphene on 
Ni intercalated by an Au monolayer (Fig. 14b) 

[159]. A similar observation was done for 
graphene on Ir (Fig. 14a) [158]. This pushed a 
number of groups worldwide to consider this 
system as a reasonable realization of free-
standing graphene. Effective manipulating of 
graphene's band structure was put in evidence 
in this system, H adsorption inducing a 
bandgap, as high as 450 meV, at the Dirac point 
(Figure 14c) [160]; similar results were obtained 
for graphene/Au/Ni [161]. 
 

Spin-polarization of the π-bands could open the 
route to graphene-based spintronics. There has 
been a noticeable effort in this direction, 
restricted to Europe, which led to interesting 
debates. It was first argued that strong Rashba 
(spin-orbit) splitting of the π-bands could be 
induced in epitaxial graphene on Ni [144]. From 
other works, it is concluded that whether on Co 

or Ni, the Rashba splitting can only be 
marginal [162], while few 10 meV 
splitting was obtained via Au contact, 
which still corresponds to an 
enhancement of the spin-orbit constant 
in graphene by a factor of 100. The study 
of the thermal expansion coefficient of 
epitaxial graphene started recently 
[163]. Core level electron spectroscopy 
and ab initio molecular dynamics 
revealed an increase of the carbon bond 
length in a large range of temperature 
[164], and, counter-intuitively, an 
increase of the nano-rippling amplitude 
against heating [164]. SXRD confirmed 
that the graphene-metal epitaxy, even 
when governed by weak interactions, 

renders the thermal expansion coefficient 
different from that of isolated graphene, but 
does not follow that of the metal [147], 
possibly due to slippage. 
 

The study of the nanomechanical properties of 
epitaxial graphene is again led by European 
groups. Atomic-scale resolution scanning probe 
microscopies, atomic force microscopy (AFM) 
[165] and STM [166] provided insights into local 
variations of the interaction between a metal 
tip and the graphene surface. The chemical 
inhomogeneity, which follows the Moiré and is 
due to varying interactions between graphene 
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 and the substrate, were shown to play an 
important role. DFT calculations provided 
details of the electronic interaction between 
graphene and its metallic support. Many efforts 
in treating the spin degree of freedom in these 
calculations were pioneered by European 
groups [136,167,168,169]. This allowed 
addressing proximity induced magnetism, 
magnetic moment enhancement at the 
graphene/metal interface, or spinning filtering. 
 

Foreseen progress/evolution 
 

Beyond the exceptional thermal conduction of 
free-standing graphene, it is necessary to 
develop a good understanding of the thermal 
properties of graphene contacted to a metal, 
for instance in graphene/metal 
hybrid structures, or to elucidate 
the influence of metal electrodes 
contacted to graphene.  
 

Epitaxial graphene on metals 
provides in certain cases model 
systems mimicking free-standing 
graphene. This is the case for 
graphene/Ir or Au intercalated 
graphene/Ni. The European community well 
understood this unique opportunity of taking 
benefit of the powerful tool-kit offered by 
surface science to probe the basic properties of 
graphene.  Some of the properties remain 
mostly unexplored in epitaxial graphene, and it 
is reasonable to expect that Europe's state-of-
the-art instrumentation should allow filling this 
gap. 
 

Graphene/metal hybrid structures 
 

The first proposals for graphene based spin-
valves were reported in Europe [167]. 
Ref. [170] predicted that one or several 
graphene layers sandwiched between two 
epitaxial ferromagnetic leads (Figure 15a), was 
could offer high magnetoresistance and low 
resistance×area product [170] in the current-
perpendicular-to-the-plane (CPP) geometry.  
 

The latter feature is desirable for high density 
magnetic storage where small area 
ferromagnet/graphene/ferromagnet bits would 

have low resistance: low power consumption 
devices could thus be triggered. These 
theoretical works stimulated a strong interest 
in the community. Several groups are aiming at 
the experimental realization of the set-up. 
Along this view, a first step was made by a 
European group, with the demonstration of 
spin polarization in graphene on Ni [143]. 
 

The growth of flat and continuous layers of a 
ferromagnet on graphene is a difficult task 
since usually clustered films are formed. Using 
pulsed laser deposition it was found that high 
quality epitaxial ultrathin Co films could be 
prepared (Fig. 15b) [169]. Spin-valves in the CPP 
geometry now appear within reach. 
 

    

Fig. 15 >Fig. 15 >Fig. 15 >Fig. 15 >    (a) Fermi surface (colour are for the number of 

Fermi surfaces) for Co minority and majority spin electrons 

(top), Fermi surface of graphene (bottom right), and 

schematic side-view of a graphene/Co spin valve (from 

Ref. [167]). (b) Layer-by-layer growth of Co by pulsed laser 

deposition on graphene/Ir, as seen by STM (100×100 nm
2 

topographs), for increasing Co thickness, expressed in 

monolayers (ML) (from Ref. [169])./ 

 

Ref [138] has shown that epitaxial graphene may 
be decorated with dense arrays of equally sized 
nanoclusters, under the influence of the 
graphene/Ir moiré (Figure 13). Later the same 
group showed that a variety of materials could 
be organized on the moiré [163] (see Fig. 16), 
and other European groups reported that the 
method is also efficient on the graphene/Rh 
[171] and graphene/Ru [172] moirés. Not only 
these new systems pave way to the study of size 
dependent magnetic [39] or catalytic properties 
on a graphene substrate (i.e. potentially 
mediating exchange interactions or inert against 
catalytic reactions), but also the clusters may 
allow to manipulate the graphene band 
structure, as recently shown on graphene/Ir, 
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 were anisotropic Dirac cones were accordingly 
engineered [156]. Worth noting also is the recent 
demonstration of supramolecular assemblies on 
epitaxial graphene [39,173], which could allow to 
engineer novel functionalities thanks to 
appropriate molecules. 
 
Foreseen progress/evolution 
 
Intercalation of a variety of elements between 
graphene and its metallic substrate has been 
studied for decades [174]. A few European 
groups started to make use of this effect in view 
of building-up novel graphene-based layered 
structures [159,168,169], either for protecting 
metal layers from atmosphere oxidation, or for 
tailoring graphene's band structure (band-gap, 
spin-splitting). Many progresses are expected in 
this direction, and novel complex 
heterostructures could be developed 
accordingly. The study of small-size effects (for 
instance catalytic or magnetic) and of the 
influence of the graphene substrate of 
cluster/graphene hybrids has just started.  
 

 
 
Fig. 1Fig. 1Fig. 1Fig. 16666    >>>>500*300 nm

2
 STM topograph of Ir nanoclusters 

self-organized on the triangular moiré (2.5 nm pitch) of 

graphene/Ir(111). The inset shows a blow-up of the 

black-framed region (From Ref. [163])./ 

 
Europe occupies a leading position in this field. 
The interaction between physicists and 
chemists proved very efficient, as exemplified 
by the achievement and control of 
supramolecular networks on epitaxial 
graphene. Such fruitful interactions could 
extend to the surface chemical modification of 
graphene, which will provide new opportunities 
for tailoring the properties of graphene. 
 

Graphene mass production 
 

The investigation of the basic processes during 
graphene growth on metals is crucial in view of 
controlled growth of defect-free graphene over 
large areas. Europe, USA, Korea, Singapore, 
Japan and China are in strong and constructive 
competition in this field. Extensive STM work 
guided the achievement of centimetre-scale, 
single crystallographic orientation epitaxial 
graphene on Ir [124,175] or Ni [176], Pt [176], 
Ru [123,176]. Low-energy electron microscopy 
(LEEM), photoemission electron microscopy 
(PEEM) and spot profile low-energy electron 
diffraction (SPALEED) allowed to determine 
optimum growth conditions [155, 177, 178, 
179]. Europe also offers unique STM 
instrumentation, with environmental 
microscopes operating at temperatures as high 
as 1000 K. This allowed real-time imaging of 
growth with nanometre resolution [180,181]. 
 

A recent evolution in the field of graphene 
production on metals consists in substrate 
engineering. The defects in the substrate are 
believed to influence the formation of defects 
in graphene. Low-cost preparation of large area 
graphene cannot afford bulk single-crystals as 
substrate. Almost simultaneously, a few 
research groups in US at University of Texas 
(R.S. Ruoff) [126], MIT (J. Kong) [121], in Korea 
at SAINT (B.H. Hong [122] and Sungkyunkwan 
University (J.H. Ahn) [2], together with two 
European teams [182,183] demonstrated the 
preparation of high quality graphene on thin, 
high quality metal films prepared on wafers. 
 

Europe has a unique expertise in simulations of 
graphene (and CNT) growth on metal surfaces. 
The approach has been optimized along years 
and relies on tight binding Monte Carlo 
calculation. It allows tracking the initial stages 
of growth, and putting in evidence the 
formation precursors. Refs. [184,185] explored 
the temperature-dependent surface 
segregation of carbon contained in Ni 
[184,185], while Ref. [186] studied healing 
mechanisms for defects during growth [186]. 
 

European groups [182, 187, 188, 189, 190, 191, 
192, 193, 194, 195] have contributed to the 
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 optimization of chemical vapour deposition of 
graphene in low-cost conditions, i.e. at 
atmospheric pressures or slightly below. This 
preparation route efficiently provides large-area 
graphene of reasonable quality, after transfer to 
a suitable support. Given the few-months period 
required for preparation conditions optimization, 
it is expected that a number of additional 
reports/patents will be issued within Europe in 
the coming months. Controlled graphene nano-
structuration is a long-standing quest which is 
motivated by the prospect for band gap creation 
in graphene. This is a prerequisite for logic 
graphene transistors. Ref. [196] suggested 
surface polymerization at metal surfaces. The 
next step consists in transferring GNRs to 
appropriate supports. Even if CVD on metal is a 
very promising mass production technique, the 
transfer step could be considered as an issue. 
Polymer transfer (by PMMA and PDMS) may 
leave some impurities. 
 

Moreover, the Cu foil which is mostly used to 
produce large SLG is expensive and can impact 
the whole process specification. An efficient Cu 
recycling strategy needs to be devised. 
 

Europe can play a major role in looking for rapid, 
cheap and versatile fabrication methods. Europe 
leads LPE of graphene [7]. This technique was 
developed there, and several advances have 
been achieved [98,100,102,103,104,106]. LPE 
needs to be improved to reach control on-
demand of number of layers, flakes thickness 
and lateral size, as well as the rheological 
properties of the graphene dispersions. 
Modelling is needed to fully understand the 
exfoliation process in different solvents, in order 
to better separate flakes in centrifugal fields, so 
to achieve SLG and FLG with well defined 
morphological properties at a high rate. 

 
Foreseen progress /evolution 

 
Europe is strongly involved in in situ studies of 
the growth of epitaxial graphene. It is possible 
that that this will allow Europe to be a key player 
in the highly competitive field of graphene 
growth of metals. Noteworthy, growth 
monitoring in operando, i.e. close to 1000°C, 

either under UHV or atmospheric conditions, is 
being pursued by several EU labs.  
 

 

 
Fig. 17Fig. 17Fig. 17Fig. 17    >>>>    (a) Graphene transferred from its high quality Ni 

thin film on MgO: optical micrographs (top and middle) 

and Raman spectrum of graphene transferred on a Si/SiO2 

wafer (from Ref. [181]). (b) Transmission electron 

microscope cross-section of a single crystalline Ir(111) thin 

film on C-plane sapphire (left), STM topograph of a 

graphene layer on top of this film (top right), and Raman 

spectrum of graphene/Ir (bottom right) (from Ref. [168])./ 

 
Europe position in graphene chemistry 
 
Europe is strong in graphene chemistry 
research, with several groups leading the fields 
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 of covalent and supramolecular 
functionalization. The recent production of 
mono-dispersed, tuneable graphene nano-
ribbons with controlled edge terminations by 
bottom-up chemical synthesis [28] is a major, 
all-European advancement in the field. Another 
recent European advance is the selective 
chemical functionalization of the graphene 
edges [34]. Graphene chemistry is also strongly 
pursued by major European companies, 
collaborating in different FP7 projects. 
 
Bottom-up graphene design  
 

Precise control of the GNR edge structure is 
essential to avoid defect induced scattering [28]. 
One promising route is bottom-up growth via 
polymerisation of polyaromatic oligomers (Figure 
18). Ref. [197] successfully produced a variety of 
GNRs using metal assisted coupling of molecular 
precursors into linear polyphenylenes, followed 
by cyclodehydrogenation. 
 

While there are currently scalability issues with 
this approach, nevertheless it shows great 
promise, especially in view of controllable edge 
site chemical functionalization, for chemical 
fine tuning of nanoribbon electronic properties.  
 

Alternative routes to control edge chemistry 
are under development, for example top-down 
approaches exploiting metal nanoparticles to 
selectively etch graphene with crystallographic 
orientation [198,165] or via STM lithography 
[199,166]. Ribbon edge and defect chemistry is 
being driven in Europe by first principles 
electronic structure modelling [200,167]. Edge 
chemistry and structure dominates the band gap 
of GNRs [201,168], with out-of-plane distortions 
stabilizing the edges [202,203,169,170]. Selective 
edge functionalisation was proposed as a route 
to nanojunction design in GNRs [204,171], while 
quantum transport modelling suggests that 
controlled GNR doping with light element 
impurities, such as Ni and B may be a route to 
new types of switching devices [167,205,172]. 
Further work on defect modelling is summarised 
in a recent review [205]. 
 

The combination in Europe of a well 
established community of atomic scale 

modelling, with strong expertise in controlled 
nanocarbon chemistry offers an exciting 
potential for bottom-up design of graphene 
based materials and devices. 
 

 

 

 
 

Fig. 1Fig. 1Fig. 1Fig. 18888    >>>>    (top) Reaction schemes for producing straight 

and chevron-type graphene nanoribbons on metal 

surfaces using different molecular precursors, (bottom 

left) High resolution STM with overlaid molecular model 

(blue) of resultant graphene nanoribbon (T=5K, U=-0.1V, 

I=0.2nA), (bottom right) Overview STM image of 

chevron-type graphene nanoribbons fabricated on a 

Au(111) surface (T=35K, U=−2V, I=0.02nA). The inset 

shows a high-resolution STM image (T=77K, U=−2V, 

I=0.5nA) and a DFT-based simulation of the STM image 

(greyscale) with partly overlaid molecular model of the 

ribbon (blue, carbon; white, hydrogen). From [28]./ 

 
Nomenclature and classification 
 

As the graphene field matures and becomes 
increasingly applications driven, new standards 
and classifications will be needed, for which the 
integrated research community within Europe 
is well placed to act as a driving force.  
 

Low cost ‘industrial graphene’ for composite 
applications may contain multi-layer material, 
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 whilst ICT-grade graphene requirements will be 
more stringent. Flake size, impurity content, 
degree of poly-crystallinity and chemical post-
treatment will all need to be incorporated in 
such a classification. As for any other carbon 
material [206], Raman spectroscopy 
[207,208,209] may be the ideal tool to provide 
a standard reference. 
 

Graphene photonics and optoelectronics 
 
Graphene is emerging as a viable alternative to 
conventional optoelectronic, plasmonic and 
nanophotonic materials [104]. It has decisive 
advantages such as near-wavelength-
independent absorption, tunability via 
electrostatic doping, large charge-carrier 
concentration, low dissipation rates, 
extraordinary electronic properties and the 
ability to confine electromagnetic energy to 
unprecedented small volumes. Graphene can 
be produced in large quantities and large areas, 
a key ingredient towards future graphene-
based photonics. In addition, it can also be 
integrated with Si technology on a wafer-scale. 
Combined, these aspects constitute 
fundamental advantages to produce photonic 
devices with performance superior to other 
materials, especially in less-conventional 
wavelength ranges, thus far limited by the 
unavailability of appropriate optical materials.  
 
Transparent conductors/contacts 

 
Graphene and other 2d layered materials, will 
have a disruptive impact on current 
optoelectronics devices based on conventional 
materials, not only because of 
cost/performance advantages, but also because 
they can be manufactured in more flexible 
ways, suitable for a growing range of 
applications. In particular, human interface 
technology requires the development of new 
applications based on stretchable electronics 
and optoelectronics, such as flexible displays, 
touch-screens, light emitting diodes, conformal 
biosensors, photodetectors and new 
generation solar cells. Such devices are mostly 
based on transparent conducting electrodes 

(TCEs) that require materials with low Rs and 
high T throughout the visible region, other than 
physical and chemical stability, appropriate 
work function, uniformity, thickness, durability, 
toxicity and cost [210]. 
 

The dominant material used in TC applications 
is ITO [211]. This has limitations: an ever 
increasing cost due to In scarcity [211], 
processing requirements, difficulties in 
patterning [211,212], sensitivity to acidic and 
basic environments. Moreover, ITO is brittle 
and can wear out or crack when bending is 
involved, such as touch screens and flexible 
displays [213]. Metal grids [214], metallic 
nanowires [215], or other metal oxides [212] 
have been explored as alternative. Metal 
nanowires, e.g. Ag NWs have been 
demonstrated as TCEs on polymeric substrates 
using different methods, such as vacuum 
filtration, rod coating, transfer printing, and 
spray deposition. However, they suffer from 
stability and adhesion issues. On the other 
hand, 2d layered materials are ideal candidates 
offering a cost-effective, flexible alternative to 
ITO and other transparent conductors. 
Graphene in principle can combine high T with 
high conductivity, maintaining these properties 
even under extreme bending and stretching, 
ideal for easy integration in polymeric and 
flexible substrates. In many cases (e.g. touch 
screens or OLEDs), this increases fabrication 
flexibility, in addition to having economic 
advantages. For instance, present liquid-crystal-
based devices face high fabrication costs 
associated with the requirement for large 
transparent electrodes. The move to a 
graphene-based technology could make them 
more viable. New forms of graphene-based 
TCEs on flexible substrates for solar cells add 
value and operational flexibility, not possible 
with current TCs and rigid glass substrates. 
 

Doped graphene offers comparable T and Rs to 
ITO on flexible substrates [212]. Graphene films 
have higher T over a wider wavelength range 
with respect to CNT films [216,217,218], thin 
metallic films [214,215], and ITO [212], Fig. 19a. 
However, the bi-dimensional dc conductivity 
σ2d,dc does not go to zero, but assumes a 
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 constant value [12] σ2d,dc~4e2/h, resulting in Rs 
~6kΩ for an ideal intrinsic SLG with T ~97.7%. 
Thus, ideal intrinsic SLG would beat the best 
ITO only in terms of T, not Rs. However, real 
samples deposited on substrates, or in thin 
films, or embedded in polymers are never 
intrinsic. Exfoliated SLG has typically 
n≥ 1012cm−2 (see e.g. Ref [219]), and much 
smaller Rs. Figs. 19b,c show that graphene can 
achieve the same Rs as ITO, ZnO-Ag-ZnO [220], 
TiO2/Ag/TiO2 and CNTs with a much reduced 
thickness (Fig 19b) and a similar, or higher T. 
Fig. 19c plots T versus Rs for ITO [214], Ag 
nanowires [214], CNTs [216] and the best 
graphene-based TCFs reported to date [2], 
again showing that the latter is superior. For 
instance, taking n=3.4×1012cm−2 and 
μ=2×104cm2/Vs, achievable in CVD sample, it is 
possible to get T=90% and Rs = 20Ω/□ [104] 
with graphene, values already achieved with 

hybrid graphene-metal grids [221]. 
 

Different strategies were explored to prepare 
graphene-based TCFs: spraying [46], dip [222] 
and spin coating [44], vacuum filtration [223], 
roll-to-roll processing [2]. Huge progresses were 
made since the first TCs using GO [223]. A key 
strategy to improve performance is stable 
chemical doping. For instance, Ref. [2] achieved 
Rs ~30Ω/□; T~90% by nitric acid treatment of 
GTCFs derived from CVD grown flakes, which is 
one order of magnitude lower in terms of Rs 
than previous GTCFs from wet transfer of CVD 
films. Acid treatment permitted to decrease the 
Rs of solution processed nanotubes-graphene 
hybrid film _ll 100Ω/□ for T=80% [224] 
 

Figure 19d is an overview of current graphene-
based TCs. It shows that GTCFs derived from 
CVD, combined with doping, could outperform 
ITO, metal wires and SWNTs. 

Fig. 19 >Fig. 19 >Fig. 19 >Fig. 19 > a) Transmittance of graphene compared to different transparent conductors; b) Thickness dependence 

of Rs for graphene compared to some common materials; c) T vs Rs for different transparent conductors 

compared to graphene; d) T vs Rs for GTCFs grouped according to production strategies: CVD, micro-

mechanical cleavage (MC), organic synthesis using poly-aromatic hydrocarbon (PAHs), LPE of pristine graphene 

or graphene oxide (GO). A theoretical line is also plotted for comparison [226]./ 
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Fig. 20Fig. 20Fig. 20Fig. 20    >>>>    Comparison between performances of ITO, 

carbon nanotubes and graphene (by courtesy of Byung 

Hee Hong Seoul National./ 
 

Note that GTCFs and GOTCFs produced by 
other methods, such as LPE, albeit presently 
with higher Rs at T=90%, have already been 
tested in organic light emitters [225], solar cells 
[222] and flexible smart window [104]. These 
are a cheaper and easier scalable alternative to 
CVD films, and need be considered in 
applications where cost reduction is crucial. 
Figure 20 summarizes the main properties of 
graphene TCEs comparing the performances 
with respect to ITO and CNTs [226].  
 

 
 

Fig. 21Fig. 21Fig. 21Fig. 21    >>>>    Preserving electrical conductivity under stress 

is an important property for TCFs. (a) Upon flexing the 

conductivity of indium tin oxide decreases 3 orders of 

magnitude, while the conductivity of a G-CNT hybrid 

electrode remains stable. From [227]./ 
 

The aforementioned performances of 
graphene-based TCEs are extremely promising 
in view of commercial applications, especially in 
bendable and stretchable devices (see fig.21), 
e.g. as window electrode in inorganic (fig. 22a), 

organic (fig. 22b) and dye-sensitized solar cells 
(fig. 22c) other than in OLED (fig. 22d) touch 
screen (fig. 22e) smart window (fig. 22f), etc.  

 
Photovoltaic devices 
 
The direct exploitation of solar radiation to 
generate electricity in photovoltaic (PV) devices 
is at the centre of an ongoing research effort to 
utilize the renewable energy. Si currently 
dominates the market of PV devices [228], with 
energy conversion efficiency (η) up to ~25% 
[229]. However, regardless of significant 
development over the past decades [230], the 
high cost of Si-based solar cells is a bottleneck 
for the implementation of solar electricity on 
large scale (in absence of government 
subsidies). The development of new PV 
materials and concepts is thus fundamental to 
reduce the overall costs and increase efficiency. 
 

Graphene can fulfil multiple functions in 
photovoltaic devices: TC window, antireflective 
layer, photoactive material, cannel for charge 
transport and catalyst [104]. GTCFs can be used 
as window electrodes in inorganic [231], 
organic [232] and dye-sensitized solar cells 
(DSSCs) [222], see fig. 22 a,b,c respectively. The 
best performance achieved to date has η≈ 1.2% 
using CVD graphene as the TC, with Rs values of 
230Ω/□ and T=72% [233]. However, further 
optimization is certainly possible, considering 
that GTCFs with Rs=30Ω/□ and T=90% have 
already been demonstrated [2] and graphene-
hybrids have been reported with even better 
results (Rs 20Ω/□, T=90%) [221]. 
 

GO dispersions were also used in bulk 

heterojunction photovoltaic devices, as 

electron-acceptors achieving η≈1.4% [234]. 

Theoretically η~12% should be possible with 
graphene as photoactive material [235]. 
 

Graphene can cover an even larger number of 

functions in DSSCs. Indeed, other than as TC 

window [222], graphene can be incorporated 
into the nanostructured TiO2 photoanode to 

enhance the charge transport rate, preventing 

recombination, thus improving the internal 

photocurrent efficiency [236]. An efficiency of 
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~7%, higher than conventional nanocrystalline 

TiO2 photoanodes in the same experimental 

conditions, was demonstrated in Ref. [236]. 

Graphene quantum dots with tuneable 

absorption have been designed, produced and 

demonstrated as promising photoactive 

materials in DSSCs [237]. Further optimization 

is required for the optimum adsorption of these 

molecules with TiO2 nanoparticles by covalently 
attaching binding groups to the quantum dots 

in order to improve charge injection. Another 

option is to use graphene, with its high surface 

area [238], as substitute for the platinum (Pt) 

counter-electrode. A hybrid poly(3,4 

ethylenedioxythiophene):poly(styrenesulphonate) 

(PEDOT:PSS) graphene oxide composite was 

used as counter-electrode, to obtain η = 4.5%, 

comparable to the 6.3% for a Pt counter-

electrode tested under the same conditions 
[239] but now with a cheaper material. More 

importantly, it was recently demonstrated that 

graphene can be used as counter-electrode 

material to replace simultaneously both Pt as 

catalyst and the TC oxide as conductive 

electrode [240]. This is a fundamental step 

towards cost reduction and large scale 

integration of DSSCs.  
 

Current solar cell technologies use only a small 

part of the solar spectrum [212], due to their 

intrinsic band gap limiting the maximum 

detectable wavelength. The absence of a band-

gap in graphene translates into the absence of 

this detectable wavelength limit. This means 

that solar radiation over a much wider spectral 

range could be converted to energy.  
 

The combination of graphene with plasmonic 

nanostructures can also be used to increase the 

light harvesting properties in solar cells [241]. 
 

Organic Light Emitting Diodes 

 
Organic light-emitting diodes (OLEDs) are a 
class of optoelectronic devices that can take 
advantage of graphene. Low power 
consumption and ultra-thin OLEDs have been 
developed more than 20 years ago [242], and 
are now applied in ultra-thin televisions and 
other displays, such as those on digital cameras 
and mobile phones.  
 

OLED have an electroluminescent layer 
between two charge- injecting electrodes, at 
least one of which transparent. In these diodes, 
holes are injected into the highest occupied 
molecular orbital (HOMO) of the polymer from 
the anode, and electrons into the lowest 
unoccupied molecular orbital (LUMO) from the 
cathode. For efficient injection, the anode and 
cathode work functions should match the 
HOMO and LUMO of the light-emitting 

Fig. 22 >Fig. 22 >Fig. 22 >Fig. 22 >    Graphene-based optoelectronics. Schematics of inorganic (a), organic (b) and dye-sensitized (c) solar cells, 

organic LED (d) capacitive touch screen (e) and smart window (f) [104]./ 
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 polymer. Traditionally, ITO is used as the 
transparent conductive film. However, it has a 
number of disadvantages. First, ITO may be too 
expensive for use in OLEDs for lighting because 
of the increasing cost and the low throughput 
deposition process. Second, metal oxides such 
as ITO are brittle and therefore of limited use 
on flexible substrates. Third, In is known to 
diffuse into the active layers of OLEDs, which 
leads to a degradation of performance over 
time. There is a clear need for alternative TCEs 
with optical and electrical performance similar 
to ITO but without its drawbacks. Graphene has 
a work function of 4.5 eV, similar to ITO. This, 
combined with its promise as a flexible and 
cheap transparent conductor, makes it an ideal 
candidate for an OLED anode (fig. 22d), while 
also eliminating issues related to In diffusion. 
 

Ref [243] developed an OLED with a few 

nanometers of graphene as transparent 

conductor. Ref [244] reported a flexible OLED 

based on a modified graphene anode having a 

high work function and low Rs. The 
performance (37.2 lm W–1 in fluorescent OLEDs, 

102.7 lm W–1 in phosphorescent OLEDs) 

outperforms optimized devices with an ITO 

anode (24.1 lm W–1 in fluorescent OLEDs, 

85.6 lm W–1 in phosphorescent OLEDs) [244].  
 

These results pave the way for inexpensive 
OLED mass production on large-area low-cost 
flexible plastic substrates, which could be rolled 
up like wallpaper and applied to any substrate  
 
Touch screens 

 
Touch panels are used in a wide range of 
applications, such as cell phones and cameras, 
and where keyboard and mouse do not allow a 
satisfactory, intuitive, quick, or accurate 
interaction with the display content.  
 

Resistive and capacitive (see fig. 22e) touch 
panels are the most common. A resistive touch 
panel comprises a conductive substrate, a LCD 
front-panel, and a TCF [245]. When pressed by 
a finger or pen, the front-panel film comes into 
contact with the bottom TC and the 

coordinates of the contact point are calculated 
on the basis of their resistance values. The TC 
requirements for resistive screens are Rs 
~500−2000Ω/□ and T>90% at 550nm [245]. 
Favourable mechanical properties, including 
brittleness and wear resistance, high chemical 
durability, no toxicity, and low production costs 
are also important. GTCFs can satisfy the 
requirements for resistive touch screens in 
terms of T and Rs, when combined with large 
area uniformity. Ref. [2] reported a graphene-
based touch panel by screen-printing a CVD 
sample. Considering the Rs and T required by 
analogue resistive screens, GTCF or GOTCF 
produced via LPE also offer a viable alternative, 
and further cost reduction.  
 

Capacitive touch screens are emerging as the 
high-end version, especially since the launch of 
Apple’s iPhone. These consist of an insulator 
such as glass, coated with ITO [245]. As the 
human body is also a conductor, touching the 
surface of the screen results in electrostatic field 
distortion, measurable as a change in 
capacitance. Although capacitive touch screens 
do not work by poking with a pen, thus 
mechanical stresses are lower with respect to 
resistive ones; the use of GTCFs can improve 
performance and reduce costs.  
 

However, these solutions do not yet provide 
100% satisfaction in terms of user experience, as 
touch screens tend to be inert in the way they 
interact with a user. Also, the proliferation of 
icons, virtual keys and densely packed browsing 
menus on mobile touch screen displays require 
increasing cognitive efforts from the user in 
order to be located, distinguished and 
manipulated. Solutions for low-cognitive effort 
user interfaces (UI), such as vibration enabled 
tactile feedback, are currently gaining market 
momentum by improving usability, interaction 
interoperability, and user acceptance.  
 

Thus far, most active tactile feedback solutions 
have been implemented through simple 
monolithic vibrations of the entire device 
driven by a single or very few vibrating 
actuators, typically electromechanical or 
piezoelectric [246]. The types of tactile 
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 feedback that can be provided by such 
traditional techniques are limited to relatively 
basic feedback patterns which are only partially 
correlated to finger position, perceived audio-
visual information and actions. Such solutions do 
not yet provide complete satisfaction in terms of 
user experience. Key to this is the inability of 
monolithic vibrations to provide localized tactile 
feedback associated with visual images, and this 
is related to the difficulty in implementing tactile 
feedback directly from a display surface. To 
address the problem of providing localized tactile 
feedback directly from the display of a device, a 
flexible and optically transparent graphene-
based programmable electrostatic tactile (ET) 
system was developed [247] capable of 
delivering localized tactile information to the 
user’s skin, directly from the display’s surface 
and in accordance with the displayed visual 
information. The device is based on the 
electrovibration a phenomenon [248] that can 
be explained through electrostatic interaction 
between the touch surface and the user finger 
[249]. 
 
Graphene photodetectors 
 
Photodetectors measure photon flux or optical 
power by converting the absorbed photon 
energy into electrical current. They are widely 
used in a range of devices [250], such as 
integrated optoelectronic circuits, televisions, 
DVD players, biomedical imaging, remote 
sensing and control, optical communications, 
and quantum information technology. Most 
exploit the internal photoeffect, in which the 
absorption of photons results in carriers excited 
from the valence to the conduction band, 
outputting an electric current. The spectral 
bandwidth is typically limited by the absorption 
[250]. Graphene absorbs from the UV to THz 
[24,251,252,253]. As a result, graphene-based 
photodetectors (GPD) (fig. 23) could work over 
a much broader wavelength range. The 
response time is ruled by the carrier mobility. 
Graphene has huge mobilities, so it can be 
ultrafast [251]. Graphene’s suitability for high-
speed photodetection was demonstrated in an 
comms link operating at 10Gbit s−1[254]. 

 
 

Fig. 23 >Fig. 23 >Fig. 23 >Fig. 23 >    Graphene-based photodetector [104]./ 
 

The photoelectrical response of graphene has 
been investigated both experimentally and 
theoretically [254,255,256,257,258]. Although 
the exact mechanism for light to current 
conversion is still debated [256,259,260], a p–n 
junction is usually required to separate the 
photo-generated e–h pairs. Such p–n junctions 
are often created close to the contacts, 
because of the difference in the work functions 
of metal and graphene [148,261]. Responses at 
wavelengths of 0.514, 0.633, 1.5 and 2.4μm 
have been reported [255]. Much broader 
spectral detection is expected because of the 
graphene ultrawideband absorption [258]. The 
operating bandwidth of GPDs is mainly limited 
by their time constant resulting from the device 
resistance, R, and capacitance, C. An RC-limited 
bandwidth of about 640 GHz was reported for 
graphene [258], comparable to traditional 
photodetectors [262]. However, the maximum 
possible operating bandwidth is typically 
restricted by their transit time, the finite 
duration of the photogenerated current [250]. 
The transit-time-limited bandwidth of graphene 
photodetectors could be over 1,500 GHz [258].  
 

Although an external electric field can produce 
efficient photocurrent generation with an 
electron–hole separation efficiency >30% [256], 
zero source–drain bias and dark current 
operations could be achieved by using the 
internal electric field formed near the metal 
electrode–graphene interfaces [254,223]. 
However, the small effective area of the 
internal electric field could decrease the 
detection efficiency [214,262], as most of the 
generated electron–hole pairs would be out of 
the electric field, thus recombining, rather than 
being separated. The internal photocurrent 
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 efficiencies (15−30% [256,257] and external 
responsivities (generated electric current for a 
given input optical power) of ~6.1 mA/W, much 
higher than the so far reported [254] for GPDs 
are relatively low compared with current 
photodetectors [250]. This is mainly due to 
limited optical absorption when only one SLG is 
used, short photocarrier lifetimes and small 
effective areas (~200 nm [258]). 
 

Future work will target the low light absorption 
of graphene (2.3% of normal incident light 
[24,263]), the difficulty of extracting 
photoelectrons (only a small area of the p–n 
junction contributes to current generation); 
and the absence of a photocurrent for the 
condition of uniform flood illumination on both 
contacts of the device. Unless the contacts are 
made of different materials, the 
voltage/current produced at both contacts will 
be of opposite polarity for symmetry reasons, 
resulting in zero net signal [254,256,264]. 
 

The optimization of the contacts needs to be 
pursed both theoretically and experimentally. 
Other possible ways of overcoming these 
restrictions is to utilize plasmonic 
nanostructures placed near the contacts as 
recently demonstrated [241]. Such a field 
enhancement, exactly in the area of the p–n 
junction formed in graphene, can result in a 
significant performance improvement.  
 

The significant photothermoelectric 
contribution to the photocurrent in graphene 
p-n junctions was recently pointed out [260]. 
This regime, which features a long-lived and 
spatially distributed hot carrier population, may 
offer a path to hot carrier–assisted 
thermoelectric technologies for efficient solar 
energy harvesting. 
 

Recently, a novel hybrid graphene-quantum dot 
phototransistor with ultrahigh gain has been 
demonstrated [265]. The proposed device takes 
advantage of the strong light absorption in 
quantum dots and the two-dimensionality and 
high mobility [20] of graphene to merge these 
materials into a hybrid system for 
photodetection with extremely high sensitivity 

[265]. The graphene-quantum dot 
phototransistor has shown ultrahigh gain of 108 
and ten orders of magnitude larger responsivity 
with respect to pristine graphene 
photodetectors [265]. Moreover, the hybrid 
graphene-quantum dot phototransistors exhibit 
spectral selectivity from infrared to visible, 
gate-tunable sensitivity, and can be integrated 
with current circuit technologies [265]. 
 

Graphene was also demonstrated to be ideal 
for the enclosure within a planar λ/2 optical 
microcavity [266]. The latter is a photonic 
structure that confines optical fields between 
two highly reflecting mirrors with a spacing of 
only one half wavelength of light [267]. The 
optical confinement provide a powerful means 
to control both the otherwise featureless 
optical absorption [24] and the spectrally broad 
thermal emission [268,269] of graphene. The 
monolithic integration of a graphene transistor 
with a planar optical microcavity permitted the 
control on photocurrent generation. Tuning the 
excitation wavelength on resonance with the 
optical microcavity, an enhancement of ~20 in 
photocurrent was measured with respect to 
the out of resonance excitation [266]. In the 
same condition (spectral interval) a non-
confined graphene transistor has shown a 
photocurrent increase of only 2. This 
demonstrates that the mocrocavity-controlled 
graphene transistor acts as light detector with 
spectral selectivity [266]. 
 

Moreover, electrically excited, thermal light 
emission of graphene can be controlled by the 
spectral properties of the microcavity. Indeed, 
the thermal emission spectrum of a 
microcavity-controlled graphene transistor 
displays a single, narrow peak at λcavity= 925nm 
having a fullwidth-at-half-maximum of 50 nm, 
providing a 140-fold spectral narrowing with 
respect to the simulated free-space thermal 
spectrum at T = 650 K [266]. 
 

Moreover, the integrated graphene transistor 
electrical transport characteristic is profoundly 
modifies by the optical confinement of 
graphene by the optical microcavity [266]. The 
modifications of the electrical transport can be 
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 related to the microcavity-induced 
enhancement or inhibition of spontaneous 
emission of thermal photons [266]. The 
concept of optical confinement of graphene 
enables a new class of functional devices as, for 
example, spectrally selective and highly 
directional light emitters, detectors, and 
modulators.  
 
Graphene saturable aborbers 

 
Materials with nonlinear optical and electro-
optical properties are needed in most photonic 
applications. Laser sources producing nano- to 
sub-picosecond pulses are key components in 
the portfolio of leading laser manufacturers. 
Regardless of wavelength, the majority of 
ultrafast lasers use a mode-locking technique, 
where a nonlinear optical element, called a 
saturable absorber, turns the continuous-wave 
output into a train of ultrafast optical pulses 
[270]. The key requirements are fast response 
time, strong nonlinearity, broad wavelength 
range, low optical losses, high power handling, 
low power consumption, low cost and ease of 
integration into an optical system. Currently, 
the dominant technology is based on 
semiconductor saturable absorber mirrors 
(SESAM) [270,271]. However, these have a 
narrow tuning range, and require complex 
fabrication and packaging [270,272]. The linear 
dispersion of the Dirac electrons in graphene 
offers an ideal solution: for any excitation there 
is always an electron–hole pair in resonance. 
The ultrafast carrier dynamics [273,274] 
combined with large absorption [24,75] and 
Pauli blocking, make graphene an ideal 
ultrabroadband, fast saturable absorber 
[253,272]. Unlike SESAM and CNTs, there is no 
need for bandgap engineering or 
chirality/diameter control [253,272]. 
 

Since its first demonstration in 2009 [272], the 
performance of ultrafast lasers mode-locked by 
graphene has improved significantly (Fig.24). 
For example, the average output power has 
increased from a few mW [272] to 1 W [275]. 
Some of the aforementioned production 
strategies (e.g. LPE [101,253,272,276,277,278], 

CVD [279,280], carbon segregation[281], 
mechanical exfoliation [282,283]) have been 
used for graphene saturable absorber (GSA) 
fabrication. So far, GSAs have been 
demonstrated for pulse generation at 1µm 
[275,284], 1.2µm [285], 1.5µm [253, 272, 279, 
280, 282, 286] and 2µm [287]. The most 
common wavelength so far is ~1.5μm, not due 
to GSAs wavelength restriction, but because 
this is the standard wavelength of optical 
telecommunications. Ref. [288] reported a 
widely tunable fiber laser mode-locked with a 
GSA demonstrating its “full-band” operation 
performance. For fiber lasers, the simplest and 
most economical approach to GSA integration 
is sandwiching it between two fiber connectors 
(Fig.24) [253, 272, 279, 280, 282, 283, 288]. 
Other GSA integration approaches (e.g. 
evanescent-wave based integration [287]) have 
been demonstrated for high-power generation. 
Sub-200fs pulses have been achieved using a 
stretched-pulse design, where the cavity 
dispersion is balanced to stretch the pulse for 
the limitation of nonlinear effects [276].  
 

 
 
Fig. 24>Fig. 24>Fig. 24>Fig. 24>Graphene mode-locked fiber. WDM, wavelength 

division multiplexer; PC, polarization controller; EDF, 

erbium-doped fiber; ISO, isolator [77]./ 
 

Solid-state lasers are typically used for high-
power output, as alternative to fiber lasers 
[289]. GSAs have also been demonstrated to 
mode-lock solid-state lasers [284,285,290]. In 
this case, CVD graphene (>1cm2) has been 
directly transferred to quartz for solid-state 
laser mode-locking [285]. Ref. [285] reported 
94fs pulses with 230mW output power. 
Another approach for GSA fabrication relies in 
spin-coating LPE graphene either on quartz 
substrates or high-reflectivity mirrors. GSA can 
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 then be inserted into a solid-state cavity for 
ultrafast pulse generation achieving average 
power up to 1W using a solid-state Nd: YVO4 
laser [275]. The output wavelength is ~1 µm 
with power energy of ~14nJ. 
 

Optical limiters and frequency converters 
 

Optical limiters are devices that have high 
transmittance for low incident intensity and low 
transmittance for high intensity [291]. There is a 
great interest in these for optical sensors and 
human eye protection, as retinal damage can 
occur when intensities exceed a certain 
threshold [291]. Passive optical limiters, which 
use a nonlinear optical material, have the 
potential to be simple, compact and cheap [291]. 
However, so far no passive optical limiters have 
been able to protect eyes and other common 
sensors over the entire visible and near-infrared 
range [291]. Typical materials include 
semiconductors (i.e. ZnSe, InSb), organic 
molecules (i.e. phthalocyanines), liquid crystals 
and carbon-based materials (i.e. carbon-black 
dispersions, CNTs and fullerenes) [291,292]. In 
graphene-based optical limiters the absorbed 
light energy converts into heat, creating bubbles 
and microplasmas [292], which results in 
reduced transmission. Graphene dispersions can 
be used as wideband optical limiters covering 
visible and near-infrared. Broad optical limiting 
(at 532 and 1,064 nm) by LPE graphene was 
reported for nanosecond pulses [292]. It was also 
shown [293] that functionalized graphene 
dispersions could outperform C60 as an optical 
limiter. 
 

Optical frequency converters are used to expand 
the wavelength accessibility of lasers (for 
example, frequency doubling, parametric 
amplification and oscillation, and four-wave 
mixing) [291]. Calculations suggest that nonlinear 
frequency generation in graphene (harmonics of 
input light, for example) should be possible for 
sufficiently high external electric fields 
(>100 V cm–1) [294]. 
 

Second-harmonic generation from a 150fs laser 
at 800nm has been reported for a graphene film 
[295]. In addition, four-wave mixing to generate 

near-infrared wavelength tunable light has been 
demonstrated using SLG and FLG [296]. 
Graphene’s third-order susceptibility |χ3| was 
measured to be ~10−7 e.s.u. [296]—up to one 
order of magnitude larger than CNTs [296]. 
Other features of graphene, such as the 
possibility of tuning the nonlinearity by changing 
the number of layers, and wavelength-
independent nonlinear susceptibility [296] could 
be used for various applications (optical imaging, 
for example). 

 

Graphene transistors and electronics 

applications 
 

 
 
Fig. 25Fig. 25Fig. 25Fig. 25    >>>>    A futuristic graphene integrated circuit (not to 

scale), wherein the desirable properties of various 

thicknesses of graphene layers are utilized along with 

strategic oxides (SiO2, ferroelectric, ferromagnetic, 

multiferroic, etc.) in response to various external stimuli, 

such as electric or magnetic fields. In the present 

illustration, the device structure is fabricated from a very 

thin single-crystal graphite sheet after subsequent 

patterning/selective ablation. The remaining graphite 

acts as a good ohmic contact and interconnection 

between the top Al metallization (which also acts as a 

self-aligned mask, protecting the underlying graphite) 

and the variable-thickness graphene-based devices. 

Extract from [297]./ 
 
 

Figure 25 shows an artist drawing of a future 
graphene integrated circuit, in which, after initial 
wafer scale integration, further lithography, 
chemical treatments, would be used to engineer 
active and passive electronic, phononic or 
spintronics components. This illustrates 
graphene as a suitable platform to crosslink the 
nanoscale to conventional microelectronics.  



 
 

 
30303030    

n
a

n
o

IC
T

 One can envision integrating on the same chip 
advanced functionalities including chemical 
sensing, nano-electromechanical resonators, 
thermal management, and electronic functions. 
Spintronics will also offer a co-integration of 
memory and computation functions on the same 
substrate. 
 

This section overviews the current status of 
graphene transistors as potential supplement to 
CMOS technology. 
 
Band gap opening in graphene 

 

Creating a band gap in graphene is one of the 
major challenges for employing graphene in 
conventional device circuits, both for analog 
and digital applications. For digital applications 
a band gap is mandatory as on/off ratios larger 
104 are required [298]. For analog applications 
however, a band gap is not required per-se, but 
the lack of drain current saturation in graphene 
based FETs and the resulting low voltage gain 
are major obstacles. A small band-gap~100meV 
would improve the situation. 
 

Macroscopic graphene field effect transistors 
 

The most straightforward device application of 
graphene may seem to be as a replacement 
channel material for silicon MOSFETs. Fig. 26a 
shows a schematic of such a graphene FET, 
including a top gate electrode, gate dielectric 
and source and drain metal contacts. Fig. 26b 
shows a top view optical micrograph of a 
macroscopic graphene FET on SiO2 [299]. The 
fabrication of graphene FETs follows standard 
Si process technology once the graphene is 
deposited and identified. This includes the use 
of photo- or e-beam lithography, reactive ion 
etching and thin film deposition for the gate 
insulators and contacts. Details of typical 
fabrication processes are described in Refs. 
[300,301,302]. 
 

The transfer characteristics (here: drain current 
Id vs. back gate voltage Vbg) of a typical 
graphene transistor is shown in Fig. 27. It 
reveals a major drawback of macroscopic 
graphene MOSFETs: the absence of a band gap 

severely limits the current modulation in the 
graphene FET and, in addition, leads to 
ambipolar behaviour. 
 

 
Fig. 2Fig. 2Fig. 2Fig. 26666    >>>>    a) Schematic cross section and b) optical top-

view micrograph of a graphene field effect transistor 

[299]./ 

 

 
 
Fig. 27 >Fig. 27 >Fig. 27 >Fig. 27 >    a) Drain current versus back gate voltage of a 

graphene FET. The change of the sweep direction 

results in considerable hysteresis of 22 V. b) Mobility 

versus electric field in graphene FETs. Covering 

graphene with a gate insulator leads to mobility 

reduction. Contacts have a considerable influence on 

graphene FETs [299]. Universal mobility of silicon 

included as reference after Takagi [303]./ 

 

The best current modulation reported to date 
has been about 40, measured at room 
temperature for water gated graphene [95]. 
Furthermore, in conjunction with randomly 
distributed oxide charges the zero band gap 
leads to a finite minimum charge density even 
without any applied gate voltage [304]. 
Consequently, macroscopic graphene 
transistors conduct substantial current even at 
their point of minimum conductance (also 
referred to as Dirac point or charge neutrality 
point), preventing their application as Si 
MOSFET replacement. Fig. 27a further shows 
hysteresis as the gate voltage is swept from 
negative to positive and vice versa. This typical 
behaviour occurs despite measuring in vacuum 
conditions (P=5x10-3 mbar) and is a strong 
indicator of charge traps near the 
graphene/insulator interface. While suspended 
graphene measured in ultra high vacuum has 
been shown to have mobilities exceeding 
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 1000000 cm2/Vs [20], realistic graphene FETs 
are limited by substrates and top gates. 
 

Nonetheless, the mobilities in top gated devices 
exceed those of Si and are typically on the 
order of several hundred to a thousand cm2/Vs, 
even though graphene/ insulator interfaces 
have not at all been optimized yet 
[299,300,301,302,305,306]. Fig. 27b shows 
electron and hole mobilities extracted from 
several top gated devices, both in 2-point and 
by 4-point probe configuration. 

 
Graphene nanoribbon transistors 
 

A potential method to create a band gap in 
graphene is to cut it into narrow ribbons of less 
than a few tens of nanometers.  
 

GNRs can be armchair or zig-zag edge 
terminated. In armchair GNRs, the transition 
from 2D graphene to 1D GNRs leads to 
quantum confinement and a bandgap that is 
roughly inversely proportional to the GNR 
width (Eg ~ 1/W) [307,308]. The precise value of 
the band gap is further predicted to depend on 
the number N of carbon atoms across the 
ribbon [307,308,309,310]. This is demonstrated 
in Fig. 28a, where the simulated density of 
states (DOS) versus energy for three different 
hydrogen-terminated armchair GNRs with 
N = 11, 12 and 13 is shown [14,311].  
 

While the GNR with N = 11 is semi-metallic, the 
ribbons with 12 and 13 atoms are 
semiconducting (generally armchair ribbons are 
semi-metallic at N = 3m− 1, where m is an 
integer [312]). In hydrogen-terminated zig-zag 
GNRs, however, the situation is more 
complicated. Ref. [307] predicted that localized 
edge states near the Fermi level lead to semi-
metallic behaviour, regardless of the number of 
carbon atoms. On the other hand, Ref. 309 
calculated ab initio that edge magnetization 
causes a staggered sublattice potential on the 
graphene lattice that induces a band gap. 
Finally, GNRs with other chiral orientation have 
been considered, including a mix of edges along 
a ribbon, adding to the complexity of this 
option [313,314,315,316,317,318,319]. In 

summary, the simulated results for any form of 
GNRs should be regarded with care, as they 
typically share an optimistic assumption of well 
controlled termination of dangling bonds. In 
reality, there is likely a great variety of chemical 
groups terminating the GNR edges. A first 
detailed discussion has been recently published 
to address these issues [320], but it is probably 
reasonable to consider the nature of “real life” 
zig-zag GNRs still an open question. The 
predicted presence of a band gap in specific 
GNRs has been experimentally confirmed.  
 

 

 
    

Fig. 28 >Fig. 28 >Fig. 28 >Fig. 28 >    a) Simulated DOS vs. energy of hydrogen 

terminated armchair GNRs for various numbers of 

electrons N across the ribbon [14]. b) Experimental Ion/Ioff 

ratios versus GNR width taken from literature. None of the 

GNRs thus far has shown metallic behavior. The lower 

colored part of the graph indicates Ion/Ioff values of typical 

macroscopic graphene FETs; From [14]./ 

 
First evidence was reported by Refs.[321,322], 
where GNRs were structured by e-beam 
lithography and etched in oxygen plasma with 
minimum widths~20 nm. The band gaps of 
these GNRs where in the range of ~30 meV and 
resulted in field effect transistors with Ion/Ioff 
ratios of about 3 orders of magnitude at low 
temperatures (1.7–4 K), reduced to~ 10 at room 
temperature. These investigations support 
theoretical predictions that sub-10 nm GNRs are 
required for true field effect transistor action at 
room temperature. More importantly, the 

a) 
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 experiments revealed a band gap regardless of 
the chiral orientation of the GNRs [321]. This 
latter result was attributed to a strong 
influence of edge states [319,321,323], which 
dominate over the chirality of the band 
structure. To date, two examples of sub-10 nm 
GNRs have been shown experimentally. Ref. 
324 fabricated GNRs with a minimum width~1 
nm and a band gap of about 500meV using e-
beam lithography and repeated, careful over-
etching. The resulting transistors consequently 
switched off at room temperature to “no 
measurable conductance” [324]. An alternative 
fabrication process for GNRs was presented by 
Ref. [109]. Here, GNRs were solution derived 
from graphite by thermal exfoliation, 
ultrasonication and ultracentrifugation. The 
resulting dispersions were deposited onto 
substrates and GNRs were identified with AFM. 
The devices exhibited well behaved transistor 
action at room temperature with Ion/Ioff>106 
[109,325]. 

 
The experimental Ion/Ioff ratios reported to date 
are summarized in Fig. 28b. While they clearly 
support theoretical predictions and show 
promise for GNR electronics, they also show an 
urgent need for further research in this field: 
Statistical data is scarce and the discrepancies 
between theory and experiment need to be 
addressed. The necessity of controllable sub-
10nm feature sizes and great uncertainties in 
chirality control as well as edge state definition 
remain tremendous challenges. To this end, a 
recently developed technique, helium ion beam 
microscopy, has been shown to have potential 
for precise nano-patterning [326,327].  

 
Bilayer graphene 

 
Another viable approach to obtain a band gap 
in graphene is to break its symmetry. Ref. [328] 
proposed that macroscopic BLG would display a 
suitable band gap if a transverse electric field 
was applied to break the layer symmetry. Ref. 
[328] predicts a roughly linear dependence of 
the gap on applied displacement field, with 
each 0.1V/nm adding~10meV and a subsequent 
saturation at about 300meV.  

 

 
Fig. 29Fig. 29Fig. 29Fig. 29    >>>>    Top:SEM image (false color) of a double-gated 

bilayer graphene FET [333]. Bottom:Channel Resistance 

of a double-gated bilayer FET as a function of the 

applied top-gate voltage for different back-gate voltages 

[333]./ 
 

This prediction was experimentally confirmed 
by Ref. 329 for BLG on SiC through angle-
resolved photoemission spectroscopy (ARPES). 
In their work, they used potassium doping to 
modify the carrier density, which lead to 
changes in the electronic band gap [329]. The 
size of the created band gap was also 
confirmed by means of infrared spectroscopy 
[330,331].Ref. [332] took this approach a step 
further by applying an electrostatic field through 
a double gate configuration with individually 
controlled back and top-gate electrodes. 
However the band gap in their devices could not 
be utilized to increase the on/off ratio at room 
temperature due to the presence of intergap 
states [332]. Only at low temperatures they 
observed an insulating behaviour in BLG with a 
perpendicular applied electric displacement field. 
By optimizing the process technology Refs 
[258,333] reduced the intergap states in BLG-
FETs significantly so that they were able to 
increase the on/off ratio up~100 at room 
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 temperature by applying an electrical 
displacement field. This is comparable to the 
on/off ratio in small band-gap III/V transistors 
and sufficient for most analog applications. The 
channel resistance of a double-gated BLG FET is 
depicted in Fig. 29 [333].  
 

In this device the resistance modulation is 8 at 
zero applied back-gate and increases to 80 at an 
applied back-gate of 40V. However, using a 
double gate structure, with two individually 
controlled gates, increases complexity, which is 
not desired in applications. Recently it has been 
shown that the static gate can be replaced by 
adsorbate doping [334]. In this work a band gap 
could be obtained and utilized to increase the 
on/off ratio with only one gate electrode [334]. 
 

Using BLG with a perpendicular electric field 
Ref.335 realized logic gates. By combining a p-
type and an n-type BLG FET with an induced 
band gap, Ref. 335 realized NAND and NOR 
gates, fundamental building blocks for digital 
logic circuits. The operation of NOR gates and the 
resulting operation of the BLG based NOR gate 
are depicted in Fig. 30  
 

 

 
 
Fig. 30 >Fig. 30 >Fig. 30 >Fig. 30 >Top: Device wiring used for realizing a NOR gate; 

corresponding circuit diagram and the truth table of the 

operation (taken from [194]). Bottom: The operation at a 

drive voltage 0.7 V and 1.0 V, respectively (taken from [335])./ 

 

Summary band gap engineering in graphene 
 
Over the past few years different approaches 
were explored for creating a band gap in 

graphene, whereof confinement to GNRs and 
BLG are the most promising. Using graphene in 
switches for digital operation requires a band 
gap>400meV, hence confining graphene to 
GNRs is necessary. Using bottom-up synthesis 
on/off ratios larger 106 are achievable using 
GNRs [325].  
 

The challenges is to develop industrially 
compatible top-down methods for the 
fabrication of such small structures. In contrast, 
in BLGs a band gap could be realized using 
standard top-down fabrication, but as the 
theoretical limits of the band gap in BLG 
are~300 meV an application to digital circuits 
will be challenging. However analog 
applications can strongly benefit from this band 
gap, which is tuneable by electric means.  
 

RF Transistors 
 

Numerous communication systems rely on 
electromechanical devices, such as filters, 
resonators, and RF switches. Their 
miniaturization will strongly affect the 
development of future communication 
systems. The ultimate limit to this 
miniaturization is represented by graphene 
electromechanical devices.  
 

Graphene combines exceptional electronic 
properties with excellent mechanical 
properties. Its ambipolar transport properties, 
ultra thin and flexible, and electrostatic doping 
offer a new degree of freedom for the 
development of advanced electronic devices 
with many potential applications in 
communications and RF electronics.  
 

For RF analog applications a high on-off ratio is 
desirable but not mandatory. Instead, most 
relevant for good RF performance is a FET 
channel with excellent carrier transport 
properties (high mobility and maximum 
velocity) [336], combined with a small scale 
length, which improves strongly as the channel 
material thickness is reduced [337]. Graphene 
RF FETs have been investigated, both using 
exfoliated [306,338] and epitaxial materials 
[339,340]. Graphene transistors with a 240nm 
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gate operating at frequencies up to 100 GHz 
were demonstrated in early 2010 [341]. This 
cut-off frequency is already higher than those 
achieved with the best silicon MOSFET having 
similar gate lengths [342].  
 
Higher fT can be expected for optimized devices 
with shorter gate lengths as demonstrated by 
the progress achieved by the IBM group that in 2 
years improved the performances of their 
Graphene-based RF transistor passing from 26 
GHz[306] to 155 GHz[343] (Fig. 31). The latter 
result was achieved with CVD graphene was 
grown on copper film and transferred to a wafer 
of diamond-like carbon. This once more 
emphasizes the need for graphene/insulator 
interface engineering. 
 
Cut-off frequency over 300 GHz were 
demonstrated with a 140 nm channel length 
[344], comparable with the very top high-
electron-mobility transistors (HEMTs) with 
similar gate length [345], see Fig.32. These 
results are impressive, considering that RF 
graphene research has been done for a fraction 
of the time devoted thus far to conventional 
devices. As shown in Fig. 32, the progress in 
graphene-based high frequency devices has been 
impressive. This progress opens new horizons for 
quick development of plethora of applications in 
RF communications. 
 

Compared to conventional Si 
and III-V materials, ambipolar 
graphene electronics has 
many advantages. The higher 
mobility allows higher 
operating frequencies for 
frequency doubling and 
mixing. In addition, ambipolar 
devices can significantly 
reduce the number of 
transistors needed. Simpler 
circuits mean less power 
consumption and smaller chip 
area. Graphene is also an 
ideal material for flexible 
electronics integration. 
 
 

 
 
Fig. 32Fig. 32Fig. 32Fig. 32    >>>>Comparing cut-off frequency versus gate 

length for graphene MOSFETs, nanotube FETs and three 

types of radiofrequency FET (Adapted from ref.321). / 
 
To take advantage of the full potential of 
graphene devices, basic research needs to be 
combined with improved material growth and 
device technology. A better understanding of 
parameters such as breakdown voltage, 
electron velocity, and saturation current is 
needed to allow a complete benchmark and 
evaluation of this material. Once the growth 
and fabrication technology of these new 
devices matures, their integration with 
conventional Si electronics, and/or flexible and 
transparent substrates has the potential to 
transform communications. Thus graphene can 
be seen, rather than as a replacement of Si 
technology, as a complement to it in a “More 
than Moore”[346] perspective. 

Fig. 31 >Fig. 31 >Fig. 31 >Fig. 31 >    Summary of published graphene RF transistor data (Courtesy of Yu Min 

Lin, IBM, USA)./ 
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 Non-conventional graphene switches 

 

A number of concepts for (non-volatile) 
graphene switches have emerged based on 
mechanisms other than the classic field effect. 
Even though a thorough review is beyond the 
scope of this leaflet, they are briefly introduced 
in this section. A first concept are graphene/GO 
Schottky barrier MOSFETs [347], where 
semiconducting GO acts as the transistor 
channel. Another approach relies on creating 
nanoscale gaps by electric fields [348]. These are 
reversibly opened and closed by breaking and re-
forming the carbon atomic chains [348]. 
 

 
    

Fig. 33 >Fig. 33 >Fig. 33 >Fig. 33 >    Possible applications of graphene RF transistor 

(Courtesy of Tomas Palacios, MIT, USA)./ 

 

Chemical surface modification affects strongly 
the electronic band structure of graphene [349]. 
The electrostatical control of drain current can 
be reversibly modified in a graphene FET by 
controlled chemisorption [350]. Ferroelectric 
gating has been shown to electrostatically dope 
graphene and change the drain currents in a 
non-volatile way [351]. While these early 
concepts are far from mature, they nevertheless 
demonstrate the potential of graphene for 
nanoelectronics applications that might not be 
anticipated today. 
 

Atomistic simulations of transistors 
 

Due to the novelty of the graphene research 
field, device design principles have not yet been 
extensively elaborated, and different design 

options must be explored, evaluated and 
optimized. From this perspective, numerical 
simulations can greatly help. 
 

When dealing with the investigation of device 
electrical behaviour, atomistic features of the 
material, such as for example the lattice 
potential, disappear behind a series of synthetic 
parameters like the effective mass tensor. The 
price to pay is however the lack of accuracy at 
the atomic level, which can be obtained through 
ab-initio simulations, at the expense of huge 
computational requirements, especially when 
the number of atoms is of the order of few 
thousands like in realistic FETs. 
 

The strategy is then to find a trade-off, 
leveraging on atomistic simulations based on the 
Non-Equilibrium Green’s Function (NEGF) 
formalism, which can provide physical insight at 
the atomic level, but with fewer computational 
burden as compared to DFT calculations. 
 

Efforts towards the understanding of BLG for 
next-generation devices have been first 
addressed in [352], where a double gate FET was 
simulated by means of the self-consistent 
solution of the 2D Poisson and Schrödinger 
equation with open-boundary conditions, within 
NEGF. Strong band-to-band tunnelling heavily 
limits device performance, since the current in 
the off-state is too large for digital applications, 
when applying drain-to-source voltages 
complying with the International Technology 
Roadmap for Semiconductors (ITRS) [298], i.e. 
approximately 0.5 V.  
 

The large tunnelling component, instead of being 
detrimental like in thermionic devices, can be 
turned into an advantage in tunnel FETs [353], 
whose main appeal is represented by a sub-
threshold swing well below those achievable in 
thermionic devices (<60mV/dec)[354]. This 
would allow reducing the supply voltage for 
digital logic applications, and consequently the 
power consumption. It is indeed well known that 
power dissipation is nowadays the most limiting 
factor in integrated circuits, so that all future 
approaches need be directed towards the design 
of low power devices, the so-called “Green 
Transistors”[355]. From this perspective, BLG 
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 tunnel FET (see Fig.34) represents a viable 
option, because of its large Ion/Ioff ratios (large 
than 103), even when applying ultra-low power 
supply (0.1 V) [353]. An alternative FET, based on 
graphene heterostructures with atomically thin 
boron nitride acting as a tunnel barrier, was 
recently demonstrated [356]. 
 

 
 

Fig. 34 >Fig. 34 >Fig. 34 >Fig. 34 >    Sketch of the bilayer graphene tunnel FET 

proposed in [353]./ 

 

The operation of the device (see Fig. 35) relies on 
the voltage tunability of the tunnelling density of 
states and of the effective height of the tunnel 
barrier adjacent to the graphene electrode [356]. 
The device exhibits room temperature switching 
ratios of ~50. However, this value can be 
improved by optimizing the device structure and 
up to 105 was recently reported by using MoS2 
instead of BN [357].  
 

Lateral confinement, as in GNRs, is another 
approach widely addressed in the last year to 
induce an energy gap. Simulations have provided 
relevant information regarding the potential and 
the limits of this approach [358,359]. In 
particular, GNRs smaller than 3 nm are needed 
to comply with ITRS, which is very difficult to 
achieve with state-of-the-art electron beam 
lithography [360]. Things get even worse when 
considering sources of non-idealities, such as 
line-edge roughness or single vacancy defects, 
which strongly limit electron mobility in GNRs, 
another important figure of merit for digital 
applications [361]. However, even when dealing 
with perfect edges, mobility in narrow devices 
(W<2nm) is strongly limited by electron-phonon 
coupling, leading to similar mobility as the Si 
counterpart [362]. 

 
 

Fig. 35 >Fig. 35 >Fig. 35 >Fig. 35 >    (a) Schematic structure of the graphene 

heterostructure FET. The corresponding band structure 

with (b) no gate voltage and (c) finite gate voltage Vg and 

zero bias Vb applied. (d) Band structure when both Vg and 

Vb are finite. The cones illustrate graphene’s Dirac-like 

spectrum and, for simplicity, the tunnel barrier for 

electrons is considered [adapted from ref. 322]./ 
 

Chemical functionalization is a viable route 
toward bandgap engineering. Ref. [363] 
exposed graphene to a stream of hydrogen 
atoms leading to a material close to the ideal 
graphane. DFT suggests that [364] graphane 
would have a 5.4 eV gap, while it reduces to 3.2 
eV in 50% hydrogenated graphene. A recent 
study (Fig. 36) [365] suggested that such 
devices can provide large currents as well as 
Ion/Ioff ratios, and can represent a promising 
option for future technology nodes. 



 

 
37373737    

n
a

n
o

IC
T

 

 
 

Fig. 36 >Fig. 36 >Fig. 36 >Fig. 36 >    Sketch of the functionalized graphene based 

transistor./ 

 

Probably more than towards digital applications, 
research should be focus on analog electronics, 
where the lack of a bandgap does not represent an 
issue, and high performance in terms of cutoff 
frequency in RF applications can be achieved 
[366], and negative differential resistance 
[367,368] can be exploited in a range of 
applications, such as oscillators, fast switching 
logic, and low power amplifiers. 
 

Conclusion 
 

Graphene has already demonstrated high 
potential to impact most areas of electronic 
information technology, ranging from top end 
high performance applications in ultrafast 
information processing, to consumer 
applications using transparent or flexible 
electronic structures. This is testified by the 
increasing number of chip-makers now active in 
graphene research. 
 

The combination of its unique optical and 
electronic properties, in addition to flexibility, 
robustness and environmental stability, make 
graphene an extremely interesting material for 
future photonic and optoelectronic devices. 
 

Graphene can successfully replace many 
materials (i.e. ITO) in several existing 
applications, but certainly, the combination of 
its unique properties will inspire completely 
new applications and is where future research 
should focus (i.e. creating new technologies 
exploiting the uniqueness of graphene and 
related inorganic 2d crystals, rather than just 

try to displace existing and established 
technologies). 
 

Graphene may allow high-speed, compact-
footprint electro-optical modulators, switches 
and photodetectors integrated with 
waveguides or plasmonic circuits. Moreover, 
the mechanical flexibility of graphene will also 
enable integration with bendable substrates 
and plastic waveguides. 
 

Graphene can detect light beyond the current 
limit set by the band gap of traditional 
semiconductors, opening new applications in 
the far-infrared (terahertz, THz) and mid-
infrared regimes (e.g. bolometers and 
cameras), and provides the potential for 
ultrafast pixelated detection with ballistic 
transport of generated n. This could enable 
portable terahertz sensors for remote 
detection of dangerous agents, environmental 
monitoring or wireless communication links 
with transmission rates above 100 Gbit/s. 
Moreover, it can be exploited for photocurrent 
generation by providing a gain mechanism 
where multiple carriers are created from one 
incident photon. 
 

The compatibility of graphene with standard 
CMOS processes at wafer scale makes it a 
promising candidate for future electronics, 
particularly for high data-rate (inter- and intra-
chip) interconnects. While macroscopic 
graphene transistors are not suitable for logic 
applications, due to the lack of band gap, 
graphene RF transistors seem promising and 
feasible. Graphene nanoribbons, on the other 
hand, show promise as a CMOS compatible 
approach, but their extreme sensitivity at an 
atomic level to both geometric and edge 
termination variations may well render their 
practical use extremely challenging. Non-classic 
switching mechanisms may eventually lead to a 
co-integration of graphene into silicon 
technology, even though details are not yet 
clear today. In addition to these device related 
issues, there is the imperative need of a large 
area, CMOS compatible deposition or 
placement technique. As CVD and related 
methods are being explored, many device 
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 related questions are being addressed using the 
existing manufacturing methods. These insights 
will be transferable as soon as industrially 
relevant production and placement 
technologies will become available. 
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1. Transparent conducting films 
 

In general carbon materials such as graphite 

and CNTs are black soots. Nevertheless, when 

the thickness of the film is far less than that of 

light wavelength, the light transmits mostly 

with a minimum absorbance. Highly flexible, 

transparent, and conducting films are one of 

the recent emerging technologies applied in 

flexible displays, electronic papers, and solar 

cells. 
 

The monolayer graphene grown by chemical 

vapor deposition on copper substrate and 

transferred onto the polyethylene tere-

phthalate (PET) substrate is shown in Figure 1a. 

The edge is clearly contrasted at the right side. 

The CNT film is also shown with similar 

transmittance in Figure 1b and 1c. The SEM 

image clearly shows surface morphology of CNT 

network (Figure 1c). The sheet resistance of the 

pristine CNT-TCF could be dramatically 

improved by chemical treatments. The doping 

effect on CNT-TCFsis presented in Figure 1d. 

The pristine SWCNT-TCF exhibits near about 

360 Ω/sq sheet resistance at 90% 

transmittance. Afternitric acid treatment on the 

film removes the remaining surfactant from the 

CNT network and lowers the sheet resistance to 

150 Ω/sq at 90% transmittance. Further doping 

by Au
3+

 ions reduces the sheet resistance to 

110Ω/sq at 90% transmittance, which is the 

lowest value in the CNT film. On the other 

hand, monolayer graphene is transferred on 

the PET film layer-by-layer. With increasing the 

number of graphene layers, the transmittance 

and sheet resistance decrease and reaches 85% 

and 300Ω/sq respectively, at four layers.While 

each graphene layer is transferred, chemical 

doping with acid and Au
3+

 ions is also done 

similar to CNTs. The sheet resistances are 

consistently reduced at different layers. 

Interestingly, the sheet resistances of SWCNTs 

are similar to those of graphene in the 

transmittance range of 85~97%. 

 

 
    

Fig. 1 >Fig. 1 >Fig. 1 >Fig. 1 > Graphene and carbon nanotube TCF devices: [1] 

(a) Microscopic image (optical) of a graphene TCF using 

PET substrate. Inset shows surface morphology (SEM 

micrograph) of the graphene TCF. (b) Digital image of 

the flexible, transparent graphene (left) and CNT (right) 

TCFs. (c) SEM micrograph of the CNT-TCF, representing 

the CNT network morphology in the film. (d) 

Comparisons of TCF characteristic curves between 

pristine, acid treated, and doped graphene and CNT 

TCFs. [2,3] (e) Sheet resistance variations with bending 

angle in graphene, SWCNT, ITO TCFs. Inset shows 

changes in sheet resistance (∆Rs = [Rsf - Rs0]/ Rs0 × 100, 

where Rs0 is the sheet resistance value at zero time, and 

Rsf is the final sheet resistance value at later time) 

variations with time in graphene, SWCNT FCTs. (f) 

Transmittance dependence on wavelengths in single 

layer graphene, SWCNT, and ITO transparent 

conducting films./ 
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The advantage of nanocarbons is 

excellent flexibility, as shown in 

Figure 1e. While ITO shows a 

rapid increase in the sheet 

resistance due to cracking of the 

film as the bending angle 

increases, graphene and SWCNT 

film show almost no significant 

change in the sheet resistance. 

The inset shows environmental 

stability of both films. Although 

graphene reveals rather more 

sensitive change in the sheet 

resistance around 25%, the 

SWCNT film reveals much better 

stability up to less than 10% 

increase of the sheet resistance 

even after one month.Both 

graphene and CNT are highly 

flexible materials.For instance, monolayer 

graphene has a transmittance of nearly 97.5% 

(Figure 1f). Carbon nanotube film is also highly 

transparent at a thickness of less than 50 nm. 

The SWCNT TCF shows a gradual decrease of 

the transmittance with decreasing wavelength. 

On the other hand, Indium tin oxide shows 

strong spectral response.In particular, the 

transmittance drops rapidly near ultraviolet 

(UV) region, which is a serious drawback for UV 

sensors and LEDs even if the transmittance is 

very high in visible region. These facts highlight 

uniform transmittance of graphene and CNT 

TCFs with larger wavelength window than ITO 

films. 
 

2. Doping strategy in graphene and 

carbon nanotubes 
 

Although ambipolarity is an intrinsic property 

of graphene and CNT and can be utilized for 

switch operation, however, unipolar 

semiconducting materials are preferred in 

silicon technology. Doping is a traditional 

approach to control carrier type. The doping 

strategy for graphene and CNT is rather 

different. Although similar doping technique 

can be used during synthesis, formation energy 

of foreign atoms is rather large in carbon 

system.  

 

Fig. 2 >Fig. 2 >Fig. 2 >Fig. 2 > Doping strategy in graphene: (a) Transfer 

characteristics of a SLG-FET before and after TPA 

doping, figure inset is representing the chemical 

structure of TPA molecule.[4] (b) Transfer characteristics 

of a SLG-FET before and after Na-NH2 doping, figure 

inset is representing the chemical structure of TPA 

molecule. [4] (c) Transfer curves of the as-made GNR-

FET in vacuum (p-type, red) and after e-annealing in 

NH3 (n-type, blue). [5] (d) Transfer characteristics of the 

pristine graphene (with Vds = -0.5 V) and the N-doped 

graphene (Vds at 0.5 and 1 V). Figure inset showing the 

schematic representation of the N-doped graphene [6]./ 

 

2.1. Doping strategy in graphene 
 

Figure 2a and 2b represent doping of 

monolayer graphene using aromatic molecules. 

The transfer characteristics of the monolayer 

graphene FET shows p-type behavior 

intrinsically under ambient condition (Figure 

2a). Threshold voltage in this case was 

observed at +30 V. However, 

tetrasodium1,3,6,8-pyrenetetrasulfonic acid 

(TPA) doped graphene transistor exhibits a 

higher source-drain current level at negative 

gate bias region with a threshold voltage of 

+80 V. 
 

The increment in the threshold voltage from 

+30 V to +80 V indicates the TPA molecule 

induced hole (p-type) doping in graphene. 

Distinctly, graphene FET doped by Na-NH2 

molecules exhibits a lower current level in 

negative gate voltage region and slightly higher 
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current level in positive gate voltage regions 

(Figure 2b), shifting its threshold voltage from 

+28 V to -70 V. Electrical measurements on 

these graphene FET devices suggest that the 

aromatic molecules with electron withdrawing 

groups in TPA impose p-doping (lowering 

electron density) and electron donating groups 

(amine group) in Na-NH2 cause n-doping 

(increasing electron density) in graphene. 

Similar n-type doping is also observed in GNR 

FET devices using NH3 doping. Figure 2c shows 

the transfer characteristics of a 5nm width GNR 

FET device. Intrinsically device shows p-type 

characteristics under ambient conditions, 

ambipolar behavior after electrical annealing 

under vacuum (not shown here), and n-type 

behavior after electrical annealing under NH3 

gas atmosphere. After electrical annealing in 

NH3, the GNR FET is converted to n-type, with 

on-current around 1 μA, and 

on/off ratio about 10
5
, 

exhibiting good n-type 

characteristic. The transfer 

characteristics of the pristine 

p-type graphene in Figure 2d 

shows poor gate 

dependence and very low 

on/off ratio (top line). 

Significantly, nitrogen-doped 

graphene transform it into 

n-type with on/off ratio 

around 10
3
 at 0.5 V source-

drain voltage. 
 

2.2. Chemical doping 

strategy of CNTs 
 

Similar to graphene, various 

chemical doping strategies 

have been investigated to 

have n-type conversion and 

p-type enhancement 

behavior in CNTs under 

ambient conditions [2, 8-

11]. The choice of chemical 

dopant is complicated by 

the fact that the redox 

potential of CNTs is strongly 

diameter-dependent [2]. 

Figure 3a shows redox 

potential of CNTs as a function of diameter and 

metallicity. Absolute redox potential reduces as 

the diameter increases. The Fermi levels of 

metallic and semiconducting CNTs also vary 

slightly with diameter. The Vis and Cis indicate 

the oxidation potential and reduction potential 

of the SWCNT from i
th

 energy level (van Hove 

singularity), respectively. The redox potentials of 

the chosen doping materials are also provided in 

the plot. For example, the Au
3+

 ion has the 

largest reduction potential of 1.50 V among 

others and is even larger than V1s and V2s of the 

semiconducting nanotubes independent of the 

diameter and the V1m of the metallic ones in 

large diameter region. This implies that Au
3+

 can 

be reduced by extracting electrons from both 

V1s and V2s for semiconducting CNTs and even 

V1m for metallic CNTs. Other dopant such as 

DDQ has smaller reduction potential (0.51 V) 

Fig. 3 >Fig. 3 >Fig. 3 >Fig. 3 > Chemical doping strategy of CNT: (a) Redox potential of various nanotubes 

as a function of the diameter. The values in parentheses indicate the chiral index of 

the SWCNTs. The reduction potentials of dopants are also provided as dotted lines. 

The triangle and reverse triangle indicate the experimental redox potentials of 

SWCNT. [2] (b) Logarithmic plot of change in transfer characteristics of the 

SWCNT-FET upon different concentrations of F4TCNQ/solution. [7] (c) Transfer 

characteristics of a random network CNT-FET without and with p-type doping by 

AuCl3 solution with a different solution concentrations. [8] (d) Transfer curve of the 

CNT-FET under different dose of potassium doping. [9] (e) Transfer characteristics 

of a CNT-FET, before and after n-type doping in terms of number of BV droplets. 

[10] (f) Transfer characteristics of a CNT-FET, before and after n-type doping in 

terms of number of NADH droplets [11]./ 
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than Au
3+

. In this case, DDQ can extract electrons 

from V1s of semiconducting CNTs with 

particularly large diameter region but no 

influence for metallic CNTs. The same logic is 

applied to the dopant with electron donating 

group. For instance, benzyl viologen (BV) has an 

oxidation potential of -1.1 V.[1] This implies that 

BV can donate electrons to the empty C1s and 

C2s of semiconducting CNTs and even to the 

empty C1m of metallic CNTs. Figure 3b shows 

the transfer characteristics of a CNT-FET using 

an increasing doping concentration of 

tetrafluorotetracyano-p-quinodimethane 

(F4TCNQ). F4TCNQ has a reduction potential in 

the range of 0.1 V to 0.2 V and therefore is an 

electron extractor and p-type dopant. Using 

increasing amount of F4TCNQ dopant, the hole 

conductance of the device increases appreciably 

due to the increment of carrier concentration by 

doping. A drop of the F4TCNQ solution causes a 

rigid shift in the transfer characteristics toward 

positive gate biasand the upshift of threshold 

voltage constitutes sufficient evidence for the 

precise control of carrier density in CNT-FETs. 

Similar hole conductance increment (p-type 

doping) in CNTs is also observed using AuCl3 

solution as a chemical dopant (Figure 3c). The 

transfer characteristics of CNT-FET in this case 

also shows gradual increment in hole 

conductance level with increasing hole carrier 

concentration. Figure 3d represents the transfer 

characteristics of potassium-doped CNT-FET with 

increasing doping concentrations. The pristine 

CNT-FET shows p-type behavior under ambient 

conditions. As potassium doping concentration 

increases (from right to left in the figure), CNT 

shows ambipolar behavior at low doping 

concentration and the threshold voltage is 

downshifted clearly, demonstrating n-type 

doping behavior.In another approach n-type 

conversion of CNTs is performed by benzyl 

viologen (BV) molecules. Figure 3e shows the 

transfer characteristics of CNT-FETs with 

different BV concentrations. With increasing BV 

concentrations, the hole current at the negative 

gate bias is suppressed, while the electron 

current is enhanced. Threshold voltage is down-

shifted to the direction of the negative gate bias. 

This indicates a type conversion from the initial 

p-type to n-type in the CNT TFT. The right panel 

of the figure represents the isodensity surface 

plot of electron accumulation (red) and depletion 

(blue) due the adsorption of BV molecules on the 

CNT surface. Distinct type conversion of CNTs is 

also demonstrated by using β-Nicotinamide 

adenine dinucleotide (reduced dipotassium salt, 

NADH) as a dopant (Figure 3f). Here the pristine 

p-type CNT-FET under ambient conditionsshows 

a gradual conversion to n-type as the 

concentration of NADH molecules increases. The 

right panel of the figure represents the 

schematic of NADH adsorption on the CNT 

surface. 
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