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We present the science and technology roadmap for graphene, related two-dimensional crystals, and hybrid
systems, targeting an evolution in technology, that might lead to impacts and benefits reaching into most
areas of society. This roadmap was developed within the framework of the European Graphene Flagship and
outlines the main targets and research areas as best understood at the start of this ambitious project. We
provide an overview of the key aspects of graphene and related materials (GRMs), ranging from fundamental
research challenges to a variety of applications in a large number of sectors, highlighting the steps necessary
to take GRMs from a state of raw potential to a point where they might revolutionize multiple industries. We
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also define an extensive list of acronyms in an effort to standardize the nomenclature in this emerging field.
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1. Introduction
1.1. Graphene-based disruptive technologies: overview
1.1.1. Opportunities
1.1.1.1. New opportunities for electronics
1.1.1.2. New energy solutions
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1.1.1.3. New technologies and materials: towards a novel technological platform

1.2. Scientific output
1.2.1. Intellectual property landscape analysis
1.2.2. Graphene IP landscape analysis

2. Fundamental research
2.1. Electronic transport
2.2. Spectroscopic characterization
2.3. Magnetism and spin transport
2.4. Polycrystalline graphene
2.5. Thermal and mechanical properties of graphene

2.6. Artificial graphene structures in condensed-matter systems

2.6.1. Honeycomb lattices in semiconductors
2.6.2. Honeycomb lattices with cold atoms

2.7. Atomic scale technology in graphene and patterned graphene

2.7.1. Graphene nanoribbons
2.7.2. Graphene quantum dots

2.7.3. Patterning- and proximity-induced properties in graphene

2.8. 2d crystals beyond graphene
2.8.1. Characterisation of new 2d crystals

2.8.2. Modelling of physical properties of new 2d crystals

2.9. Hybrids of graphene and other 2d crystals

2.9.1. Electronic transport in lateral and vertical hybrid superstructures

2.9.1.1. Tunnelling and resonant tunnelling devices
2.9.1.2. Light emission and photovoltaics

2.9.1.3. In situ characterization methods

2.9.1.4. Hybrid structures for active plasmonics

2.10. Multiscale modelling of graphene-based structures and new 2d crystals

2.10.1. Ab initio computations
2.10.2. Mesoscale modelling
2.10.3. High performance computing
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2.10.4. Further development of field-theory and kinetic theory methods
2.10.5. Correlations in multiple graphene layers
2.11. Graphene for high-end instrumentation
2.11.1. Graphene for high energy physics instrumentation, Tokamaks and Stellarators
2.11.2. Graphene for metrology
2.11.2.1. Quantum resistance
2.11.2.2. Quantum current standard
2.11.2.3. Standard for optical absorption coefficient
2.12. Perspectives

Health and environment

3.1. In vitro impact

3.2. Cytotoxicity effects on graphene-coated surfaces

3.3. In vivo impact, biodistribution and pharmacokinetics
3.4. Bacterial toxicity

3.5. Biodegradation

3.6. Environmental impact

3.7. 2d crystals and hybrids

3.8. Perspective

Production
4.1. Graphene production
4.1.1. Dry exfoliation
4.1.1.1. Mechanical exfoliation for research purposes and new concept devices
4.1.1.2. Anodic bonding
4.1.1.3. Laser ablation and photoexfoliation
4.1.2. Liquid phase exfoliation
4.1.2.1. LPE of graphite
4.1.2.2. LPE of graphite oxide
4.1.2.3. LPE of intercalated graphite
4.2. Growth on SiC
4.3. Growth on metals by precipitation
4.4. Chemical vapour deposition
4.4.1. Thermal CVD on metals
4.4.2. CVD on semiconductors and insulators
4.4.3. Plasma enhanced CVD
4.5. Molecular beam epitaxy growth of graphene on insulating surfaces
4.6. Atomic layer epitaxy
4.7. Heat-driven conversion of amorphous carbon and other carbon sources
4.8. Chemical synthesis
4.9. Nano-ribbons and quantum dots
4.10. Transfer and placement
4.10.1. Transfer, placement and shaping
4.10.2. Graphene membranes
4.10.3. Transfer of individual layers
4.10.4. Wet transfer of exfoliated flakes
4.10.5. Dry transfer of exfoliated flakes
4.10.6. Transfer of graphene grown on metals
4.10.7. Di-electrophoresis
4.10.8. Applications and processing of graphene inks
4.11. Contamination and cleaning
4.11.1. Cleaning of graphene produced by MC
4.11.2. Cleaning after transfer
4.11.3. Removal of solvents/surfactants in LPE graphene
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4.12. Inorganic layered compounds
4.12.1. Mechanical cleavage
4.12.2. Laser ablation
4.12.3. Liquid phase exfoliation
4.12.4. Synthesis by thin film techniques
4.13. Graphene and other 2d crystal hybrids
4.13.1. CVD growth of heterostructures
4.13.2. Mechanical transfer
4.13.3. Heterostructures from dispersions and inks
4.13.4. Bonding using polymers
4.14. Silicene, germanene, phosphorene, MXene and other graphene like systems
4.14.1. Chemical modification of 2d crystals
4.15. Outlook and future challenges

5. Electronic devices

5.1. Opening a band-gap in graphene

5.2. Graphene-based microelectronics and nanoelectronics
5.2.1. Transistor count in graphene circuits
5.2.2. Digital logic gates
5.2.3. Digital non-volatile memories
5.2.4. Interconnects in integrated circuits

5.3. High frequency electronics
5.3.1. Analogue voltage amplifiers
5.3.2. Graphene ring oscillators

5.4. Layered materials-based devices

5.5. Novel vertical and planar transistors and devices
5.5.1. Vertical tunnelling transistors and vertical hot electron transistors
5.5.2. In-plane transport in 2d heterostructures

5.6. Electron emission

6. Spintronics
6.1. Graphene spintronics
6.2. Spin injection in graphene
6.3. Graphene spintronic devices for sensing
6.4. Graphene spin gating
6.5. Graphene qubits
6.6. Spintronics using other 2d crystals and heterostructures
6.7. Theory and quantum simulation
6.8. Outlook

7. Photonics and optoelectronics
7.1. Graphene saturable absorbers and related devices
7.1.1. 2d crystals-based saturable absorbers
7.1.2. Output power/pulse energy
7.1.3. Spectral coverage
7.1.4. Pulse width
7.1.5. Repetition rate
7.1.6. Other considerations
7.2. Photodetectors
7.2.1. Figures of merit
7.2.2. Physical mechanisms enabling photodetection
7.2.2.1. Photovoltaic effect
7.2.2.2. Photo-thermoelectric effect
7.2.2.3. Bolometric effect
7.2.2.4. Photogating effect
7.2.2.5. Plasma-wave-assisted mechanism
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7.2.3. Photoelectrical response in different devices
7.2.3.1. Bolometers
7.2.3.2. Long-wavelength photodetectors
7.2.3.3. 2d crystals and hybrids
7.2.4. Challenges and perspectives in photodetector devices
7.3. Graphene plasmonics
7.3.1. Hybrid graphene-plasmon systems
7.3.2. Intrinsic graphene plasmons
7.4. Graphene-based antennas
7.5. Hybrid graphene-nanocrystal for light emitting devices
7.6. Graphene-based nanoscale optical routing and switching networks

Sensors
8.1. Contact sensors
8.1.1. Nanoelectromechanical sensors
8.1.2. Chemical sensors
8.2. Non-contact sensors
8.2.1. Microwave detectors
8.2.2. Fast charge detectors
8.2.3. Strain sensors
8.2.4. Magnetic sensors
8.2.5. Signal processing in ballistic graphene-based devices
8.3. 2d crystals and hybrids
8.3.1. Chemical sensors

Flexible electronics

9.1. Key technology enablers

9.2. Innovative flexible devices and user interfaces for consumer electronics
9.2.1. Transparent conductive films
9.2.2. Production of graphene transparent conductive films
9.2.3. Mechanical performance of transparent films for flexible electronics
9.2.4. Applications of graphene transparent conductive films
9.2.5. 2d crystals and hybrids for flexible electronics

9.3. Outlook

. Energy storage and conversion
10.1. Batteries
10.2. Supercapacitors
10.3. Fuel cells and hydrogen storage
10.4. Graphene solar cells
10.5. Thermoelectric devices
10.6. Nanogenerators

Composites

11.1. Polymer-based composites

11.2. Ceramic-based composites

11.3. 2d organic and inorganic nanocomposites based on chemically modified graphene
11.4. Photonic polymer composites

. Biomedical applications
12.1. Imaging and diagnosis
12.2. Hyperthermia: photothermal ablation of tumours
12.3. Targeted drug delivery
12.4. Gene transfection
12.5. Bioelectronics and biosensors
12.6. Thin films, joint prostheses

View Article Online

Nanoscale

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4nr01600a

Open Access Article. Published on 22 Setembar 2014. Downloaded on 26/08/2025 08:23:21.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

12.7. Single-molecule genomic screening devices
12.8. Plasmonic biosensors
12.8.1. Utilizing graphene’s intrinsic plasmons
12.8.2. Graphene as a functionalization-passivation gate-tuneable coating
12.8.3. Graphene as a direct transducer

13. Conclusions
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Magnetoresistive random-access memory
Meso-super-structured solar cell

Metallic single wall carbon nanotube
Magnetic tunnel junction

Micro wave chemical vapour deposition
Viscosity

carrier density

Number of layers

Sodium hydroxide

Niobium diselenide

Nano electromechanical

Nano electromechanical systems

Noise equivalent power

Nanogenerator

Nickel

Near infrared

Nickel ditelluride

N-layer graphene

N-Methylpyrrolidone

Nano optoelectromechanical systems
Nano-particle

Nanoribbon

Nanowire

Optical absorption spectroscopy

Organic light-emitting diode
Computations scaling linearly with the number of
atoms

Computations scaling with the cube of the
number of atoms

Organic photo-voltaic

Optical tweezers

Oxygen

absorbed photon flux

incoming photon flux

Poly-3-hexyl thiophene

Polyamide6 (also known as Nylon6)
Polyacrylonitrile

Poly-aromatic hydrocarbons

Lead sulphide

Photocurrent

Polycarbonate

Phenyl-C61-butyric acid methyl ester
Photonic crustal fiber

Polycaprolactone

Patent cooperation treaty

Photodetector

Poly(dimethylsiloxane)

Program/erase

Plasma enhanced chemical vapour deposition
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PEDOT
PEG
PEO
PEI
PEN
PET
Pd
PDLC
PDMS
pDNA
Pin
PH-F
PIL:RGO
PL
PMF
PMMA
PMT
ppP
PNF
PPC
PRACE
PS

PSS

Pt
PTCDA
PTE
PTFE
1%
PVA
PVC
PVD
PVDF
PZT

q

QD

QE
QHE
QMC
QM/MM
QPC
QSH
QSHE

RCA
R&D
RES
RF
RGO
RIXS
RNA
RO
ROIC
ROS

RPA

View Article Online

Review

poly(3,4 ethylenedioxythiophene)
Polyethylene glycol

Polyethylene glycol
Polyethyleneimine

Polyethylene naphthalate
Polyethylene terephthalate
Palladium

Polymer dispersed liquid crystal
Polydimethylsiloxane

Plasmid deoxyribonucleic acid
Incident power
Post-Hartree-Fock

poly(ionic liquid)-modified reduced graphene oxide
Photoluminescence
Polarization-maintaining fiber
Polymethylmethacrylate
Photomultiplier tube
Poly-propylene

Polyaniline Nanofiber
Poly-propylene carbonate
Partnership for advanced computing in Europe
Polystyrene

Polystyrene sulphonate

Platinum
Perylene-3,4,9,10-tetracarboxylic dianhydride
Photothermo-electric
Polytetrafluoroethylene
Photovoltaic

Polyvinylalcohol

Polyvinyl chloride

Physical vapour deposition
Polyvinyl difluoride

Piezoelectric

Electron charge

Quantum dot

Quantum efficiency

Quantum Hall effect

Quantum Monte Carlo

Quantum mechanics/molecular mechanics
Quantum point contact
Quantum spin Hall

Quantum spin Hall effect
Density

Radio corporation of America
Research and development
Reticuloendothelial system
Radio frequency

Reduced graphene oxide
Resonant inelastic X-ray scattering
Ribonucleic acid

Ring oscillator

Read-out integrated circuits
Reactive oxygen species
Responsivity

Random phase approximation
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R2R
R s
RT
Ru
RZS

Q

SA
SAM
SAN
SbF5
SBS
SC
SCM
SDBS
SDC
SDS
SEI
SEIRA
SESAM
SERS
SET
SEY
SHE

Si

SiC
Si/Ge
SiO,
SiRNA
SLG
SMMA
SnO,
SO
SOI
SPP
SPR
SQD
SQUID
SSA
ssDNA
s-SNOM
ST
STEM
ST™M
STR
STS
STT
SWIR
SWNT
s-SWNT

ta-C
ta-C:H
ta-C:N

Roll to roll

Sheet resistance

Room temperature

Ruthenium

Rate zonal separation

Surface energy

Electrical conductivity

Seebeck coefficient

Saturable absorber

Self-assembled monolayer
Styrene-acrylonitrile

Antimony pentafluoride

Sedimentation based-separation

Sodium cholate

Scanning catalyst microscope

Sodium dodecyl benzene sulfonate

Sodium deoxycholate

Sodium dodecyl sulphate

Solid electrolyte interphase
Surface-enhanced infrared Raman absorption
Semiconductor saturable absorber mirror
Surface enhanced Raman spectroscopy
Single electron transistor

Secondary electron yield

Spin Hall effect

Silicon

Silicon carbide

Silicon/germaniun

Silicon dioxide

Small interfering ribonucleic acid

Single layer graphene

Styrene methyl methacrylate

Tin oxide

Spin orbit

Silicon-on-insulator

Surface plasmon polariton

Surface plasmon resonance

Semiconductor quantum dot
Superconducting quantum interference device
Specific surface area

Single-stranded DNA

Scattering-type near-field microscopy
Science and technology

Scanning transmission electron microscopy
Scanning tunnelling microscopy

Science and technology roadmap

Scanning tunnelling spectroscopy

Spin transfer torque

Short wavelength infrared

Single wall carbon nanotube
Semiconducting single wall carbon nanotube
Temperature

Tetrahedral amorphous carbon
Hydrogenated tetrahedral amorphous carbon
Nitrogenated tetrahedral amorphous carbon
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TaSe,

TC
TCE
TCF
TDDFT

TEM
TGA
THz
Ti

TI
TiO,
TLG
™
T™D
T™O
TPU
Tr
TRL
Ttr
Ttransit
UHV
Ul
ULGA
US PTO
uv
VCD
VD
vdw
vH
VRH
WDM
WIPO
WNSN
WO,
WS
WS,
XAS
XMCD
XPS
Ym
Yw
Ywm

¢
ZnO

ZnS
ZnSe
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Tantalum selenide

Critical temperature

Transparent conductor
Transparent conductor electrode
Transparent conductor film
Time-dependent density functional theory
Electron temperature
Transmission electron microscope
Thermo-gravimetric analysis
Tera-Hertz

Titanium

Topological insulator

Titanium dioxide

Trilayer graphene

Transverse magnetic

Transition metal dichalcogenide
Transition metal oxide
Thermoplastic polyurethane
Transmittance

Technology readiness level

Charge lifetime

Drift transit time

Ultra-high vacuum

User interface

Ultralight and highly compressible graphene aerogels
United States patent and trademark office
Ultraviolet

Vibrational circular dichroism
Volumetric density

van der Waals

van Hove singularity

Variable range hopping
Wavelength division multiplexer
World intellectual property organization
Wireless nanosensor network
Tungsten dioxide

Tungsten sulfide

Tungsten disulfide

X-ray absorption spectroscopy
X-ray magnetic circular dichroism
X-ray photoelectron spectroscopy
Yield by SLG percentage

Yield by weight

Yield by SLG weight

Field enhancement factor

Zinc oxide

Zinc sulfide

Zinc selenide

1. Introduction

The primary objective of this roadmap is to guide the commu-
nity towards the development of products based on graphene,
related two dimensional (2d) crystals and hybrid systems. For
simplicity we will refer to this new materials platform as
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graphene and related materials and use the acronym GRM. These
have a combination of properties that could make them key
enablers for many applications, generating new products that
cannot (or may be difficult to) be obtained with current techno-
logies or materials. The creation of new disruptive technologies
based on GRM:s is conditional to reaching a variety of objectives
and overcoming several challenges throughout the value chain,
ranging from materials to components and systems.

The main scientific and technological objectives are:

A) Material technologies

o Identification of new layered materials (LMs) and
assessment of their potential.

o Reliable, reproducible, sustainable and safe, large scale
production of GRMs, satisfying the specific needs of different
application areas.

B) Component technologies

o Identification of new device concepts enabled by GRMs.

o Identification of component technologies that utilize
GRMs.

o Electronic technologies, comprising high frequency
electronics, optoelectronics, spintronics and sensors.

C) Systems integration

o Route to bring components and structures based on
GRMs to systems capable of providing new functionalities and
open new application areas.

o New concepts for integrating GRMs in existing technol-
ogy platforms.

o Integration routes for nanocomposites, flexible elec-
tronics and energy applications.

Our science and technology roadmap (STR) outlines the
principal routes to develop the GRM knowledge base and the
means of production and development of new devices, with
the final aim of integrating GRMs into systems. In the Infor-
mation and Communications Technology (ICT) area, the STR
focuses on technology that will enable new applications, such as
the Morph concept' (Fig. 1a), which exploits the electrical,
optical and mechanical properties of GRMs to realize new types
of personal communicators. In the domain of physical com-
munication, the STR targets several key technologies in energy
production and storage, as well as new functional light-weight
composites. These are to be integrated in transportation

View Article Online

Review

systems, such as new airplanes, buses, cars (as illustrated by the
SmartForVision concept electric car,” Fig. 1b). The STR also con-
siders areas such as Health and Energy. By exploiting the GRM’s
unique electrical and optical properties, the STR will highlight
the directions towards the development of novel systems for
information processing and communications.

The STR is divided in 11 thematic chapters, summarized in
Fig. 2. Each of them comprises a dedicated timeline. A final
chapter presents two overall summary roadmaps.

The present STR may not be fully complete, leaving out
some of the most recent and rapidly evolving areas. We plan to
present regular updates over the next 10 years to keep abreast
with the latest developments in GRM science and technology.

Fundamental research
Health and environment
Production

Electronic devices
Spintronics

Photonics and Optoelectronics

SPOQOH&O®

Sensors

Flexible electronics

Energy storage and generation
Composites

Biomedical applications

O

Fig. 2 Symbols associated with each theme. In the document, the

symbol is associated/replaced by the symbol when we refer

&

to industrial/large scale production.

Fig. 1 Morph? (left) and SmartForVision? (right) are examples of visionary applications where GRMs' unique properties might be combined to enable

new products.

This journal is © The Royal Society of Chemistry 2015

Nanoscale, 2015, 7, 4598-4810 | 4607


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4nr01600a

Open Access Article. Published on 22 Setembar 2014. Downloaded on 26/08/2025 08:23:21.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

These include charge-based high speed electronic devices, as
well as non-charge-based devices (e.g. spintronic devices) with
novel functionalities. A key area is advanced methods to
produce GRMs, combining structural functions with
embedded electronics in an environmentally sustainable
manner. The STR extends beyond mainstream ICT to incorpor-
ate novel sensor applications and composites that take advan-
tage of the GRMs chemical, biological and mechanical
properties. Beyond ICT, the STR reaches out to several related
areas. Graphene’s high electrical conductivity, ¢, and large
surface area per unit mass make it an interesting material for
energy storage, e.g. in advanced batteries and supercapacitors.
These could have a large impact on portable electronics and
other key areas, such as electric cars. The prospect of rapidly
chargeable lightweight batteries would give environmentally
friendly transportation a push and advance the large scale
implementation of electric cars as a key component in urban
and suburban transport. Strong and lightweight composites
would also allow us to build new cars, airplanes and other
structures using less material and energy, and contribute
directly to a more sustainable world, see Fig. 3.

1.1. Graphene-based disruptive technologies: overview

Technologies, and our economy in general, usually advance
either by incremental developments (e.g. scaling the size and
number of transistors on a chip) or by quantum leaps (tran-
sition from vacuum tubes to semiconductor technologies). Dis-
ruptive technologies, behind such revolutions, are usually
characterised by universal, versatile applications, which
change many aspects of our lives simultaneously, penetrating
every corner of our existence. In order to become disruptive, a

High speed Transistor
RFIC, Sensor

Flexible Display
Touch Panel

Solar cell, Battery
Supercapacitor

View Article Online

Nanoscale

new technology needs to offer not incremental, but orders of
magnitude improvements. Moreover, the more universal the
technology, the better chances it has for broad base success.
This can be summarized by the “Lemma of New Technology”,
proposed by Herbert Kroemer, who received the Nobel Prize in
Physics in 2000 for basic work in ICT: “The principal appli-
cations of any sufficiently new and innovative technology always
have been — and will continue to be — applications created by that
technology”.? Graphene is no exception to this lemma. Does
graphene have a chance to become the next disruptive technol-
ogy? Can graphene be the material of the 21st century?

In terms of its properties, it certainly has potential.
The 2010 Nobel Prize in Physics already acknowledged the
profound novelty of the physical properties that can be
observed in graphene: different physics applies, compared
with other electronic materials, such as common semiconduc-
tors. Consequently, a plethora of outstanding properties have
arisen from this material. Many are unique and superior to
those of other materials. More importantly, such combination
of properties cannot be found in any other material or material
system. So, it is not a question of if, but a question of how
many applications will graphene be used for, and how pervasive
will it become. There are indeed many examples of “wonder”
materials that have not yet lived up to expectations, nor delivered
the promised revolution, while more “ordinary” ones are now
pervasively used. Are the properties of graphene so unique to
overshadow the unavoidable inconveniences of switching to a
new technology, a process usually accompanied by large research
and development (R&D) and capital investments? The advancing
R&D activity on GRMs has already shown a significant develop-
ment aimed at making GRMs suitable for industrial applications.

Conductive ink
EMI screen ink

Chemical sensors

Automobile
Air plane components

Fig. 3 Overview of Applications of Graphene in different sectors ranging from conductive ink to chemical sensors, light emitting devices, compo-

sites, energy, touch panels and high frequency electronics.
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Fig. 4 Rapid evolution of graphene production: from microscale flakes? to roll-to-roll processing.”

The production of graphene is one striking example of
rapid development, with progress from random generation of
micro-flakes in the laboratory® to large-scale,’ roll-to-roll (R2R)
processing of graphene sheets of sizes approaching the metre-
scale’ (Fig. 4).

It is reasonable to expect a rapid clearing of further techno-
logical hurdles towards the development of a GRM-based
industry in the coming years (Fig. 5).

Therefore, in spite of the inherent novelty associated with
GRMs and the lack of maturity of GRM technology, an initial
roadmap can be envisaged, including short-term milestones,
and some medium- to long-term targets, less detailed, but poten-
tially more disruptive. This should guide the expected transition
towards a technological platform underpinned by GRMs, with
opportunities in many fields and benefits to society as a whole.

1.1.1. Opportunities. GRMs are expected to have a major
impact in several technological fields (see Table 1), due to the
new applications enabled by their properties. E.g., potential
electronic applications include high-frequency devices, touch
screens, flexible and wearable devices, as well as ultrasensitive
sensors, nano- electromechanical systems (NEMS), super-
dense data storage, photonic devices, etc. In the energy field,
applications include batteries and supercapacitors to store and
transport electrical power, and 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 performance for light emitting diodes (LEDs), flex-
ible touch screens, photodetectors, and ultrafast lasers.

The upscaling of GRM production is steadily progressing,
and challenges remain when it comes to maintaining the pro-
perties and performance upon up-scaling, which includes

2025-2030
consumer

i products \vname technologies for

mass production

N —

technologies for quality
wafter-scale manutacturlng
and proof of principle

understanding properties and processes

prototypes

device concepts

Fig. 5 Towards GRM-based products.
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mass production for material/energy-oriented applications and
wafer-scale integration for device/ICTs-oriented applications.
Nevertheless, GRMs technology is expected to provide opportu-
nities for the development of a novel platform, contributing to
key technological fields with important social and economic
impacts. The definition of “quality” of a GRM cannot be given
in absolute terms, but strictly depends on the applications.
E.g. the “quality” of graphene needed for high performance
electronics is “the opposite” of that required for batteries or
supercapacitors, in that the latter work better with materials
having defects, voids and cavities, while the former require
defect free, and flat material. This will be a challenge for
standardization, since the materials properties will have to be
defined in relation to a variety of possible applications.

1.1.1.1. New opportunities for electronics. The introduction
of more functions in integrated electronic systems will enable
applications in domotics (i.e. home automation by means of
distributed sensors, actuators and controllers), environmental
control, and office automation to meet the social request for
better safety, health and comfort. An increase in automation
should also consider the aging population and people at
work, and the need of adequate facilities. Sensors or metro-
logical devices based on GRMs can further extend functional-
ities of hybrid circuits. Three dimensional (3d) integration of
GRMs-based devices may be conceivable in a Si flow, and could
be the solution for low cost chips with extended functionalities.

Graphene has many record properties, see Fig. 6. It is trans-
parent like (or better than) plastic, but conducts heat and elec-
tricity better than any metal, it is an elastic film, behaves as an
impermeable membrane, and it is chemically inert and stable.
Thus it seems ideal as the next generation transparent conduc-
tor. There is a real need to find a substitute for indium tin
oxide (ITO) in the manufacturing of various types of displays
and touch screens, due to the brittleness of indium that makes
it difficult to use them when flexibility is a requirement.® Gra-
phene is an ideal candidate for such a task.’ Thus, coupled with
carbon’s abundance, this presents a more sustainable alterna-
tive to ITO. Prototypes of graphene-based displays have been
produced’ and commercial products seem imminent.'®

In 2010, the first R2R production of 30-inch graphene trans-
parent conductors (TC), with low sheet resistance (R;) and
90% transmittance (Tr), competitive with commercial transpar-
ent electrodes, such as ITO, was reported.” Graphene electro-
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Table 1 GRMs as a platform for enabling new techologies
and applications, with radical [not incremental] advances

features Enabled applications / technologies

aNtonieniinieei | Flexible devices; thin and flexible electronic
components; modular assembly / distribution
of portable thin devices

Engineering new materials by stacking
different atomic planes or by varying the
stacking order of homogeneous atomic
planes

Engineering novel 2d crystals with tuneable

=

Impact

Spectrum of new forms of
devices, thus enabling new
concepts of integration and
distribution

Foldable material

All-surface

material

Solution -
processable

physical/chemical properties by control of
the surface chemistry. Platform for new
chemical /biological sensors

Novel composite materials with outstanding
physical properties (e.g. high thermal
conductivity, k; high Young modulus and

Realization of new (non-
existing so far) materials,
which properties could be
engineered and customized
for new applications

Optical (saturable)

Lo iIEs  devices; photodetectors

thermoelectric
effect

Field-effect Highly sensitive transducers
sensitivity

High intrinsic
capacitance; high
specific surface
area (SSA)
Photovoltaic effect,
broad-range optical
transparency;
photocatalytic
effects
Theoretically
predicted "chiral
superconductivity”
Dirac fermions;
pseudospin

Outstanding supercapacitors

powered devices

High Tc superconductors

Valleytronics

des have been incorporated into fully functional touch-screens
capable of withstanding high strain.'® Thus, one can envision
the development of flexible, portable and reconfigurable elec-
tronics, such as the MORPH concept' (Fig. 1 and 7).

New horizons have opened with the demonstration of high-
speed graphene circuits'' offering high-bandwidth, which
might impact future low-cost smart phones and displays.

Complementary metal oxide semiconductor (CMOS) tech-
nology, as currently used in integrated circuits, is rapidly
approaching the limits of downsizing transistors,"> and gra-
phene is considered a possible candidate for post-Si elec-
tronics by the International Technology Roadmap for

4610 | Nanoscale, 2015, 7, 4598-4810

tensile strength); Novel functional materials ||

High carrier Ultra-high frequency electronic devices
mobility (1) aidl

Novel optoelectronic and thermoelectric

Energy conversion; energy harvesting; self-

— New highly-performing
devices available at low cost
large  scale, thus

allowing major step forwards
in many social impact fields
(e.g. environmental
monitoring, communications,
health / medical applications,
etc)

Significant steps forward in
the realization of sustainable
devices and green-energy
systems

New devices based on yet
experimentally unexplored

physics
L J

Semiconductors (ITRS)."> However, a graphene-based low
power device meeting all of the requirements of CMOS tech-
nology has not been demonstrated yet. The technology needed
to produce graphene circuits is still in its infancy, and growth
of large area films with good electrical properties on flat
dielectric surfaces has not yet been demonstrated. Novel archi-
tectures,"*'* not necessarily based on graphene ribbons,"
need to be developed.

In 2011 ref. 11 reported the first wafer-scale graphene
circuit (broadband frequency mixer) in which all components,
including graphene field-effect transistors (GFETs) and induc-
tors, were integrated on a single SiC wafer. The circuit operated

This journal is © The Royal Society of Chemistry 2015
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as a broadband Radio Frequency (RF) mixer at frequencies up
to 10 GHz, with thermal stability and little reduction in per-
formance (less than one decibel) in the temperature (T) range
300-400 K. This suggests that graphene devices with complex
functionality and performance may be achieved.

Being just one atom thick, graphene appears as a suitable
candidate to eventually realize a new generation of flexible
electronic devices." Electronics on plastics or paper is low
cost."®" 1t will offer the possibility to introduce more infor-
mation on goods used on a daily basis, e.g. on food for safety
and health, as well as on many other products. Bar codes may
not be able to store all the required information. Magnetic
strips or stand-alone memories do not offer the same opportu-

Metrological applications
oOne Atom Thin
Membranes/

Linear Spectrumg

Transistors
Gas Barrier
High Mobility o« oStrength
Photovoltaics Composites
Unique Optical o oHighly

Properties Trans parent Stretchable
Conductors

Fig. 6 Graphene properties and application areas.

Fig. 7 NOKIA Morph:! the future mobile device will act as a gateway. It
will connect users to local environment, as well as the global internet. It
is an attentive device that shapes according to the context. It can
change its form from rigid to flexible and stretchable.

Technology
readiness level

(TRL)

Discovery &
Research

Basic principles
observed and
reported

Concept or
application
formulated

TRL
description

Fig. 8 TRL definitions, adapted from ref. 21.
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Innovation
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nities as active electronics interacting in a wireless network.
The possibility to develop passive components in GRMs (resis-
tors, capacitors, antennas) as well as diodes (Schottky) or
simple FETs, and the rapid growth of technology in this direc-
tion may enable RF flexible circuits in a wireless networked
environment.

Thin and flexible GRMs-based electronic components
might be obtained and modularly integrated, and thin porta-
ble devices might be assembled and distributed. Graphene
can withstand mechanical deformation'® and can be folded
without breaking.'® Such a feature provides a way to tune the
electronic properties, through so-called “strain engineering”"®
of the electronic band structure. Foldable devices can be ima-
gined, together with a wealth of new device form factors,
which could enable innovative concepts of integration and
distribution.

By enabling flexible electronics, GRMs will allow the use of
the existing knowledge base and infrastructures of various
organizations working on organic electronics (organic LEDS as
used in displays, conductive polymers, plastics, printable elec-
tronics), providing a synergistic framework for collecting and
underpinning many distributed technical competences.

1.1.1.2. New energy solutions. GRMs could bring new solu-
tions to the current challenges related to energy generation
and storage, first in nano-enhanced products, then in new
nano-enabled products. GRMs-based systems for energy pro-
duction (photovoltaics, PV, fuel cells), energy storage (super-
capacitors, batteries, and hydrogen storage) may be developed
via relevant proof of concept demonstrators that will progress
towards the targeted technology readiness levels (TRLs)
required for industrial adoption. TRLs are used to assess the
maturity of technologies during their development. The com-
monly used NASA scale,”>*! is shown in Fig. 8: 1. Basic prin-
ciples observed and reported; 2. Technology concept and/or
application formulated; 3. Analytical and experimental critical
function and/or characteristic proof of concept; 4. Component
and/or breadboard validation in laboratory environment;
5. Component and/or breadboard validation in relevant
environment; 6. System/subsystem model or prototype demon-
stration in a relevant environment; 7. System prototype
demonstration in an operational environment; 8. Actual

system completed and qualified through test and

Commercialisation

System
prototyping
demonstrator in
an operational
environment

Actual system
mission-proven
in successful
mission
operations

System model or
demonstrator in
relevant
environment
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demonstration. 9. Actual system proven through successful
operations.

Furthermore, graphene technology may provide new power
management solutions, key to allow efficient and safe use of
energy. To date in Europe nearly the 60% of the energy is elec-
trical (lighting, electronics, telecommunications, motor
control).>* Of the remaining 40%, nearly all is used for
transportation.>>

1.1.1.3. New technologies and materials: towards a novel tech-
nological platform. GRMs may favour not only an improvement
of existing technologies, such as electronics and optoelectro-
nics, but may also enable the emergence of new technologies,
currently hampered by intrinsic limitations. The GRMs’ pro-
perties, with a qualitatively different physics with respect to
the other commonly used materials, may enable technological
concepts, thus far only theoretically possible, but not practi-
cally developed.

One example is that of spintronics,>® an emerging technol-
ogy that exploits the spin rather than the charge of electrons
as the degree of freedom for carrying information,>* with the
primary advantage of consuming less power per compu-
tation.”®> Although one spintronic effect - namely, giant mag-
netoresistance®® - is already a fundamental working principle
in hard disk technology,”” the use of spintronic devices as a
replacement for CMOS has not been realized yet. Scientific
papers have highlighted graphene properties that are suitable
for the development of spintronic devices,”*>° and many
groups are now pursuing this.

Radically new technologies could be enabled by graphene,
such as the so-called “valleytronics”,®' which exploits the
peculiar “isospin”?" of charge carriers in graphene as a degree
of freedom for carrying information. Further, there are some
still not experimentally proven theoretical predictions, such as
a “chiral superconductivity”,>> which may lead to completely
new applications.

Taking just these few examples into account, we expect that
the development of some new applications based on the
salient properties of GRMs might happen in the coming years.

Graphene is also an ideal candidate for engineering new
materials, and many examples have already been realised.**°
The “all-surface” nature of graphene offers the opportunity to
tailor its properties by surface treatments (e.g. by chemical
functionalization®®). E.g., graphene has been converted into a
band-gap semiconductor (hydrogenated graphene, or “gra-
phane”*®) or into an insulator (fluorinated graphene, or
“fluorographene”®*). In addition, graphene flakes can be
placed in dispersions.*® These retain many of its outstanding
properties, and can be used for the realisation of composite
materials (e.g. by embedding in a polymeric matrix***”) with
improved performance.®>’

Graphene is not only important for its own properties, but
also because it is the paradigm for a new class of materials,
which is likely to grow following the rise of graphene techno-
logy. Some examples have already been reported, such as hexa-
gonal boron nitride (h-BN)>*® and  molybdenite
monolayers®**?° The crystal structure of the latter was studied
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since 1923 by Dickinson and Pauling,*® with studies extended
to a few layers in the sixties (a possible observation of mono-
layer MoS, reported in the pioneering work of Frindt in Cam-
bridge in 1963)*"** and a definite identification of monolayer
MoS, in 1986.%° The assembly of such 2d crystals, i.e. by stack-
ing different atomic planes (heterostructures®?), or by varying
the stacking order of homogeneous atomic planes,** provides
a rich toolset for new, customised materials. We expect that
the lessons learnt developing graphene science and technology
will drive the manufacturing of many other innovative
materials.

At present, the realisation of an electronic device (such as,
e.g., a mobile phone) requires the assembly of a variety of com-
ponents obtained by many different technologies. GRMs, by
including many properties, may offer the opportunity to build
a comprehensive technological platform for different device
components, including transistors, batteries, optoelectronic
components, detectors, photovoltaic cells, photodetectors,
ultrafast lasers, bio- and physicochemical sensors, etc. Such a
change in the paradigm of device manufacturing may open big
opportunities for the development of a new industry.

1.2. Scientific output

GRM research is an example of an emerging translational nano-
technology, where discoveries in laboratories are transferred to
applications. This is evidenced, in part, by the rise in patent-
ing activity since 2007 by corporations around the world.*> The
concept of translational technology is typically associated with
biomedicine,*® where it is a well-established link between
basic research and clinical studies, but the principle can be
applied more generally. A striking example is giant magneto-
resistance,”” that moved from an academic discovery to a
dominant information storage technology in a few years.’®
Similarly, GRMs have the potential to make a profound
impact: Integrating GRMs components with Si-based elec-
tronics, and gradually replacing Si in some applications,
allows not only substantial performance improvements but,
more importantly, new applications.

Carbon has been the driving force behind several techno-
logical revolutions: in the 19th century, energy production by
burning carbon was integral to the industrial revolution;*° in
the 20™ century, carbon-based plastics revolutionized the
manufacturing industry;’ in the 21° century, graphitic carbon
might be a key component in a third technological revolution.

The growth of publications on GRMs is shown in Fig. 9,
with no sign of slowing down. The reasons for the growth of
research on GRMs are manifold. First, graphene is a material
with a unique set properties. Either separately or in combi-
nations, these can be exploited in many areas of research and
applications; new possibilities are being recognized all the
time as the science of GRMs progresses. Second, graphene
Science and Technology (ST) relies on one of the most abun-
dant materials on earth,”" carbon. It is an inherently sustain-
able and economical technology. Thirdly, graphene is a planar
material and, as such, compatible with the established pro-
duction technologies in ICT, and integrable with conventional
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Fig. 9 Publications on graphene from 2000 to Aug. 2014 (thus, well
over 18000 are expected by end 2014). Source ISI Web of Science
(search: Topic = Graphene). Publications on graphene prior to 2000 are
not plotted.

materials such as Si. Combined, these premises give realistic
promise of creating a new, more powerful and versatile, sus-
tainable and economically viable technology platform. As a
result, graphene research has already emerged as the top
research front in materials science.”> However, due to the
unique structure of graphene, many of the possibilities it
offers are still poorly understood, and their analysis requires
highly sophisticated methods; To quote the Nobel Laureate
Frank Wilczek: «graphene is probably the only system where ideas
from quantum field theory can lead to patentable innovations».*

1.2.1. Intellectual property landscape analysis. In the gra-
phene area, there has been a particularly rapid increase in
patent activity from around 2007.*> Much of this is driven by
patent applications made by major corporations and univer-
sities in South Korea and USA.”* Additionally, a high level of
graphene patent activity in China is also observed.’ These fea-
tures have led some commentators to conclude that graphene
innovations arising in Europe are being mainly exploited else-
where.>® Nonetheless, an analysis of the Intellectual Property
(IP) provides evidence that Europe already has a significant
foothold in the graphene patent landscape and significant
opportunities to secure future value. As the underlying gra-
phene technology space develops, and the GRM patent land-
scape matures, re-distribution of the patent landscape seems
inevitable and Europe is well positioned to benefit from
patent-based commercialisation of GRM research.

Overall, the graphene patent landscape is growing rapidly
and already resembles that of sub-segments of the semi-
conductor and biotechnology industries,*® which experience
high levels of patent activity. The patent strategies of the
businesses active in such sub-sectors frequently include ‘port-
folio maximization’>® and “portfolio optimization’® strategies,
and the sub-sectors experience the development of what com-
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Review
mentators term ‘patent thickets™®, or multiple overlapping
granted patent rights.>® A range of policies, regulatory and
business strategies have been developed to limit such patent
practices.’” In such circumstances, accurate patent landscap-
ing may provide critical information to policy-makers,
investors and individual industry participants, underpinning
the development of sound policies, business strategies and
research commercialisation plans.

The analysis of the top graphene patent owners (patent
assignees) and their patent applications, illustrates the broad
relevance of graphene to diverse industry sectors, such as auto-
motive, computing and industrial chemicals.”® The uses of
patents between and within these industry sectors and over
time can vary widely, adding to the navigational challenges
that face readers of even the most accurate graphene IP maps.

Understanding and correctly navigating the rapidly growing
patent landscape will be crucial to those who seek to secure
future value from GRM research. Patents may be particularly
important to the realisation of future commercial value, as
patents are a form of IP important to the business models and
business practices observed in many of the technology sectors
in which GRM research is and will be deployed.>®

The IP analysis and discussion in section 1.2.2 highlights
the disparity between graphene-related scientific production
(represented by publications), see Fig. 9, 10, and graphene-
related patent applications (associated with technical exploita-
tion), providing additional evidence of the need for a large
scale, concentrated action to bring together leading players in
academia (who are, broadly, responsible for scientific pro-
duction) and industrial leaders (who are, broadly, responsible
for patent applications).

1.2.2. Graphene IP landscape analysis. Fig. 11 indicates
that the global IP activity around graphene has surged since
2007, mimicking the trend in research described in section
1.2 and evidence perhaps that research investment worldwide
is fuelling rapid growth in graphene technology. Interestingly,
IP activity around graphene predates 2004, and patent filings
can be found around processes which would have resulted in
graphene production from as early as 1896: see, e.g. ref. 59.

The patent space prior to 2006 is dominated by US research
institutions and start ups, with a significant volume of filings
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