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A B S T R A C T

Flexible electronic devices fabricated on plastic substrate are more desirable than rigid counterparts for
future displays, lightings, or solar cells. For flexible electronics to become practical, the indium-tin-oxide
(ITO) electrode should be replaced due to its brittleness, increasing cost, and chemical instability.
Graphene has emerged as a promising material for flexible transparent conducting electrodes because of
its unique electronic and mechanical properties with high optical transmittance. Therefore, graphene has
been widely used in flexible electronic devices including light-emitting diodes (LEDs), solar cells (SCs),
and field-effect transistors (FETs). However, for practical applications of graphene in flexible electronics,
its limitations should also be overcome. This review describes the use of graphene in LEDs, SCs and FETs,
and various strategies to overcome the deficiencies of graphene to obtain highly-efficient and stable
flexible electronics. Finally, we present future prospects and suggest further directions for research on
graphene-based flexible electronic devices.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Flexible electronics

For human convenience, flexible electronics have been being
increasingly developed in a number of areas. Flexible electronic
devices that are bendable, foldable, rollable, and ultimately
wearable will transform the ways in which electronics are used.
Flexible electronics are built on a thin flexible substrate instead of a
bulky rigid substrate, and are therefore lighter, smaller, and more
comfortable than rigid electronics [1–3]. For practical use of
flexible electronics, all materials in the device should have high
degree of mechanical durability under bending. Several major
components of current electronic devices are not flexible, and
should be replaced with alternative materials: brittle inorganic
materials are not compatible with flexibility. In contrast, electronic
devices based on organic materials have great potential to provide
flexibility or stretchability [4–6].

Indium-tin-oxide (ITO) has been the most widely used
transparent conducting electrode for optoelectronic devices such
as liquid crystal displays, organic light-emitting diodes (OLEDs),
and organic solar cells (OSCs) for several decades. However, ITO
electrode has several critical drawbacks such as poor tolerance to
mechanical stress, chemical instability, and high-cost fabrication
[7–11]. For successful development of flexible optoelectronics,
finding a transparent and flexible replacement for ITO counter-
parts is a major challenge, so numerous alternative flexible
conductors such as metal nanowires, conducting polymers, carbon
nanotubes, and graphene have been tested [12–15]. Among them,
graphene is a promising candidate because it has unique properties
that are desirable in flexible electronics.

Electronic devices based on organic materials are susceptible to
degradation by external influences such as oxygen and moisture,
and therefore must be encapsulated for protection [16–18].
However, current encapsulants are made of glass due to its
impermeability and reliability, but they are rigid and fragile; this is
another critical obstacle to development of practical flexible
electronics.

In this review, we focus on the use of graphene in electrodes of
flexible organic or organic-inorganic hybrid LEDs, SCs and field
effect transistors (FETs), and evaluate its feasibility as a flexible
encapsulant (Fig. 1).

1.2. General synthetic methods for graphene

Graphene is a one-atomic-thick carbon sheet in which carbon
atoms form a sp2-hybridized hexagonal array. This structure yields
special electrical, mechanical and optical properties that can be
useful in electronics and optoelectronic devices [2,24–30].
Novoselov et al. first demonstrated high electrical mobility of
single-layer graphene (�10,000 cm2V�1 s�1 at room temperature)
obtained by mechanical exfoliation using scotch tape, and
fabricated the world’s first graphene-based transistor; the device
showed an ambipolar electric field effect and a high carrier
concentration (1013 cm�2) (Fig. 2) [26]. R. R. Nair et al. demon-
strated that graphene also has high optical transmittance (T),
which can be calculated as T = 100–2.3N (%), where N is the number
of graphene layers [31]. Single-layer graphene (SLG) has T � 97.7%,
which is a major advantage of a graphene electrode in optoelec-
tronic devices. Defect-free SLG also has excellent mechanical
properties; C. Lee et al. demonstrated a very high breaking strength
of �42 N/m, which corresponds to Young’s modulus �1100 GPa
and intrinsic strength �125 GPa, and is 200 times higher than steel
[32]. These outstanding electrical, optical and mechanical proper-
ties of graphene give it potential applications as a flexible
electrode.

Mechanical exfoliation [26] is the simplest method to obtain
SLG. Repeated application of scotch tape separates graphite into
progressively-thinner flakes until SLG is obtained (Fig. 3a) [35].
Because graphite is formed of a number of sp2 covalent bonded
carbon sheets, the Van-der-Waals attraction force between
adjacent graphene sheets is relatively weak, so the low frictional
coefficient between graphene sheets enables easy split into SLG by
the weak adhesive force of scotch tape. Mechanical exfoliation
method is simple, and can give defect-free SLG, but yields a limited
number of small graphene flakes. Therefore, this method is not
suitable for practical production of graphene films for flexible
electronics.

Chemical synthesis can mass-produce large-area graphene
(Fig. 3b). The process entails oxidation of graphite and then
reduction of the resultant graphene oxide (GO). The most common
method to chemically synthesize graphene sheets is Hummer’s
method [36], in which graphite is oxidized using a strong acid and
oxidation agent, so water molecules can intercalate between
graphene sheets because of the high hydrophilicity of GO. This
process increases the distance between pairs of graphene sheets to
6–12 Å, and thereby enables exfoliation of GO sheets by extended
ultrasonication [37]. However, GO sheets obtained by Hummers
method contain functional groups such as hydroxyl, carboxylic,
and epoxy groups, which significantly degrade most of the unique
properties of SLG. Therefore, to recover specific nature of graphene,
GO sheets should be chemically reduced to remove the functional
groups.

G. Eda et al. reported a solution-processed deposition of
reduced GO (rGO) film; the method produces uniform graphene
film with controllable thickness [38]. The large-area film is
composed of various rGO flakes with thickness from a single layer
to few layers. Therefore, electronic and optical properties of rGO
film such as sheet resistance (Rsh) and T can be controlled over
several orders of magnitude by controlling solution-based
deposition parameters [38]. The thinnest rGO film exhibited
ambipolar transistor characteristics as reported in an SLG
transistor formed by mechanical exfoliation, and the film had
Rsh �43 kV/sq after reduction of GO and thermal annealing. The
solution-based easy fabrication of graphene film is a major
advantage of chemical synthesis, but the oxidation-reduction



Fig. 1. Applications of graphene to flexible electronics such as OLEDs, OSCs, OFETs, and encapsulations. Reproduced from (left) [12] Copyright 2012, Nature Publishing Group,
(top) [19] Copyright 2014 American Chemical Society, [20] Copyright 2014 IOP Publishing, (right) [21] Copyright 2012 IOP Publishing, [22] Copyright 2015 Nature Publishing
Group, (bottom) [23] Copyright 2016 American Chemical Society.
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process degrades the electrical properties of rGO film, and this is a
significant obstacle to practical applications of graphene as
transparent electrodes.

Chemical vapor deposition (CVD) can produce high-quality
graphene film of large area (Fig. 3c) [39]. CVD uses catalytic
transition metals such as Ni, Cu, and Pt. CVD growth of graphene
can be categorized into two mechanisms: i) carbon segregation
and precipitation and ii) surface growth according to carbon
solubility in metal catalysts [40]. Metal catalysts such as Ni that
have high solubility for carbon, absorb carbons that are released by
decomposition of hydrocarbon sources at high temperature
�1000 �C, then carbons precipitate on the metal surface and form
graphene upon cooling of the substrate. In contrast, catalytic
metals such as Cu that have low solubility for carbon enable surface
growth of graphene; the adsorbed hydrocarbon sources decom-
pose on the surface of the metal at high temperature. Nucleation
and continuous growth allow formation of large-area SLG on the
catalyst. After the catalytic metals are chemically etched away, the
graphene can be transferred onto the target substrate.

Roll-to-roll production of 30-inch scale SLG film has been
achieved using CVD on copper foil as a large-area metal catalyst by
S. Bae et al.; chemical doping of SLG resulted in low Rsh� 125 V/sq
with T = 97.4% [34]. Stacking of SLG further reduced Rsh to
�30 V/sq, but retained T � 90%, which is comparable to T of an
ITO electrode. Use of CVD may be the most practical way to achieve
large-scale growth of high-quality graphene for flexible electron-
ics.

2. Inherent limitations of materials

2.1. Indium-tin-oxide

ITO has high electrical conductivity and high T for visible light,
and therefore has been an essential component in optoelectronic
devices such as liquid crystal displays (LCDs), touch panels, OLEDs,
and OSCs for several decades. ITO film is fabricated by high-
vacuum sputtering, and the most-frequently-used ITO film is
composed of In2O3 doped with 10% SnO2; substitution of Sn4+ for
In3+ increases electron density in the film; therefore ITO has low
resistivity (<10�3V/cm) and high electrical conductivity
(�10 V/sq) [8]. Metal ion substitution into ITO requires high
energy, so high-temperature annealing (>300 �C) should be applied



Fig. 2. (a) Effect of number (1, 2) of graphene layers on optical transmittance, (b) Effect of the number of graphene layers on transmittance of white light. Reproduced from
[31] Copyright 2008, American Association for the Advancement of Science, (c) Effect of carrier density on carrier mobility in suspended graphene-based device. Reproduced
from [3] Copyright 2008, Elsevier, (d) Change in resistance of graphene film produced by roll-to-roll process as a function of strain. Reproduced from [34] Copyright 2010,
Nature Publishing Group.
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to obtain crystalline ITO film that has high electrical conductivity
[9]. However, high-temperature annealing is not suitable for
plastic substrates which have low thermal resistance.

Several factors are driving the need to find a replacement for
ITO electrodes. The cost of ITO is increasing due to depletion of raw
materials used in its fabrication. Mechanical stress drastically
decreases the electrical conductivity of ITO films because
crystalline ITO is easily cracked by mechanical strain >1%
(Fig. 4a,b) [10,11,42]. Initiated small cracks propagate as bending
or tensile stress increases; they join together to form larger cracks,
which cause delamination of ITO films from the plastic substrate
[10,11]. ITO is also chemically unstable; this is a major problem for
organic electronic devices. ITO is very vulnerable under acidic
atmosphere. An acidic aqueous solution of PEDOT:PSS can easily
etch ITO electrodes, and release metal atoms into overlying layers.
M. P. de Jong et al. reported that the interface between ITO and
PEDOT:PSS is not stable, and demonstrated instability of ITO by
Rutherford backscattering studies [43]. Spin-coating of PEDOT:PSS
solution immediately diffuses 0.02 at.% of In into PEDOT:PSS layer,
and thermal annealing of the film at 100 �C increases the In
concentration in the layer to 0.2 at.% (Fig. 4c). S. T. Lee et al. also
reported that device operation significantly increases the pene-
tration depth of metal atom diffusion even in OLEDs that do not
include an acidic polymer [44]. Electrical migration of In ions
reaches the cathode of OLEDs under device operation, and these
diffused metal atoms reduce the performances of OLEDs. K. W.
Wong et al. used self-assembled monolayer (SAM) on top of the ITO
anode to block detrimental reactions between ITO and PEDOT:PSS



Fig. 3. (a) Mechanical exfoliation of graphene using scotch tape (inset: single-layer graphene flake transferred to Si wafer). Reproduced from [35] and [26] Copyright 2012,
Nature Publishing Group and Copyright 2014, American Association for the Advancement of Science, (b) AFM image of chemically-exfoliated graphite oxide sheets on mica
substrate. Reproduced from [41] Copyright 2006, Nature Publishing Group, (c) Schematic illustration of growth, etching, transfer process of CVD-grown graphene.
Reproduced from [39] Copyright 2009, Nature Publishing Group.
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[45]. Passivation of ITO by using a short-chain alkylsiloxane SAM
effectively blocked etching and subsequent diffusion of metal
atoms from ITO into organic layers. By acting as charge traps and
exciton quenchers (or non-radiative recombination centers),
diffused metal species degrade charge injection, transport, and
electroluminescent properties in organic optoelectronic devices
(Fig. 4d) [12,44,46]. Therefore, chemical instability is also a major
impediment to use of ITO in flexible optoelectronics. ITO should be
replaced with alternative transparent conducting electrodes to
develop flexible optoelectronics because of its incompatible
fabrication process with plastic substrate, increasing cost, brittle-
ness, and release of metal species.

2.2. Graphene

Graphene has exceptional charge mobility, thermal conductiv-
ity, and ultra-high mechanical strength. However, pristine
graphene has several drawbacks that impede its practical



Fig. 4. (a) Optical image of cracked ITO on PET substrate against 500,000 cycles of bending with 0.6% strain. Reproduced from [47] Copyright 2013, Elsevier, (b) Change in
resistance of ITO on PET as a function of strain (thickness of ITO: ^ 105, & 42, �16.8 nm) and strain-stress curve (dotted line). Reproduced from [11] Copyright 2000, American
Institute of Physics, (c) Depth profile of In content in PPV/PEDOT:PSS film exposed in air for 2 d measured by Rutherford backscattering. Reproduced from [43] Copyright 2000,
American Institute of Physics, (d) Electroluminescence output as a function of current density in OLEDs using (1) Alq3 (75 nm), (2) In-doped Alq3 (15 nm)/Alq3 (60 nm), (3) Alq3
(15 nm)/In-doped Alq3 (15 nm)/Alq3 (45 nm), and (4) Alq3 (50 nm)/In-doped Alq3 (15 nm)/Alq3 (10 nm). Reproduced from [44] Copyright 1999, American Institute of Physics.
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application as an electrode. Pristine graphene has higher Rsh > 300
V/sq and lower work function (WF) �4.4 eV than those of ITO
(�10 V/sq, 4.8 eV), and is therefore not appropriate for use as an
electrode in organic and organic-inorganic hybrid electronics. High
Rsh makes a device conduct or collect limited current at a given
applied bias, and low WF causes a large energy barrier (or offset)
between the anode and the overlying layer; as a result, hole
injection is reduced in OLEDs, and open circuit voltage is decreased
in OSCs. The changes reduce device efficiency compared with ITO-
based counterparts [12,48–50]. To overcome these disadvantages
of pristine graphene for practical applications, various doping
methods such as substitutional doping [51–55] and charge-
transfer doping [12,34,48,56–58] have been conducted on pristine
graphene to tailor its electrical properties.

Substitutional doping can alter the properties of graphene
[51–55]. Introducing hetero-atoms into the graphene lattice
substantially modifies its electronic structure, and thereby changes
various electrical properties including its zero bandgap, electrical
conductivity, and WF (Fig. 5a,b) [53,55,59,60]. N and B atoms are
similar in size to C atoms, and are therefore commonly used for
substitutional doping of graphene. Substitutionally-doped
graphene can be prepared by CVD using hetero-atom precursors.
N-doped graphenes are commonly synthesized by supplying
gaseous NH3 and CH4 as N and C sources, respectively [53].
Similarly, B-doped graphene can be synthesized using
B-containing precursors such as boronic acid [60]. Substitutional
doping provides precise modifications of electrical properties of
graphene, but disrupts its electronic nature, and therefore
seriously degrades its electrical conductivity [55,60].

Charge-transfer doping is another method to control the
electrical properties of graphene [12,34,48,56,61,62]. Electronic
charge transfer doping is spontaneously caused by difference
between Fermi energy level of graphene and electron affinity of
acceptor or ionization potential of donor molecule [57,63]. For
example, when the highest occupied molecular orbital (HOMO)
energy level of a semiconducting dopant is higher than the Fermi
energy level of graphene, the dopant donates its electrons to the
graphene, so its electron concentration increases. In contrast,
when semiconducting dopant material has lower lowest unoccu-
pied molecular orbital (LUMO) energy level than the Fermi energy
level of graphene, dopants withdraws electrons from graphene,
and its hole concentration increases (Fig. 6a) [57,63]. Also, when
the surface-adsorbed dopant molecule takes part in electrochemi-
cal redox reaction with graphene, electrochemical charge transfer
doping occurs, and it depends on reduction potential of dopant
molecules and Gibbs free energy of its reaction (Fig. 6b, c) [57,64].
Charge transfer doping is generally considered that a dopant with
electron donating group leads n-type doping, and that a dopant
with an electron-withdrawing group leads to p-type doping of
graphene when dopant molecules are adsorbed on the surface of



Fig. 5. (a) Schematic illustration of substitutionally n-doped graphene by CVD growth. Reproduced from [53] Copyright 2009, American Chemical Society, (b) Raman spectra
of substitutionally n-doped graphene by CVD and pristine graphene. Reproduced from [55] Copyright 2012, Nature Publishing Group, (c) Change in normalized sheet
resistance of HNO3-doped graphene as a function of time in ambient or vacuum condition, (d) AFM image of AuCl3-doped graphene surface. Reproduced from [12] Copyright
2012, Nature Publishing Group, (e) Contact angle of PEDOT:PSS on graphene. Reproduced from [68] Copyright 2013, American Chemical Society, (f) Optical microscopy image
of PEDOT:PSS coated on graphene. Reproduced from [69] Copyright 2015, Elsevier.
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Fig. 6. (a) Schematic illustration of charge transfer doping mechanism according to energy levels of semiconducting dopant materials, (b) p-type doping by reduction of p-
type dopant material, and (c) n-type doping by oxidation of n-type dopant material.
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graphene [65]. Electrostatic potential caused by dipole moment of
charge transfer complex between graphene and dopant molecule
induces a doping effect in graphene [66].

Graphene doping formed by spontaneous charge transfer does
not substantially change the electronic structure of graphene and
thus degrade its properties in graphene. Charge transfer doping of
graphene has been generally performed using various dopants
including inorganic acids and metal chlorides. Inorganic acids (e.g.,
HCl, HNO3, H2SO4) have been commonly used as p-type chemical
dopants for graphene because they can form charge transfer
complexes with graphene by withdrawing electrons from the
graphene, and increased hole concentration in graphene have
improved its electrical conductivity and its WF [12,34,67].
However, inorganic small-molecule dopants are highly volatile,
so they cannot provide sufficient doping stability in ambient
conditions; the Rsh of graphene doped by inorganic small-molecule
acid gradually increases in ambient condition (Fig. 5c) [12,48].
Metal chlorides have also been used as a charge-transfer p-type
dopant of graphene, and showed efficient p-type doping that
resulted in high electrical conductivity �30 V/sq and high WF
�5 eV [12,56]. However, reduction of the metal cations causes large
metal particles to form on the graphene surface (Fig. 5d). These
particles on graphene can protrude severely, and thus increase
electrical leakage or short current in thin-film devices [12]. Doping
of graphene with metal chloride can also cause noticeable
reduction in T; this is another disadvantage in opto-electronic
devices [56].

Graphene is hydrophobic, so aqueous solutions do not coat it
uniformly. Development of solution-processed flexible electronic
devices requires that this problem be solved (Fig. 5e,f). Complete
coverage on the graphene by an interfacial buffer layer is vital to
facilitate charge injection or extraction and to avoid local shorting
through the prominent surface on the electrode [20,68–72].
O2-plasma or ultraviolet-ozone surface treatment of graphene
can change its surface from hydrophobic to hydrophilic by
inducing formation of oxygen-containing functional groups, but
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these processes greatly degrade graphene’s electrical properties by
disrupting its sp2 hybridized carbon networks [49,73]. Therefore,
achievement of uniform coating of an interfacial layer on graphene
electrode requires development of surface modification methods
that do not influence graphene’s electrical properties.

3. Flexible light-emitting diodes using graphene

3.1. Requirements of electrode for OLEDs

OLEDs are composed of electroluminescent organic materials
sandwiched by two metallic electrodes. When a forward bias is
applied to the electrodes, holes and electrons are injected through
HOMO and LUMO energy levels of adjacent organic materials from
anode and cathode, respectively. Injected charge carriers are
transported to the electroluminescent organic emitting layer
(EML), where electrons and holes recombine; this process
generates light, which can exit from the device through a
transparent conducting electrode. Therefore, at least one electrode
should have high T to minimize optical light loss. Charge balance
strongly affects quantum efficiency of OLEDs, so efficient charge
injection from electrodes, and subsequent balanced charge
transport, are important to obtain highly-efficient and stable
OLEDs [74–78]. When an anode has low electrical conductivity,
current is limited at a given applied voltage, so luminous power
efficiency of OLEDs can be reduced. Also, when the anode has a low
WF, a large energy barrier forms between the anode and the
overlying organic layer; as a result, luminous current and power
efficiencies of OLEDs decrease. Because pristine graphene has
lower WF (�4.4 eV) than that of ITO (�4.8 eV), simple replacement
of ITO with graphene increases the energy barrier to hole injection
between anode and adjacent organic layer (>5.4 eV) in the OLED
(Fig. 7) [12,48–50]. For these reasons, the anode must have high
electrical conductivity and WF to minimize voltage drop at the
electrode, and to provide sufficient charge injection into the
overlying organic hole-transporting layer (HTL) or EML. To
actualize practical applications of flexible OLEDs, both electrodes
should tolerate a high degree of flexion without degradation of
electrical properties [12,79,80]. Additionally, the electrode should
have a smooth surface morphology to prevent local thinning,
which causes electrical leakage and short current in thin-film
devices [12,48].

Environmental stability of the electrode is also necessary for
practical applications of flexible OLEDs. OLEDs that use a polymeric
hole injection layer (HIL) on top of ITO have inefficient charge
injection and low device efficiency because the solution process to
Fig. 7. Schematic illustration of energy barrier for hole injection from ITO an
deposit the conventional acidic hole-injecting conducting polymer
(PEDOT:PSS) on ITO easily etches its surface and release metal
species (Section 2.1) [12,44,46]. Graphene doped with volatile
dopants is also unstable in ambient conditions [12,56,81,82].
Because electrical properties of doped graphene are gradually
degraded in ambient condition, this instability is a major
impediment to practical use of flexible OLEDs. Therefore, the
ideal flexible electrode should have good T, smooth surface,
flexibility, high electrical conductivity, appropriate WF, and high
environmental stability.

3.2. Solution-processed graphene electrodes

The first OLEDs that use a graphene anode were reported in
2010 [83]; the graphene anode was solution-processed graphene
film formed by spin-coating of a water-based dispersion of
functionalized graphenes. The solution-processed graphene film
was �7 nm thick, and had Rsh �800 V/sq and T �82%; this Rsh of
graphene film was much higher than the theoretical estimate,
because solution-processed graphene film incorporates numerous
grain boundaries and defects. The OLEDs used a device structure
[glass/graphene/PEDOT:PSS/N,N0-Di(1-naphthyl)-N,N0-diphenyl-
(1,10-biphenyl)-4,40-diamine (NPD)/tris-(8-hydroxyquinoline)alu-
minum (alq3)/LiF/Al]; the device that used graphene showed
higher operating voltage and lower luminous efficiency (�0.2% ph/
el, �0.3 lm/W) because the graphene anode has lower electrical
conductivity and WF than those of ITO (Fig. 8a, b). Layer-by-layer
assembly of rGO has also been used to precisely control thickness,
electrical conductivity, and T of graphene electrodes [84]. By
alternately depositing negatively-charged and positively-charged
rGO, a solution-processed graphene electrode was fabricated; it
had 2.5 kV/sq at T = 75% (�15 layers). Fluorescent OLEDs with rGO
anode showed maximum luminance �7800 cd/m2 and luminous
efficiency �0.1 cd/A [84]. Although layer-by-layer assembly
provides controllability of thickness, electrical, and optical
properties of graphene film, the process also yields higher Rsh,
lower WF, and lower T of graphene anode than those of ITO, thereby
degrading the luminous efficiencies of OLEDs.

A new way to produce a solution-processed graphene-
composite electrode for OLEDs was developed to achieve improved
electrical properties; the method entails oxidation of graphite to
GO, then use of a small-molecule surfactant (sodium dodecylben-
zene sulfonate, SDBS) to stabilize the GO and to achieve high
solubility (Fig. 8c) [85]. To increase the electrical conductivity of
graphene film, the modified GO solution is reduced using
hydrazine. Conventional methods typically result in GO that has
d pristine graphene to overlying hole transport layer or emitting layer.



Fig. 8. (a) Current density and luminance, and (b) External quantum efficiency as a function of voltage in OLEDs with solution-processed reduced graphene oxide anode and
ITO anode. Reproduced from [83] Copyright 2009, American Chemical Society, (c) Schematics of SDBS-graphene synthesis. Reproduced from [85] Copyright 2010, Wiley-VCH,
(d) Schematics of layer-by-layer assembly to form multilayered reduced graphene oxide film. Reproduced from [84] Copyright 2011, The Royal Society of Chemistry.
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limited size �200 nm to several micrometers [36,37]. The size of
resulting surface-functionalized graphene flakes was >10 mm,
which can enhance electrical properties of solution-processed
graphene networks. The composite electrode composed of PEDOT:
PSS and functionalized graphene has high electrical conductivity
(�105 S/m; �80 V/sq) with T � 79%. Improved electrical conduc-
tivity of graphene composite electrode increased
electroluminescent efficiency in fluorescent OLEDs [anode/
PEDOT:PSS/NPB/Alq3/LiF/Al] �3.9 cd/A over those with solution-
processed graphene electrodes. Multilayered graphene film was
also fabricated by alternate deposition of positively-charged and
negatively-charged GO, and N,N,N-trimethyl-1-dodecanaminium
bromide (CTAB) and SDBS were used as cationic and anionic
surfactants, respectively, to improve the quality of graphene film
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formed from GO dispersions [86] (Fig. 8d). N atoms in the CTAB
cause n-type doping of GO during its reduction. After reduction of
GO at 1000 �C, multilayered graphene film formed by 13 cycles of
deposition showed Rsh �298 V/sq at T = 60%. Fluorescent OLEDs
were fabricated with the multilayered graphene formed by the
layer-by-layer deposition [anode/PEDOT:PSS/NPB/Alq3/Liq/Al],
and showed slightly higher current efficiency �4.5 cd/A than
those with solution-processed graphene electrodes.

Solution processing of functionalized rGO has the advantage of
being compatible with mass production of graphene electrode, but
rGO film still includes numerous surface oxygen-containing
functional groups such as hydroxyl, carboxyl, and epoxy which
degrade electrical conduction of graphene film. Although methods
exist to increase the processability and controllability of graphene
film by solution process, OLEDs based on solution-processed
graphene anode have low device efficiency due to insufficient
electrical conductivity. Therefore, developments of methods to
reduce GO or to dope rGO to increase the electrical conductivity of
solution-processed graphene electrode are essential for practical
mass-production of graphene-based flexible OLEDs.
Fig. 9. (a) Schematic illustration of hole injection from graphene anode to overlying HTL 

potential, (b) Luminous power efficiencies of green phosphorescent OLEDs with graphene
OLED on a modified graphene anode. Reproduced from [12] Copyright 2012, Nature Pu
3.3. Surface modifications of graphene

3.3.1. Organic light-emitting diodes
A graphene electrode with high electrical conductivity that is

comparable to that of ITO is essential to achieve high efficiency in
flexible OLEDs. A CVD method can provide better film quality and
electrical conductivity of graphene than those of solution-
processed rGO, so flexible OLEDs that use a CVD-grown graphene
have been developed for high-efficiency flexible OLEDs. However,
because pristine graphene grown by CVD method also has
relatively high Rsh > 300 V/sq and low WF �4.4 eV compared with
ITO, OLEDs with pristine graphene cannot provide efficient hole
injection from the anode to overlying organic layers. Therefore, for
graphene to be useful as an anode in OLEDs, the electrical and
electronic properties of pristine graphene should be modified to
have lower Rsh and higher WF than pristine graphene does.

A multi-layered graphene was grown by CVD method using Ni
catalyst, then transferred to glass substrate from Si wafer by using a
poly(methyl methacrylate) (PMMA) supporter for an anode in
OLEDs [87]. The number of graphene layers grown by CVD method
through self-organized polymeric HIL that develops gradually-increasing ionization
 anode and ITO anode, (c) Large-area flexible solid-state-lighting device using white
blishing Group.



Fig. 10. (a) Schematic energy level diagrams of SLG anode/PEDOT:PSS/MoO3/CBP, (b) External quantum efficiency of green phosphorescent OLEDs with SLG and ITO.
Reproduced from [89] Copyright 2013, Nature Publishing Group, (c) Schematic illustration of graphene and MoO3 and their energy level alignment, (d) Current and power
efficiencies of green phosphorescent OLEDs with tri-layered graphene anode and ITO anode. Reproduced from [90] Copyright 2014, Nature Publishing Group.
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was �20, and the total thickness of the graphene film was �6–
7 nm. It had improved Rsh �310 V/sq and T �85% compared with
solution-processed graphene films because CVD-grown graphene
does not have numerous defect sites including oxygen-containing
functional groups [83–85]. However, phosphorescent OLEDs that
use a Ni-catalyzed-CVD-grown multilayered graphene anode
[Al/glass/multilayered graphene/V2O5/NPB/CBP: Ir(ppy)2(acac)/
Bphen/Bphen: Cs2CO3/Sm/Au] had still insufficient luminous
efficiencies �0.75 cd/A and 0.38 lm/W, which are much lower
than those of typical ITO-based devices. Although a 5-nm-thick
layer of V2O5 which can give high WF �5.4 eV was deposited
between anode and HTL (i.e., NPB) to increase the efficiency of hole
injection from the graphene anode, the multilayered graphene
grown using Ni catalyst had a rough surface which can cause
leakage current in the device [87]. Also, still high Rsh of
multilayered graphene (>300 V/sq) also could degrade electrical
properties and luminous efficiency of OLEDs because the device
structure was similar to that of recent work reported by A. Kuruvila
et al. which showed high luminous efficiency [88]. Therefore,
smooth surface and low Rsh of graphene electrode are crucial
prerequisites for practical application of graphene.

Effective surface modification of graphene was firstly achieved
by using multi-layered graphene formed by stacking of CVD-grown
SLGs [12]. To form high-quality and large-area multilayered
graphene films, SLG was grown by CVD using Cu foil as a catalyst,
then repeatedly transferred to polyethylene terephthalate (PET)
substrate. Chemical p-type dopants (HNO3, AuCl3) were used to
decrease the Rsh of pristine graphene. Four-layered p-doped
graphene film had greatly reduced Rsh �34 V/sq, which is
comparable to that of conventional ITO. To reduce the large
hole-injection energy barrier between low-WF graphene anode
and organic HTL (HOMO energy level �5.4 eV), we also used a self-
organized polymeric interfacial layer on top of the graphene anode.
The polymer composition HIL (GraHIL) which consists of PEDOT:
PSS and tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-
octenesulfonic acid copolymer (PFI) develops a gradually-increas-
ing ionization potential from the bottom to the top surface, and the
surface WF of the film reaches �5.95 eV (Fig. 9a). When pristine
graphene was modified with chemical dopant and GraHIL to have
high electrical conductivity and high WF, Ohmic contact formed
between graphene and organic HIL, which was demonstrated by
using dark-injection space-charge-limited-current measurement.
Due to the chemical inertness of graphene, a surface-modified
graphene anode could provide higher chemical stability and
superior hole injection than those of ITO anode. ITO can be easily
etched by acidic polymer dispersion (e.g., PEDOT:PSS) during
solution processing, and released metal (In and Sn) species can
diffuse into organic films of OLEDs and form charge trapping sites
and exciton quenching (or non-radiative recombination) centers
that degrade charge injection and transport, and electrolumines-
cent efficiency of OLEDs [44,46]. As a result, flexible phosphores-
cent OLEDs with the modified graphene anode had significantly
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higher luminous efficiencies (�98.1 cd/A, 102.7 lm/W) than those
of ITO anode (�81.8 cd/A, 85.60 lm/W) (Fig. 9b). Furthermore,
graphene-based flexible solid-state lighting devices using fluores-
cent white OLEDs were fabricated to show a potential application
of this graphene electrode (Fig. 9c). This work demonstrated a
crucial role of surface modification methods for high electrical
conductivity and work function, and that flexible OLEDs using
modified graphene anode can compete with devices that use
conventional ITO anode. Similar strategy using chemical p-type
dopant and interfacial layer to overcome large hole injection
energy barrier have also been used to develop efficient flexible
OLEDs using CVD-grown SLG anode [89]. Triethyloxonium hexa-
chloroantimonate (OA) which can form charge transfer complex
with graphene, was used as chemical p-type dopant; it reduced Rsh
of the SLG to >200 V/sq. PEDOT:PSS and transition metal oxide
(MoO3) were also used as an interfacial layer on top of the
graphene to achieve direct hole injection from graphene anode;
because MoO3 has very deep LUMO energy level �6.7 eV, holes can
be directly injected from OA-doped graphene/PEDOT:PSS into the
organic HTL (i.e., 4,40-bis(carbazol-9-yl)biphenyl (CBP)) through
the thin MoO3 layer (Fig. 10a). By surface modification of pristine
graphene, green phosphorescent OLEDs [graphene anode/PEDOT:
PSS/MoO3/MoO3 doped CBP/CBP:Ir(ppy)2(acac)/TPBI/LiF/Al]
showed high external quantum efficiency (EQE) > 20%, which
corresponds to �80 cd/A despite the use of only SLG in the OLEDs
(Fig. 10b); it also demonstrated the importance of effective
modification for graphene-based flexible OLEDs.
Fig. 11. Schematic illustrations of (a) exciton quenching by In and Sn, and (b) blocking
MAPbBr3/polymeric HIL measured by SIMS, (d) Electroluminescent spectra of PeLEDs w
Glass/HIL, four-layered graphene/HIL, and ITO/HIL, where Pb+ and CF+ represent MAPbBr
perovskite LEDs with graphene and ITO anode. Reproduced from [91] Copyright 2017, 
A surface modification method using transition metal oxide has
been newly proposed to p-dope graphene and reduce the energy
barrier for hole injection on graphene anode at the same time [90].
A thin MoO3 layer functions as a charge-transfer p-type dopant,
which increases WF of graphene by �0.25 eV and reduces Rsh of
few-layered CVD-grown graphene to <50 V/sq. Furthermore,
5-nm-thick MoO3 on the graphene formed a large interface dipole
that caused a downward shift of �1.9 eV in the vacuum level, so the
energy levels of the graphene anode and the overlying organic HTL
(i.e., CBP) match well (Fig. 10c). Phosphorescent green OLEDs with
a tri-layered graphene anode modified with transition metal oxide
(�70 V/sq) [anode/MoO3/MoO3:CBP/CBP/CBP:Ir(ppy)3/TPBI:Ir
(ppy)3/TPBI/LiF/Al] showed better luminous efficiencies (�60 cd/
A, 45 lm/W) than those with ITO anode (Fig. 10d). Also, various
kinds of transition metal oxides including WO3 and V2O5 can be
used in the same way [88]. Deposition of a thin WO3 or V2O5 layer
also provides p-type charge-transfer doping and efficient energy
level alignment for graphene anode at the same time. As a result,
SLG modified with a thin transition metal oxide layer showed �50%
reduction in Rsh to �300 V/sq, and phosphorescent OLEDs using 5-
nm-thick WO3 or V2O5 on top of graphene [graphene/transition
metal oxide/CBP:MoO3/CBP/CBP:Ir(ppy)3/TPBI/LiF/Al] had �75 lm/
W and 95 lm/W, respectively. Because the transition metal oxides
can be used as a p-type dopant that reduces high Rsh and alignment
of energy level for favorable hole injection from graphene anode, it
can be a good option to obtain an air-stable modified graphene
anode. However, the rough surface morphology and noticeable
 of exciton quenching in graphene based LEDs, (c) Depth profile of In+ and Sn+ in
ith graphene and ITO anode, (e) Time-resolved photoluminescence of MAPbBr3 on
3 and perfluorinated ionomer in polymeric HIL, respectively, (f) Current efficiency of
Wiley-VCH.



Table 1
Chemical structure and p-type doping effect depending on p-type chemical dopant materials.

Dopant Chemical
structure

Graphene Rsh
a

[V/sq]
WFb[eV] Raman shift

[cm�1]
Charge
concentration
[cm�2]

Ref.

Nitric acid Four-layered CVD-grown (Cu)
graphene

212 to 84 4.4 to 4.61 G:1592 to
1596
2D:2679 to
2685

– [48]

Gold chloride AuCl3 Four-layered CVD-grown (Cu)
graphene

87 to 34 4.4 to 5.07 – – [12]

Gold chloride AuCl3 Multilayered rapid thermal CVD-
grown (Ni) graphene

201 to 149 4.5 to 4.8 G:1589 to
1594

2.4 �1013 [64]

Iridium chloride IrCl3 Few layered CVD-grown (Cu)
graphene

600 4.2 to 4.7 G: +12.5 – [102]

Molybdenum chloride MoCl3 Few layered CVD-grown (Cu)
graphene

720 4.2 to 4.6 G: +6.5 – [102]

Osmium chloride OsCl3 Few layered CVD-grown (Cu)
graphene

700 4.2 to 4.5 G: +5.4 – [102]

Palladium chloride PdCl2 Few layered CVD-grown (Cu)
graphene

520 4.2 to 4.7 G: +8.2 – [102]

Rhodium chloride RhCl3 Few layered CVD-grown (Cu)
graphene

620 �4.2 to
�5.14

G: +7.1 – [102]

Triethyloxonium
hexachloroantimonate (OA)

Et3O+SbCl6� Single-layer CVD-grown (Cu)
graphene

�1000 to
<200

4.7 to 5.1 G:1591 to
1608
2D:2680 to
2697

2 � 1013 [89].

Molybdenum trioxide MoO3 Few layered CVD-grown (Cu)
graphene

<50 increase by
�0.25

– – [90]

Tungsten trioxide WO3 Single-layer CVD-grown (Cu)
graphene

<300 increase by
�0.2

– – [103]

9,10-dibromoanthracene (An-Br) Mechanically exfoliated graphene – – G: upshift
2D: upshift

– [104]

Tetracyanoquinodimethane
(TCNQ)

Few layered CVD-grown (Cu)
graphene

850 to 140 5.0 to 5.2 G: +6
2D: +6.1

2.3 �1013 [105]

Tetrafluoro-
tetracyanoquinodimethane (F4-
TCNQ)

Epitaxial graphene on 6H-SiC – increase by
�1.3

– – [106]

2,3-Dichloro-5,6-dicy
anobenzoquinone (DDQ)

Multilayered rapid thermal CVD-
grown (Ni) graphene

201 to 190 4.5 to 4.7 G:1589 to
1591

2.0 � 1013 [64]

tetrasodium 1,3,6,8-
pyrenetetrasulfonic acid (TPA)

Mechanically exfoliated graphene – – G: upshift
2D: upshift

– [104]

Bis(trifl uoromethanesulfonyl)
amide (TFSA)

Five-layered CVD-grown (Cu)
graphene

240 to 90 4.4 to 5.1 G: 1588 to
1611
2D: 2676 to
2692

9.9 � 1013 [81,101]

Trifluoromethane sulfonic acid
(TFMS)

Four-layered CVD-grown (Cu)
graphene

212 to 63 4.4 to 5.23 G: 1572 to
1610
2D: 2676 to
2692

– [48]

a Rsh: sheet resistance.
b WF: work function.
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decrease in T caused by deposition of transition metal oxides on
graphene must be solved to enable practical applications of
graphene anode.

3.3.2. Organic-inorganic hybrid perovskite LEDs
Surface-modified graphene has also been used as the anode in

flexible organic-inorganic hybrid perovskite LEDs (PeLEDs) [91].
PeLEDs have high color purity, low fabrication cost, and easily-
tunable color. However, organic/inorganic hybrid perovskite
intrinsically has small exciton binding energy <100 meV and long
exciton diffusion length >1 mm, so excitons can be easily
dissociated; as a result, electroluminescence (EL) is very weak at
room temperature [92–97]. Especially, metal species that have
diffused from the ITO anode into the organic layer severely
influence excitons formed in the perovskite emitter due to its long
exciton diffusion length. In contrast, the graphene anode is
chemically inert and therefore does not release any species that
can act as exciton quenchers or non-radiative recombination
centers; therefore, graphene anodes can increase the EL of organic/
inorganic hybrid perovskite substantially (Fig. 11a,b). Four-layer
graphene grown by CVD with Cu catalyst was used as a flexible
anode, and successively p-type doped with HNO3 to reduce Rsh of
pristine graphene to �84.2 V/sq. A self-organized polymeric HIL
that had high surface-ionization potential �6.0 eV was also used to
minimize the energy barrier to hole injection from the graphene
anode (�4.4 eV) to the perovskite emitting layer that has deep
valance-band maximum �5.9 eV [4LG/HIL/MAPbBr3/2,20,20 0-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole (TPBi)/LiF/Al].
Metal (In and Sn) species diffused to the perovskite emitting layer
through the polymeric layer from ITO anode, which was
investigated by time-of-flight secondary ion mass spectrometry
(Fig. 11c). Metal species that diffuse into the perovskite emitting
Fig. 12. (a) Schematic illustration of interlayer doping and last-layer doping with nitric 

graphene layers for interlayer doping and last-layer doping. Reproduced from [82] Copy
doping with gold chloride for multilayered graphene, (d) Sheet resistance change as a fun
Copyright 2010, American Chemical Society.
layer clearly form exciton quenching sites or non-radiative
recombination centers: PL exciton lifetime was longer in the film
with the chemically-inert graphene anode than in the ITO anode
(Fig. 11d). As a result, graphene-based flexible perovskite LED
showed maximum current efficiency �18.0 cd/A, which was much
higher than that with ITO anode (�10.6 cd/A) (Fig. 11e). This work
shows obvious advantage of chemically inert graphene electrode in
perovskite LEDs.

3.4. Air-stability for graphene

The shortcomings of pristine graphene such as low electrical
conductivity and low WF can be solved by using graphene doping
or interfacial layers (Section 3.3), but in ambient condition Rsh of
graphene doped by volatile chemical dopants gradually increases
over time. Production of flexible electronics will not be practical
until this problem is solved [48,56,81,82]. Therefore, the doping
stability of graphene in ambient condition is also an essential
requirement.

Many p-type dopant materials have been used to reduce Rsh and
increase WF, and their chemical structures and doping effects are
summarized in Table 1. HNO3 is widely used as a p-type dopant for
graphitic materials such as graphite, carbon nanotubes and
graphene. HNO3 forms a charge-transfer complex with carbon
materials by withdrawing electrons from graphene according to
the reaction [98]:

6HNO3 þ 25C ! Cþ
25NO

�
3 �4HNO3 þ NO2 þ H2O

By forming a charge transfer complex with graphene, doping
with HNO3 increases carrier concentration in graphene and
reduces Rsh of graphene. However, this inorganic molecular dopant
tends to gradually increase Rsh of HNO3-doped graphene because
acid for multilayered graphene, (b) Sheet resistance as a function of the number of
right 2010, American Chemical Society, (c) Schematic illustration of layer-by-layer
ction of time for layer-by-layer doping and top-layer doping. Reproduced from [56]
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highly-volatile HNO3 evaporates in ambient condition. Layer-by-
layer doping methods for multilayered graphene films have been
tried to improve doping stability of conventionally-used inorganic
p-type dopants such as HNO3 and AuCl3 in ambient condition
[56,82]. CVD-grown SLGs were repeatedly doped after each SLG
layer was stacked (i.e., interlayer doping), but it showed only slight
change of electrical conductivity in eight-layered graphene film
�90 V/sq, which is similar to that with conventional HNO3 doping
(i.e., last-layer doping) (Fig. 12a, b); these results can attribute to
intercalation of HNO3 in graphene layers into the graphene stacks
Fig. 13. (a) Change in resistance of TFSA-doped graphene as a function of time (inset: mo
Current efficiency of polymer LEDs with TFSA-doped, pristine five-layered graphene, and
electrostatic potential and the most stable adsorption position of TFMS-doped graphene, 

(e) Current density, (f) Current efficiency of green phosphorescent OLEDs with ITO, ultr
Reproduced from [48] Copyright 2016, Wiley-VCH.
during last-layer doping of multilayered graphene, and volatile
HNO3 could already evaporate before stacking of next layer [82].

AuCl3 is an effective p-type dopant for a graphene, but is also
unstable in ambient conditions. Layer-by-layer doping of multi-
layered graphene using AuCl3 to improve environmental doping
stability has also been tested [56]. Stacked four-layered CVD-
grown graphene film doped with layer-by-layer method showed
significant reduction of Rsh from �313 V/sq to 58 V/sq, but the
final resistance was not noticeably different from that obtained
using last-layer doping (�68 V/sq). AuCl3 dissolved in a solvent
lecular structure of TFSA). Reproduced from [81] Copyright 2011, IOP Publishing, (b)
 ITO anode. Reproduced from [101] Copyright 2013, Wiley-VCH, (c) Planar average of
(d) Change in sheet resistance of TFMS-doped and HNO3-doped graphene over time,
a-violet ozone surface-treated ITO, pristine graphene, and TFMS-doped graphene.
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such as nitromethane, which a poor coordinating solvent, would
withdraw electrons from graphene according to following
reactions [67,99]:

2Graphene þ 2AuCl3 ! 2Grapheneþ þ AuCl�2 AuI� �

þ AuCl�4 AuIII� � ð1Þ

3AuCl�2$2Au0 # þAuCl�4 þ 2Cl� ð2Þ
During these reactions, AuIII is reduced to AuI, then uncoordi-

nated AuI forms Au0, AuClIII, and Cl�. In the presences of excess
AuCl3, Cl– coordinates according to the reaction:

Cl� þ AuCl3 ! AuCl�4 ð3Þ
Two possibilities may explain the increase in Rsh of AuCl3-doped

graphene in ambient condition: evaporation of volatile solvent that
Table 2
Chemical structure and n-type doping effect depending on n-type chemical dopant ma

Dopant Chemical
structure

Graphene 

Hydrazine Single-layer CVD
(Cu) graphene

4-(2,3-Dihydro-1,3-dimethyl-1H-
benzimidazol-2-yl)-N,N-
dimethylbenzenamine (N-DMBI)

Single- and doub
CVD-grown (Cu)

Decamethylcobaltocene (DMC) Single- and doub
CVD-grown (Cu)

1,5-naphthalenediamine (Na-NH2) Mechanically exf
graphene

9,10-dimethylanthracene (An-CH3) Mechanically exf
graphene

ethylene diamine (EDA) Single-layer CVD
(Cu) graphene

diethylene triamine (DETA) Single-layer CVD
(Cu) graphene

triethylene tetramine (TETA) Single-layer CVD
(Cu) graphene

1,10 dibenzyl-4,40-bipyridinium dichloride (BV) Multilayered rap
CVD-grown (Ni) 

Titanium suboxide TiOx Single-layer CVD
(Cu) graphene

Cesium carbonate Cs2CO3 Single-layer CVD
(Cu) graphene

Zinc oxide ZnO Three-layered CV
(Cu) graphene

a Rsh: sheet resistance.
b WF: work function.
has p-doping effect itself, and the hygroscopic nature of Cl–

[67,100]. Although the layer-by-layer doping method using AuCl3
reduced the change in Rsh of doped multilayered graphene in
ambient condition, Rsh still gradually increased over time (Fig. 12c,
d). Therefore, practical production of graphene electrode requires
development of novel air-stable doping methods that do not use
conventional volatile chemical dopants. Additionally, high electri-
cal conductivity and high WF given by single chemical doping are
sought as ideal requirements for graphene anode.

S. Tongay et al. reported air-stable p-type chemical doping using
bis(trifluoromethanesulfonyl) amide (TFSA, [CF3SO2]2NH), which
is also used to p-dope carbon nanotubes [81]. The TFSA is an
electron-acceptor due to electronegative elements in the molecule,
so TFSA showed a p-type doping effect on pristine graphene. This
doping method reduced Rsh of SLG by �70% (to �129 V/sq), but
only decreased T by �3% (Fig. 13a). TFSA includes hydrophobic
terials.

Rsh
a

[V/sq]
WFb [eV] Raman

shift
[cm�1]

Dirac
Point shift
[V]

Charge
concentration
[cm�2]

Ref.

-grown – 4.27 G: 1581 to
1577
2D: 2664
to 2679

50 to �55 – [111]

le-layer
 graphene

– decrease
by �0.2

2D: 2687
to 2682

95 to
�140

– [62]

le-layer
 graphene

– 4.3 to
3.53

G shift: 5
2D shift:
�6

– – [61]

oliated – – G:
downshift
2D:
upshift

�98 – [104]

oliated – – G:
downshift
2D:
upshift

�20 – [104]

-grown – – G: 1589 to
1590

1.4 to
�126

9 � 1012 [112]

-grown – – G: 1589 to
1593.

1.4 to
�166

1.2 �1013 [112]

-grown 98 – G: 1589 to
1596

1.4 to
�192

1.4 �1013 [112]

id thermal
graphene

260 4.5 to 4.0 G: 1589 to
1587

– 2.1 �1013 [64]

-grown – 4.68 to
4.33

2D: 2644
to 2632

10 to �76 – [121]

-grown �1300
to �250

4.6 to 3.6 G shift: 18 – 2.2 � 1013 [115]

D-grown – – G: 1584 to
1593

50 to �60 – [72]
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fluoromethane, and therefore maintains doping stability for a long
time in ambient condition; e.g., the reduced Rsh of TFSA-doped
graphene has been maintained for more than two weeks in air [81].
D. Kim et al. used TFSA to p-dope the graphene anode for polymer
LEDs [101]; TFSA was spin-coated on a five-layered graphene
anode formed by stacking SLGs grown by CVD; this process
reduced Rsh to �90 V/sq and retained T � 88%. PLEDs with TFSA-
doped graphene anode showed lower operating voltage and higher
luminous efficiencies (�9.6 cd/A, 10.5 lm/W) than those with
pristine graphene (�5.9 cd/A, 5.2 lm/W); this difference can
attribute to reduced Rsh and the increased WF of TFSA-doped
graphene (Fig. 13b). Trifluoromethanesulfonic acid (TFMS,
CF3SO3H) is a strong monoprotonic organic acid; T.-H. Han et al.
reported air-stable p-type chemical dopant that hugely improves
electrical conductivity, WF, and air-stability of graphene at the
same time (Fig. 13c) [48]. Solution-processed doping using TFMS
greatly reduced Rsh of four-layered graphene by �70% to �63 V/sq,
and increased its WF by �0.83 eV; in contrast, doping with
conventional inorganic acid (i.e., HNO3) decreased graphene’s Rsh
by �63% to �84 V/sq and increased its WF by only �0.21 eV. TFMS-
Fig. 14. (a) Energy level diagram, and (b) Luminous current efficiency of inverted polym
from [114] Copyright 2012, American Chemical Society (c) Device architecture of standar
quantum efficiencies of single and tandem OLEDs with four-layered graphene anode R
doped graphene has maintained its reduced Rsh for more than two
weeks in ambient condition (Fig. 13d). In contrast, HNO3-doped
graphene showed steep increase in Rsh within 3 d. The non-planar
configuration of TFMS enables its acidic proton to bind closely and
tightly to graphene with higher binding energy (��0.5 eV) than
that of HNO3 (��0.3 eV), and thereby to increase the p-type doping
effect and air-stability of TFMS-doped graphene (Fig. 13c) com-
pared to that of (planar) HNO3. TFMS-doped graphene with
increased electrical conductivity (�63 V/sq) and WF (�5.23 eV)
was used to fabricate phosphorescent OLEDs that did not include a
specially-developed HIL [anode/N,N’-diphenyl-N,N’-bis-{4-(phe-
nyl-m-tolyl-amino)-phenyl}-biphenyl-4,40-diamine (DNTPD)/
TAPC/TCTA:Ir(ppy)2(acac)/CBP:Ir(ppy)2(acac)/TPBI/LiF/Al]. This
OLED had higher luminous efficiencies (�104.1 cd/A, 80.7 lm/W)
and lower operating voltage than those with ITO (�84.8 cd/A,
73.8 lm/W) (Fig. 13e,f). These studies have demonstrated that
chemical dopants such as TFSA and TFMS which give stronger
binding with graphene and hydrophobic nature provide not only
improved electrical conductivity, WF, but also doping stability in
ambient conditions.
er LEDs with n-doped graphene, reduced graphene, and FTO cathode. Reproduced
d single and tandem green phosphorescent OLEDs on graphene anode, (d) External
eproduced from [79] Copyright 2016, Nature Publishing Group.
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3.5. Device architectures of OLEDs on graphene

Standard structured OLEDs generally include low-WF metal
such as Ca, Ba, or its derivatives such as LiF under a metal cathode.
These materials are easily oxidized, and their devices can be
chemically unstable in air. Inverted structured OLEDs generally use
a metal oxide electron injection or transporting layer (e.g., ZnO,
TiO2) instead of low-WF metals [107]. Therefore, inverted OLEDs
have been developed to improve operational stability of OLEDs.
Inverted OLEDs also can be fabricated using graphene as a cathode.
To use graphene as a cathode, the graphene must be n-doped to
reduce the energy barrier to electron injection into LUMO energy
level of the overlying electron-transport layer (ETL).

Various kinds of n-type dopant materials and their doping
methods have been developed to control electrical and electronic
properties of pristine graphene (Table 2) [61,62,64,104,108–111]. n-
Type dopant materials donate electrons to graphene. When
ionization potential of dopant is higher than Fermi energy level
of graphene, electrons are spontaneously transferred to graphene
[57,62,63,108,109]. Also, when dopant material that has low (more
negative) reduction potential (i.e., tendency to lose electron) is
adsorbed on graphene, dopant is oxidized by reducing graphene
[57,64]. Inorganic hydrazine (N2H4) have been widely used for
reduction of GO and n-type dopant for graphene [110,111]. In
Fig. 15. (a) Calculated optical out-coupling efficiencies of OLEDs with graphene and ITO a
electrode architecture sandwiching graphene with high-refractive-index TiO2 and low
architectures, (d) External quantum efficiency of green phosphorescent OLEDs with gr
device). Reproduced from [80] Copyright 2016, Nature Publishing Group.
hydrazine, NH2 which is an electron-donating group causes it to
bond to graphene; the result is an increase in electron density
(n-type doping). In addition, hydrazine introduces nitrogen atoms
into graphene; this process can also increase the number of free-
electron charge carriers [111]. 4-(1,3-dimethyl-2,3-dihydro–1H
�benzoimidazol-2-yl (N-DMBI) is an effective n-type dopant for
graphene [62,108,109]. Thermal annealing makes N-DMBI release
hydrogen atoms and become radical. The radical has very high
singly-occupied molecular orbital (SOMO) of �2.36 eV, and thus
donates electrons to graphene to yield strong n-type doping
[62,108,109]. Similarly, metallocenes that have low ionization
energy can be effective n-type dopants for graphene. Decame-
thylcobaltocene (DMC) has a low ionization energy of 3.3 eV and
rich p-electrons that can stably interact with the graphene lattice.
Therefore, DMC gives strong n-type doping effect on graphene due
to easy electron transfer from DMC to graphene [61]. Aromatic
molecules such as 1,5-naphthalenediamine (Na-NH2) and
9,10-dimethylanthracene (An-CH3) can also give stable binding
by strong p – p interactions of aromatic rings between dopant
materials and graphene, and an electron donating group in dopant
materials increases electron density in graphene (i.e., n-type
doping) [104]. Ethylene amines also act as n-type dopant materials
for graphene, and n-type doping of graphene depends on the
number of amines because the amine functional group is an
node. Reproduced from [94] Copyright 2012, Elsevier, (b) Device structure of flexible
-refractive-index HIL, (c) Electromagnetic field intensity according to electrode
aphene, TiO2/graphene, and ITO anode (L: hemispherical lens, M: multi-junction
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electron donor: the amount of electrons donated from dopant
molecules increases according in the order ethylene diamine
(EDA) < diethylene triamine (DETA) < triethylene tetramine (TETA)
[112].

The reduction potential of dopant materials is an important
parameter for determining doping type and doping concentration
of graphene [64]. 1,1’dibenzyl-4,40-bipyridinium dichloride (BV)
has negative reduction potential (�1.12 V) while p-type dopant has
positive reduction potential (e.g., AuCl3: 1.51 V [113]), and thus
reduction from BV2+ to BV0 is not spontaneous reaction. Therefore,
BV0 can be used to n-dope graphene. BV0 is stabilized by donating
electrons to graphene, so electron density in graphene increases.
[64] Various kinds of n-type dopant materials and their n-type
doping effects are summarized in Table 2.

J. O. Hwang et al. used chemically- and thermally n-doped rGO
film as a transparent cathode in inverted polymer LEDs [114]. GO
solution was produced using a modified Hummers method, spin-
coated on substrate, chemically reduced by exposure to N2H4

vapor, then thermally annealed at 750 �C in H2/NH3 gas mixture. A
4-nm-thick n-doped rGO film showed reduced Rsh �300 V/sq and
WF �4.25 eV at T = 80% (Fig. 14a). An inverted polymer LED that
used the n-doped rGO cathode [graphene/ZnO/Cs2CO3/F8BT/
MoO3/Au] also showed lower operating voltage and higher current
efficiency (�7.0 cd/A) than did conventional rGO (�4.0 eV)
(Fig. 14b). Cesium carbonate (Cs2CO3) was used to enable effective
Table 3
Summary of electrical and luminous characteristics in LEDs depending on type of grap

Graphene Dopant/Interlayer Rsh
a

[V/sq]
WFb

[eV]

rGO -/- 800 – 

Layer-by-layer assembled
multilayered rGO

-/- 2500 – 

Functionalized rGO/PEDOT:PSS
composite

-/- 80 – 

Layer-by-layer assembled
multilayered rGO

-/- 298 – 

Multilayered CVD-grown (Ni)
graphene

-/V2O5 310 5.4 

Four-layered CVD-grown (Cu)
graphene

HNO3 or AuCl3/ self-organized
polymeric layer

34 5.95

Four-layered CVD-grown (Cu)
graphene

HNO3/ self-organized polymeric
layer

84.2 5.95

Single-layer CVD-grown (Cu)
graphene

OA/ PEDOT:PSS/MoO3 200 5.1 

Tri-layered CVD-grown (Cu)
graphene

MoO3 70 4.7 

Single-layer CVD-grown (Cu)
graphene

WO3 300 – 

V2O5 – – 

Five-layered CVD-grown (Cu)
graphene

TFSA /PEDOT:PSS 90 5.1 

Four-layered CVD-grown (Cu)
graphene

TFMS/- 63 5.23

N-doped rGO Hydrazine and thermal annealing
with NH3/ ZnO

300 4.25

Single-layer CVD-grown (Cu)
graphene

Bphen:Cs2CO3 250 3.6 

Four-layered CVD-grown (Cu)
graphene

HNO3/ self-organized polymeric
layer

58.3 5.95

Four-layered CVD-grown (Cu)
graphene

TiO2/HNO3-doped/ self-organized
polymeric layer

92.5 5.95

a Rsh: sheet resistance.
b WF: work function.
c Max. CE: maximum current efficiency.
d Max. PE: maximum power efficiency.
e Max. EQE: maximum external quantum efficiency.
f High refractive glass and lens.
g Hemispherical lens.
charge-transfer n-type doping of graphene for cathode application
[115]. n-Type doping of graphene is caused by large WF difference
between alkali metal and graphene. CsCO3 is thermally decom-
posed into metallic Cs during thermal evaporation; as a result, Cs
atoms adsorb to graphene. Cs has a much lower WF �1.8 eV than
does graphene, so electron transfer is effective. [116,117] C.
Hartwigsen et al. also identified that 6s electrons in the Cs atom
are transferred to p* states of graphite in study on alkali-graphite
intercalation. [118] To increase doping stability, highly-reactive
Cs2CO3 was embedded in the organic matrix of the electron-
transporting material (bathophenanthroline (Bphen)) on the
graphene. When Bphen: Cs2CO3 was co-evaporated on SLG, Rsh
and WF were reduced to 250 V/sq and �3.6 eV respectively; these
changes facilitated electron injection from the graphene cathode
into the overlying ETL. Because of the reduced Rsh and WF of n-
doped graphene, inverted phosphorescent OLEDs fabricated on the
n-doped graphene cathode [graphene/Bphen:Cs2CO3/TPBI/CBP:Ir
(ppy)3/CBP/MoO3/Al] showed similar operating voltage and higher
luminous efficiencies (�40 cd/A, 27 lm/W) than OLEDs with ITO
(�37 cd/A, 24 lm/W).

Stacking of two EL units on a graphene anode improves the
efficiency and minimizes efficiency roll-off in OLEDs [119,120]. The
bottom and top EL units emit light simultaneously, so tandem
OLEDs can emit the same luminance at lower current density
compared with single-unit OLEDs. Because decreased current
hene electrode, surface modification, and device structure.

Type Max. CEc

[cd/A]
Max.
PEd

[lm/
W]

Max.
EQEe [%]

Color Ref.

Fluorescent OLED – 0.3 0.2 green [83]
Fluorescent OLED 0.1 – – green [84]

Fluorescent OLED 3.9 – – green [85]

Fluorescent OLED 4.5 – – green [86]

Phosphorescent OLED 0.75 0.38 – green [87]

 Phosphorescent OLED 98.1 102.7 – green [12]

 Perovskite LED (MAPbBr3) 18.0 – 3.8 green [91]

Phosphorescent OLED
(HLf)

80
(250)

–

(160)
20
(60)

green [89]

Phosphorescent OLED 60 45 green [90]

Phosphorescent OLED – 75 – green [88]
Phosphorescent OLED – 95 – green
Fluorescent Polymer LED 9.6 10.5 – yellow [101]

 Phosphorescent OLED 104.1 80.7 – green [48]

 Fluorescent Inverted
Polymer LED

7.0 – – green [114]

Phosphorescent Inverted
OLED

40 27 – green [115]

 Phosphorescent Tandem
OLED (HSg)

205.9
(396.4)

– 45.2
(87.4)

green [79]

 Phosphorescent OLED
(HSg)

168.4
(257.0)

160.3
(250.4)

40.8
(64.7)

green [80]

Phosphorescent Tandem
OLED (HSg)

– 120.8
(183.5)

62.1
(103.2)

green
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density and exciton population in tandem OLEDs can effectively
reduce triplet-triplet annihilation and triplet-polaron annihilation,
this stacking of EL units can significantly increase current
efficiency and external quantum efficiency, and minimize efficien-
cy roll-off.
Fig. 16. (a) Effect of bending radius on electrical resistance of graphene on PDMS/PET sub
current density of flexible tandem OLEDs with graphene anode as a function of (b) Bendin
2016, Nature Publishing Group, (d) Change in resistance of IZO, graphene, and TiO2/
characteristics according to bending cycles with radius of curvature �2.3 mm, (f) Change i
strain. Reproduced from [80] Copyright 2016, Nature Publishing Group.
T.-H. Han et al. developed tandem device architecture for
flexible OLEDs on graphene anode [79]. This design was achieved
by including Li3N that is low-temperature evaporable n-type
dopant for organic materials in charge-generation layer (CGL)
[2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP):
strate. Reproduced from [39] Copyright 2009, Nature Publishing Group, Normalized
g cycles with �1.33% strain and (c) bending strain. Reproduced from [79] Copyright
graphene as a function of bending strain, (e) Luminance versus current density
n resistance of graphene and TiO2/graphene as a function of bending cycles with �4%
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Li3N/MoO3/TAPC]. This architecture was developed to effectively
stack EL units and to enhance compatibility with plastic substrates
of flexible OLEDs (Fig. 14c). Flexible tandem OLEDs with graphene
anode had very high device efficiencies (�205.9 cd/A, 45.2%) and
minimized efficiency roll-off (�6.6% decrease to emit 10,000 cd/
m2) compared with those of single OLEDs (�120.8 cd/A, 32.7%, and
32.6% decrease to emit 10,000 cd/m2). Furthermore, introduction
of a hemispherical lens that increases light out-coupling from the
device increased its efficiencies to �396.4 cd/A and 87.4%, with
efficiency roll-off of only �3.8% to emit 10,000 cd/m2 (Fig.14d). The
studies on device architecture of graphene-based OLEDs that
improve device efficiency and stability should continue for
practical application of flexible OLEDs.

3.6. Optical outcoupling of OLEDs on graphene

Light outcoupling is one of the most important factors that
determine efficiency in OLEDs. The outcoupling efficiency of OLEDs
is generally limited close to 30% when internal quantum efficiency
is close to 100%. The low outcoupling efficiency is mainly due to
waveguided light losses between layers and confined light at the
substrate/air interface due to large difference in refractive indices
of layers in OLEDs (norg� 1.75, nITO� 1.8, nsub� 1.4) [122].
Understanding light outcoupling of graphene-based OLEDs is
one of the most important topics to improve electroluminescent
efficiency in flexible OLEDs. J. Wu et al. demonstrated that OLEDs
with graphene anode have comparable optical performances to
control devices on ITO [83]. For a given OLED structure [ITO
(130 nm) or graphene (7 nm)/PEDOT:PSS/NPB/Alq3/LiF/Al], the
fraction of photons that outcouple into air from devices with a
graphene anode was comparable with that fraction in devices with
ITO, and angular emission profiles of both types of OLEDs were
nearly Lambertian. However, the fraction of power emitted as a
function of wavelength and normalized wave vector differed:
OLEDs with a thin graphene electrode had lower light loss to
waveguide mode than did OLEDs with ITO anode. Theoretical
analysis using the classical electromagnetic model of light
outcoupling from green phosphorescent OLEDs that use graphene
or ITO anode [anode/CBP: mCP: Ir(ppy)3/Al] suggested that
outcoupling efficiency varies with thickness of anode and organic
layers in OLEDs [94,123]. Because ITO has higher refractive index
(1.8 � n � 2.1) than typical organic materials (1.7 � n � 1.8), the
reflectance of the anode, and the weak microcavity interference in
the device can be simply adjusted by varying ITO thickness. OLEDs
with the ITO electrode are subject to a weak microcavity effect, so
their outcoupling efficiencies change significantly with ITO
thickness (Fig. 15a), and OLED with 70-nm-thick ITO gives high
outcoupling efficiency �30%. However, an OLED with 150 nm-thick
ITO anode that has comparable electrical conductivity with
graphene showed similar outcoupling efficiency (�25%) to an
OLED with three- or four-layered graphene (�24%). Although
OLEDs that use graphene electrode cannot easily use the cavity
resonance effect because of difficulty in controlling thickness of
graphene, the ultimate limit of the total extracted light (defined as
the sum of air-, waveguide-, and glass-confined-modes) was much
higher in an OLED with the graphene anode than on a OLED with an
ITO anode [94]. Therefore, the improved light-extraction structure
can significantly increase out-coupling efficiency of an OLED that
has a graphene anode [80,94].

OLEDs that exploit microcavity resonance can achieve very high
luminous efficiency. This effect can be achieved by using an
electrode architecture that is composed of graphene sandwiched
between a transition metal oxide with high refractive index and a
polymeric layer with low refractive index; this structure can form a
dielectric mirror (Fig. 15b) [80]. High-refractive TiO2 (n � 2.5) and
low refractive polymeric HIL (GraHIL, n � 1.42) composed of
PEDOT:PSS and perfluorinated ionomer were used to sandwich
a multilayered graphene anode [80]. The GraHIL develops a WF
that increases gradually towards the overlying organic layer, and
thereby facilitates hole injection from the graphene anode to the
overlying layer by providing a good energy-level alignment.
Furthermore, the synergetic interplay of high-n and low-n layers
can greatly increase the microcavity resonance effect, and reduce
light loss caused by surface plasmon polaritons (SPP) in OLEDs.
Although design of first-order cavity increases the Purcell effect
and reduces waveguide mode light loss, a recombination zone near
the metal cathode increases SPP. The coupling of SPP tends to
increase when a high-n layer is used. However, inclusion of low-n
layer can redistribute relative powers towards a smaller in-plane
wave vector, so SPP is reduced [80]. Simulated out-coupling
efficiency of an OLED that uses the stacked electrode reaches �44%
(Fig. 15c). Indeed, an OLED based on TiO2/graphene/GraHIL showed
significantly higher luminous efficiency (�40.8%, 160.3 lm/W,
168.4 cd/A) than those with graphene/GraHIL (�31.7%, 112.6 lm/
W, 119.0 cd/A). Moreover, a tandem OLED based on TiO2/graphene/
GraHIL stacked electrode provided very high external quantum
efficiency �62.1% (103.2% and 183.5 lm/W with a half-ball lens)
(Fig. 15d). Therefore, precise design of graphene-based device
architecture can greatly increase electroluminescent efficiencies of
flexible OLEDs.

Overall, the described modifications of pristine graphene to
achieve low Rsh and high WF, and precise design of device
architecture directly influence the electroluminescent efficiencies
of LEDs that use the graphene electrode (Table 3).

3.7. Device Bending stability of OLEDs on graphene

C. Lee et al. firstly measured intrinsic mechanical properties of
defect-free monolayer graphene by using nano-indentation in
atomic force microscopy [32]. Mechanically-exfoliated SLG has
mechanical properties that exceed those of any materials ever
measured. It has 200 times higher breaking strength (42 N/m) than
steel, and the corresponding Young’s modulus and intrinsic stress
at 25% strain are �1 TPa and 130 GPa, respectively. K. S. Kim et al.
reported large-scale graphene growth of multilayered graphene
grown using Ni film as a metal catalyst, and measured electrical
properties upon bending and stretching of graphene film
transferred to flexible and stretchable PET substrates [39]. The
reported excellent bending stability for flexible electronic appli-
cations; the electrode had Rsh that remained stable up to 2.3-mm of
bending radius, which corresponds to 6.5% of bending strain, and
the original Rsh was completely recovered after bending up to
0.8 mm, which corresponds to bending strain of 18.7%, (Fig. 16a)
[39]. H. Chang also tested bendability of graphene composite
electrode composed of SDBA-modified reduced graphene and
PEDOT:PSS [85]. It showed only 5% increase in Rsh after 1000
bending cycles, and did not crack; in contrast, a conventional ITO
on PET substrate showed 500-times increase in Rsh after only 13
bending cycles [85].

Practical applications of flexible electronics require guaranteed
tolerance to mechanical strain. Flexible OLEDs with graphene
anode show excellent stability under bending [79]. Two EL units
were stacked on a graphene anode to increase device efficiency of
flexible OLEDs (Section 3.5). In bending tests with �1.33% of
bending strain, the current density of the flexible tandem OLED
that uses graphene anode has remained stable after 1000 cycles
without significant change in electrical properties, whereas
current density of the device with ITO anode has dropped quickly,
and the device completely failed at �500 cycles (�1.33% bending
strain) (Fig. 16b). Influences of bending strain and radius of
curvature on electrical properties of devices were also quantified to
investigate electromechanical properties of the flexible tandem
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OLED with the graphene anode. During gradual reduction in the
bending radius, OLEDs with the graphene anode did not show
notable decrease in current density until 6.7%, whereas in the
device with the ITO anode, the current density drastically
decreased (Fig. 16c). These differences in the electromechanical
properties of OLEDs can attribute to easy crack formation in the ITO
anode at bending strain >1% [11,42].

One novel flexible electrode architecture [80] uses graphene
sandwiched between a high-refractive-index TiO2 layer and low-
refractive-index HIL to increase the weak microcavity effect in
flexible OLEDs (Fig. 15b,c). Although the metal oxide layer is
usually regarded as brittle, the electrode that contains TiO2 layer
under a graphene anode also shows excellent mechanical
properties under bending stress. TiO2 film on PET substrate can
withstand 4% strain without developing cracks; this increase in
resistance of TiO2 to cracking can attribute to crack-deflection
toughening (Fig. 16d) [124]. Therefore, TiO2/graphene has main-
tained its Rsh after 10,000 bending cycles with 4% bending stain
(Fig. 16e). As a result, a high-efficiency OLED that uses a flexible
electrode (i.e., TiO2/graphene/GraHIL) showed excellent mechani-
cal stability, and did not show decrease in efficiency after 1000
bending cycles (radius of curvature �2.3 mm) (Fig. 16f). These
results demonstrate that graphene-based OLEDs have great
potential as next-generation flexible displays or light sources with
high efficiency and without sacrifice of mechanical flexibility.

4. Flexible solar cells with graphene

4.1. Graphene as an electrode for organic solar cells

OSCs are promising power-supply devices owing to their light
weight, flexibility and low fabrication cost based on ease of large-
area processability. Basic operating mechanism of OSCs can be
explained largely with three steps; 1) charge generation in a photo-
active layer, 2) charge transport, and 3) charge collection into
electrodes. A device has power conversion efficiency PCE = VOC�
JSC� FF, where VOC is open-circuit voltage, JSC is proportional to
integrated external quantum efficiency (EQE) as a function of
wavelength. EQE can be expressed as,

hEQE / hAbshCShCC

where hAbs is absorption efficiency, hCS is charge separation
efficiency, and hCC is charge collection efficiency [125]; it depends
on the number of charges generated after light absorption by a
light absorber and the number of charges to be collected both by an
anode and a cathode. The charge collection efficiency is strongly
influenced by parasitic resistances such as series resistance and
shunt resistance, which also affect FF; high series resistance and
low shunt resistance cause low FF. Therefore, high T and electrical
conductivity of a transparent conducting electrode are essential
factors to achieve high charge generation rate and charge
collection efficiency for high JSC and FF, which together lead to
high PCE. For these reasons, graphene is regarded as a suitable
electrode of OSCs owing to its high T and sufficient electrical
conductivity. Furthermore, the flexibility of graphene makes it
compatible with flexible OSCs. However, practical application of
graphene electrodes requires improvement of several character-
istics such as electrical conductivity, uniform interlayer formation,
and doping stability (Section 2). Here, we review progress in
development of graphene electrodes for OSCs.

4.2. Solution-processed graphene electrodes for organic solar cells

Initial research on development of OSCs with graphene
electrodes used solution-processed graphene, because it can be
obtained easily by reducing GO synthesized using Hummer’s
method [36]. Although the various functionalities formed by the
method allow GO to disperse well in solvents, the heterogeneous
electronic structure with mixed sp2 and sp3 hybridizations reduces
its electrical conductivity [126]. Therefore, the functionalities must
be removed.

G. Eda et al. removed functionalities on GO by a combination of
hydrazine vapor and thermal annealing (200 �C) [127]. The lowest
Rsh of rGO film was �105V/sq with T of 65%. Treatment of thionyl
chloride (SOCl2) with rGO reduced Rsh of rGO film by a factor of 5;
the resulting OSCs [rGO/PEDOT:PSS/P3HT:PCBM/Al] had PCE
�0.1%. J. Wu et al. reduced GO either by vacuum annealing at
high temperature (1100 �C) or by a combination of a hydrazine
treatment and Ar annealing at 400 �C [128]; the resulting rGO had
Rsh� 105V/sq, and a [rGO/CuPc/C60/BCP/Ag] device had PCE = 0.4%
under AM 1.5G simulated solar illumination at 85 mW/cm2.

Although rGO can withstand mechanical stress, demonstration
of flexible OSCs that use rGO has been a difficult task because the
flexible plastic substrates cannot endure the reduction process,
which demands temperature greater than their glass transition
temperature. This limitation of rGO application to plastic substrate
was overcome by E. Kymakis et al. using a laser to reduce GO[129];
the laser-reduced GO (LrGO) had Rsh = 1.6 kV/sq and T = 70% with
the thickness of 16.4 nm. This method is practical for preparing an
electrode in situ in one step without the conventional reduction
process that requires high temperature and chemical reducing
agents. A device [LrGO/PEDOT:PSS/P3HT:PCBM/Al] that used an
LrGO electrode achieved PCE = 1.1%.

A different approach by Yin et al. is to fabricate flexible OSCs
that use an rGO electrode prepared by obtaining rGO on SiO2/Si
first, then transferring the rGO to PET[129]; the complete films
were 10–21 nm thick, and had 104� Rsh� 103V/sq and 55 � T � 88
%. However, [rGO/PEDOT:PSS/P3HT:PCBM:TiO2/Al] devices had
low 0.28 � PCE � 0.78%.

The general low PCE and especially the low FF of devices based
on rGO can be attributed to the high Rsh, which impairs collection
of charges generated in the photo-active layer. Although H. Feng
et al. dramatically decreased Rsh of rGO to �350 V/sq by using Na-
NH3 as a reducing agent, the resulting rGO had high defect density,
and therefore does not seem to be appropriate for application as an
electrode in OSCs [130]. The defects can degrade the operation of
OSCs by reducing charge-collection efficiency. In conclusion, rGO
seems inappropriate as an electrode of OSCs due to its low
electrical conductivity, low T, and high defect density.

4.3. CVD-grown graphene electrode for organic solar cells

CVD-grown graphene has high quality with low density of
defects, high electrical conductivity and high T, and therefore can
be expected to efficiently transmit light to a photo-active layer and
collect charge carriers as an electrode of OSCs and to yield higher
JSC, FF and PCE than can be obtained using an rGO electrode.
Moreover, achievement in large-scale demonstration of CVD-
grown graphene by roll-to-roll process increased the feasibility of
its use in practical applications [34]. However, raising the PCE of
graphene devices up to that of ITO devices has been difficult due to
several problems with graphene, including difficulty of forming a
uniform interfacial layer, lower electrical conductivity than ITO,
and unstable doping.

4.3.1. Uniform formation of interlayers on graphene
Graphene is hydrophobic, but interfacial layer materials are

generally based on hydrophilic solvents, so formation of a uniform
interlayer on graphene has been a challenging task. The
hydrophobicity causes formation of dewetted regions, which can
provide paths for short currents, which degrade PCE, so the
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interfacial layer must uniformly and completely cover the
electrode. Several approaches to achieve this goal have been
proposed.

Initially, UV-ozone or oxygen-plasma treatment to make the
graphene surface hydrophilic by inducing formation of hydroxyl
and carbonyl groups on it [73,131]. However, this approach
damages the chemical structure of graphene, and thereby
decreases its electrical conductivity [49], whereas efficient device
operation requires relatively high conductivity in the electrode.

Other approaches to deposit a uniform interfacial layer on
graphene can be largely categorized into three groups: 1) insertion
of an interlayer between graphene and the charge-transporting
layer, 2) engineering of an interfacial layer material, and 3)
development of deposition processes.

4.3.1.1. Introduction of surface-modifying layer or chemical
treatment. Deposition of a uniform charge transport layer on
graphene can be achieved by changing its surface property by
introducing an additional surface-modifying layer, or by chemical
treatment to make the graphene hydrophilic.

Y. Wang et al. introduced pyrene buanoic acid succidymidyl
ester (PBASE) on graphene electrodes and developed OSCs
[graphene/PBASE/PEDOT:PSS/P3HT:PCBM/LiF/Al] that had PCE =
1.71%, which is higher than those of devices that used pristine
graphene (0.21%) or UV-ozone-treated graphene (0.74%) [73]. The
increased PCE of the device using the PBASE-deposited graphene
electrode was partly attributed to its improved hydrophilicity,
which allowed PEDOT:PSS to effectively wet the surface.

H. Park et al. co-polymerized PEDOT with poly(3,4-ethyl-
enedioxythiophene)-block-poly(ethylene glycol) doped with per-
chlorate (PEG(PC)) to render the polymer (PEDOT:PEG(PC)) soluble
in organic solvent (nitromethane), so the polymer was successfully
deposited on hydrophobic graphene surface by spin-coating [68];
Fig. 17. Optical microscopic images of (a) Pristine PEDOT:PSS on graphene, (b) PEDOT:PS
from [69] Copyright 2015, Elsevier. Optical microscopic images of (d) Graphene, (e) ZnO 

2016, Wiley-VCH.
however, additional deposition of PEDOT:PSS on PEDOT:PEG(PC)
was necessary, because it is not capable alone as an HTL due to its
low WF (4.3 eV) that causes a large energy difference (�1.2 eV) with
the HOMO (5.5 eV), of the donor, tetraphenyldibenzoperiflanthene
(DBP), in the photo-active layer. The device [graphene/PEDOT:PEG
(PC)/PEDOT:PSS/DBP/C60/BCP/Al] achieved PCE = 2.9%, whereas an
otherwise-identical device that used ITO had PCE = 3.2%.

Y. M. Lee et al. presented a way of using an engineered
biotemplate of M13 viruses to overcome the problem of interfacial
layer deposition on graphene [132]. The viruses were used to
nondestructively functionalize graphene to render it hydrophilic.
WO3 was grown along the viral bodies by biomineralization from
sodium tungstate precursor, then PEDOT:PSS was applied by spin
coating. A [graphene/virus-templated WO3/PEDOT:PSS/PTB7:
PC71BM/TiOx/Al] device achieved PCE = 5.30% which is much higher
than those of otherwise-identical devices that did not use the
template (PCE = 0.39%).

Y. Wang et al. used a thermally evaporated 2-nm-thick MoO3

layer to achieve effective wetting of PEDOT:PSS on graphene [133].
A [graphene/MoO3/PEDOT:PSS/P3HT:PCBM/LiF/Al] device
achieved PCE = 2.5%, whereas the device without the MoO3 layer
had PCE = 0.12%.

4.3.1.2. Solution engineering of interlayer materials. Engineering
interfacial charge extraction layer materials and depositing it
directly on graphene without further chemical treatment or
introduction of an extra surface-modifying layer on graphene can
be a simple and efficient way to develop OSCs based on graphene
electrodes.

H. Kim et al. overcame the poor film formation of PEDOT:PSS on
graphene by using a mixture of PEDOT:PSS, isopropyl alcohol (IPA)
and tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octene-
sulphonic acid copolymer (a perfluorinated ionomer) to produce
S with 0.5% of Triton X-100 and (c) PEDOT:PSS with 1% of Triton X-100. Reproduced
on graphene, and (f) ZnO with Zonyl on graphene. Reproduced from [72] Copyright
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a gradient hole-extraction layer (GraHEL) [20]. The high surface
ionization potentials of the GraHIL and of the GraHEL improve the
energy-level alignment at the interface between anode and
organic layer. The GraHEL is used to effectively extract holes
generated in the photo-active layer without potential loss in solar
cells, whereas the GraHIL is used to facilitate hole injection from
anode to overlying organic layer by reducing the energy barrier
between anode and EML. The composition of GraHIL is made of low
conductive Clevios AI4083 and PFI to make less conductive and
thus reduce leakage current while composition of GraHEL is made
of more conductive Clevios PH and PFI to make more conductive
and thus reduce contact resistance [12,20,134]. Pristine PEDOT:PSS
had high contact angle on graphene surface, whereas a mixture of
PEDOT:PSS and IPA, and the GraHEL both completely wetted the
graphene surface. However, after spin-coating, only the GraHEL
fully covered the graphene because the GraHEL contained a
perfluorocarbon-based ionomer. which has low hydrophilicity. A
[graphene/GraHEL/P3HT:PCBM/LiF/Al] device achieved PCE =
2.83%.
Fig. 18. (a) oCVD process for vapor printing PEDOT on graphene by vaporizing EDOT m
agglomeration of PEDOT:PSS and dewetted region. (c) Uniform and full covered PEDOT va
Society. FE-SEM images of (d) only graphene and ZnO thin film prepared by (e) MPCVD (
layer. (h) Schematics of ZnO thin film growth on graphene by MPCVD as a function of tim
2012 The Royal Society of Chemistry.
H. Park et al. used poly(thiophene-3-[2-(2-methoxyethoxy)
ethoxy]-2,5-diyl) (RG1200) as a HTL on graphene instead of PEDOT:
PSS [135]. RG1200 is dissolved in organic solvent (ethylene glycol
monobutyl ether), and can therefore form directly on graphene
without any additional process. A [graphene/RG1200/DBP/C60/
BCP/Al] device achieved PCE = 2.72%, whereas a device that used
only PEDOT:PSS had resistor-like current-voltage characteristics.

Surfactants can also be used to make a uniform charge transport
layer on graphene. J.-B. Lee et al. used a solution of nonionic small-
molecule surfactant (polyethylene glycol p-(1,1,3,3-tetramethyl-
butyl)-phenyl ether) (Triton X-100) in aqueous PEDOT:PSS to
achieve good wetting on graphene [69]. As the amount of Triton X-
100 was increased to 1%, the contact angle of the solution on
graphene decreased. PEDOT:PSS with 1% Triton X-100 formed
uniform thin films, whereas pristine PEDOT:PSS and PEDOT:PSS
with 0.5% of Triton X-100 left dewetted regions (Fig. 17a–c). A
[graphene/PEDOT:PSS:Triton X-100/P3HT:PCBM/Ca/Al] device
achieved PCE = 3.19%.
onomer and oxidant agent FeCl3. (b) Spin-cast PEDOT:PSS on graphene yielding
por printed on graphene. Reproduced from [70] Copyright, 2012 American Chemical
inset: magnified FE-SEM image), (f) sputtering, and (g) sol-gel method on graphene
e and corresponding FE-SEM images at each step. Reproduced from [137] Copyright,
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H. Kim et al. developed inverted OSCs that use ZnO as the ETL
which precursor solution was composed of hydrophilic alcohol-
based solvents (1:1 ratio of 2-methoxyethanol and methanol).
Addition of a fluorosurfactant (Zonyl) into the precursor solution
achieved uniform formation of a ZnO layer on the graphene
surface; this success was attributed to the amphiphilic chemical
structure of the additive (Fig. 17d–f) [72]. A [graphene/ZnO with
Zonyl/PTB7:PC71BM/MoO3/Ag] device that used this modified ZnO
ETL on graphene achieved PCE = 7.51%, which was identical to that
of a device that used ITO. In both of these studies [69,72] the
uniformly-formed interfacial layer doped graphene without
introducing extra dopants. The doping mechanism and its effects
are presented in Section 4.3.2.2.

4.3.1.3. Development of deposition process. H. Park et al. developed
oxidative chemical vapor deposition (oCVD) method to directly
deposit PEDOT on graphene, and thereby overcame the difficulty of
Fig. 19. (a) Schematic of comparison between conventional wet transfer method (rout
devices using layer-by-layer doped graphene electrode and ITO electrode. Reproduced fro
by embedded TCNQ between (right) and device configuration using it as an anode (lef
forming aqueous PEDOT:PSS on hydrophobic graphene by spin-
coating [70]. Specifically, oCVD synthesizes conducting polymer
chains from vapor-phase (3,4-ethylenedioxythiophene) monomer
with FeCl3 as an oxidizing agent. Therefore, a thin film of PEDOT is
deposited on a graphene surface at substrate temperature of 120 �C
(Fig. 18a). Vapor-printed PEDOT coated the graphene uniformly,
whereas PEDOT:PSS cast by spin-coating had dewetted regions
(Fig. 18b, c). A [graphene/vapor printed PEDOT/DBP/C60/BCP/Al]
device had PCE = 3.01%; an otherwise-identical device using ITO
anode had PCE = 3.20%.

K.-S. Shin et al. developed a way to deposit ZnO ETL by mist
pyrolysis CVD (MPCVD) for inverted OSCs based on a graphene
cathode (Fig. 18d) [136]. ZnO film deposited by MPCVD on
graphene was clean and uniform, whereas ZnO film prepared by
sputtering and sol-gel process showed numerous cracks and
dewetted regions (Fig. 18e–h). Raman spectra of graphene with
MPCVD-grown ZnO had a low D peak, which indicates that damage
e A) and layer-by-layer doping transfer method (route B). (b) J-V characteristics of
m [139] Copyright, 2011 Wiley-VCH. (c) Schematic of layer-by-layer doped graphene
t). Reproduced from [105] Copyright, 2012 American Chemical Society.
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is negligible; graphene with sputtered ZnO had a high D peak. A
[graphene/MPCVD-grown ZnO/P3HT:PCBM/MoO3/Ag] device pre-
pared using this method had PCE = 1.55%.

4.3.2. Graphene doping for an electrode of OSCs
Doping of graphene electrodes to increase the electrical

conductivity and tune WF is also very important for achieving
high efficiency of OSCs because the FF is critically dependent on the
sheet resistance of electrodes, and VOC is also quite dependent on
the interface energetics between the graphene electrode and the
adjacent organic layer. Therefore, charge-transfer doping of
graphene is more suitable for OSCs to avoid degrading its electrical
conductivity. Here, we introduce various doping methods for
development of OSCs based on these factors.

4.3.2.1. Conventional doping method. S. Lee et al. studied the
doping effect of HNO3 and SOCl2 on graphene and the photovoltaic
characteristics when using the graphene as electrodes [138]. The
electrodes were composed of multilayer graphene films
synthesized using a Ni catalyst; pristine graphene had Rsh
�850 V/sq, but after doping the Rsh was significantly reduced to
�450 V/sq. Effective doping of graphene was confirmed by Raman
spectra that showed an increase in the intensity ratio of the G and
2D peaks (I2D/IG) in both cases compared to pristine graphene. Also,
change in WF after the doping was measured using Kelvin probe.
Also, WF of pristine graphene (4.6 eV) increased to 4.9 eV after
HNO3 doping and to 5.1 eV after SOCl2 doping. Doped graphene
was applied as an electrode in the devices; as a result of the
reduced Rsh, HNO3 doping increased the FF from 52.5 to 55.2, and
SOCl2 doping increased the FF to 59.1. However, VOC did not change
despite the change in WF after doping; this can be attributed to
energy-level pinning by PEDOT:PSS due to Ohmic contact between
graphene and PEDOT:PSS.
Fig. 20. (a) Energy-band diagram of graphene/ZnO with Zonyl, (b) Raman spectra of 

negative shift of Dirac point by use of ZnO-doped graphene, (d) Device configuration of i
device and ITO device. Reproduced from [72] Copyright, 2016 Wiley-VCH.
Y. Wang et al. introduced a direct layer-by-layer transfer
method that can minimize the effect of impurities caused by
PMMA residue [139]. Unlike the conventional layer-by-layer
transfer method in which each graphene layer should be supported
by a PMMA layer, which must be removed after each transfer step,
the direct method requires only one coating of a PMMA supporting
layer on the first graphene/Cu foil layer, because the PMMA-coated
graphene after Cu foil etching can be directly transferred onto the
next graphene/Cu foil (Fig. 19a). After etching the Cu foil, the same
stacking process can be done N times, and the PMMA layer can be
removed once (route B). Organic solvents (usually acetone) cannot
completely remove the PMMA residues. However, this process can
avoid the PMMA residue between stacked graphene layers. During
the individual transfer process, HCl is used to dope each layer; after
the PMMA is removed, HNO3 is used to dope the graphene. After
doping, the graphene had Rsh�80 V/sq with T �90% at 550 nm.
OSCs based on the electrode achieved PCE of �2.5%, which is
slightly lower than PCE of the device based on ITO (PCE = 3%)
(Fig. 19b).

C.-L. Hsu et al. used vacuum-deposited tetracyanoquinodi-
methane (TCNQ) as a p-dopant and evaporated Au as a supporting
layer instead of PMMA for layer-by-layer doping of graphene [105].
The process can avoid use of chemical solvent (e.g. acetone) and
polymeric resists (PMMA). The TCNQ (T) was deposited between
graphene (G) layers (i.e., G/T/G...) by gas phase diffusion at 200 �C
for 8 h. Rsh of graphene decreased as the number of embedded
TCNQ layers increased; undoped graphene had average Rsh
�839 V/sq, whereas G/T/G/T/G/T/G film had Rsh�182 V/sq mainly
due to increase in hole carrier concentration. WF of the electrode
increased from 5.0 eV to 5.2 eV. The device with G/T/G/T/G
electrode optimized the trade-off between Rsh and T, and therefore
showed the highest PCE = 2.58% (Fig. 19c).
pristine graphene and ZnO-doped graphene, (c) Resistance of GFETs representing
nverted OSC using the graphene as a cathode and (e) J-V characteristics of graphene
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Although the complicated layer-by-layer doping processes
described above have reduced Rsh, it is still not sufficient for
organic device applications. Therefore, to achieve lower Rsh, we
may need to develop both more-promising chemical doping
materials and stable doping and transfer processes at the same
time.

4.3.2.2. On-fabrication doping method. Chemical dopants for
conventional doping have demerits such as strong acidity and
volatility. The acidity can impede the fabrication process, and the
volatility can decrease the doping stability. These problems
complicate development of large-scale or industrial-scale
processes. Layer-by-layer doping may have the advantage of
achieving stable doping, but is labor intensive. The problems can be
overcome by on-fabrication doping using a HTL or an ETL that must
be placed on the electrode of OSCs.

H. Kim et al. developed on-fabrication doping method where
graphene can be doped on-site by a ZnO ETL that was modified by
adding small amount of fluorosurfactant (Zonyl) to form a
complete layer on hydrophobic graphene (Section 4.3.1.2) [72].
ZnO has a higher Fermi level than graphene, so electrons move
from ZnO to graphene, which becomes n-doped. Although Fermi-
level alignment causes band bending between graphene and the
ZnO, pinned contact forms, which facilitates charge transfer
according to Bardeen model [140], so charge extraction and charge
collection are efficient. n-Doping of graphene by the modified ZnO
caused decreased intensity ratio of 2D/G in Raman spectra, and a
shift of the Dirac point in graphene field-effect transistors (GFETs)
(Fig. 20a, b). Also, photoemission spectroscopic studies also
supported the n-doping effect representing shift in energy level
of graphene/modified ZnO system. A device that used a graphene
electrode had VOC = 0.766 V, JSC = 15.87 mA cm�2 and FF = 61.8, and a
device that used an ITO electrode had VOC = 0.759 V, JSC = 14.91 mA
cm�2 and FF = 66.4. Both devices had PCE = 7.51%. The higher JSC in
the graphene device was attributed to the higher T of graphene
electrode than ITO leading to higher exciton-generation rate in the
photo-active layer, but the lower FF in the graphene device was
attributed to higher Rsh and charge traps in PMMA residue on
graphene.

J.-B. Lee et al. used a PEDOT:PSS layer as a p-dopant for the
graphene electrode of an OSC that has a standard structure [69].
The doping effect is signaled by a change in Rsh (Fig. 21a). Pristine
graphene had average Rsh�300 V/sq, but after deposition of
PEDOT:PSS with Triton-X (Fig. 21b, red column) Rsh decreased to
<200 V/sq. In contrast, the little change and the large variation in
average Rsh of graphene/PEDOT:PSS compared to those of pristine
graphene can be attributed to the non-uniform coverage of the
pristine PEDOT:PSS on graphene; this non-uniformity may impede
Fig. 21. (a) Change in sheet resistance of graphene and contact angle of PEDOT:PSS as a 

PEDOT:PSS, graphene/Triton X-100, and graphene/PEDOT:PSS with Triton X-100. (c) Drai
graphene. Reproduced from [69] Copyright 2015, Elsevier.
efficient p-doping of graphene (Fig. 21b, green column). Also, the
Dirac point shift of graphene to positive voltage after deposition of
PEDOT:PSS with Triton X-100 indicated that the graphene had
been p-doped (Fig. 21c). The device based on the graphene
electrode doped by PEDOT:PSS with Triton X-100 had higher PCE
(3.19%) than did a device that used HNO3 doped graphene electrode
(1.98%).

On-fabrication solid-state doping can reduce the time and cost
of the process, and may achieve stable doping by capping graphene
with solid-state thin film. Therefore, this method is among the
most efficient for fabrication of OSCs based on graphene electro-
des. Previous studies have reported numerous graphene electrode-
based devices fabricated in a variety of ways (Table 4).

4.3.3. Flexible OSCs that use flexible graphene electrodes
One of the merits of graphene electrode is mechanical stability

under bending. L. Arco et al. demonstrated flexible OSCs that use
flexible graphene electrodes on PET substrates. The conductance of
PET/graphene film decreased little as a function of bending angle,
and the conductance recovered when bending angle was
decreased. In contrast, the conductance of PET/ITO film gradually
decreased as bending angle increased, then decreased suddenly at
bending angle >128� (Fig. 22a, b). [150]. The conductance of the
PET/ITO device was not recovered after the bending angle was
reduced; this failure can be attributed to cracks in ITO. When the
electrodes were applied to solar cells, graphene-based devices
endured until bending angle of 138� without significant degrada-
tion of J–V characteristics, but the device using ITO electrode failed
at bending angle of only 60� (Fig. 22c, d). The graphene device did
not show any microcracks, whereas the ITO device showed
numerous cracks after bending (Fig. 22e).

S. Lee et al. also compared mechanical stability of flexible OSCs
that use graphene and ITO electrodes on PET substrate [146]. The
graphene devices endured bending until the distance between
ends of the device was reduced from 15.2 (laid flat) to 11.2 mm,
whereas a device based on ITO failed when the distance reached
14 mm.

H. Park et al. also demonstrated flexible OSCs [graphene/PEDOT:
PSS/MoO3/PTB7:PC71BM/Ca/Al] that achieved PCE = 6.1% [151];
device characteristics were not degraded by flexing (Fig. 23).
Studies reviewed in this section on development of OSCs that use
flexible graphene electrodes demonstrated in common the
mechanical superiority of graphene over ITO.

4.4. Perovskite solar cells using graphene electrode

Solar cells that use organic-inorganic hybrid perovskites as a
light harvester have achieved PCE >20 % [152,153]. With the
function of Triton X-100 concentration. (b) Sheet resistance of graphene, graphene/
n current of GFETs representing positive shift in Dirac point using PEDOT:PSS doped



Table 4
Summary of information about graphene electrodes and OSCs that used the electrodes.

Electrode Dopant Rsh
a [V/sq] Optical Transmittance [%] Substrate Device configuration PCEb [%] Ref.

CVD-grown (Cu) graphene anode – 210–1350 72–91 @ 550 nm Glass Gc/PBASEd/PEDOT:PSS
/P3HT:PCBM/LiF/Al

1.71 [73]

ITO anode – – – ITO/PEDOT:PSS
/P3HT:PCBM/LiF/Al

3.10

CVD-grown (Ni) graphene cathode – 520–850 85–90 @ 450 nm Glass G/WPF�6-oxy-Fe

/P3HT:PCBM/PEDOT:PSS/Al
1.23 [141]

ITO cathode – – – ITO/WPF-6-oxy-F
/P3HT:PCBM/PEDOT:PSS/Al

2.23

CVD-grown (Ni) graphene anode – �606 �87 @ 515 nm Glass G/PEDOT:PSS
/P3HT:PCBM/TiOx/Al

2.60 [142]

ITO anode – – – ITO/PEDOT:PSS
/P3HT:PCBM/TiOx/Al

3.80

CVD-grown (Ni) graphene anode – �3.5 k 89 @ 550 nm PETf G/PEDOT:PSS
/CuPcg/C60/BCPh/Al

1.18 [143]

ITO anode – – – ITO/PEDOT:PSS
/CuPc/C60/BCP/Al

1.27

CVD-grown (Cu) graphene anode AuCl3 �300
(Before doping)

91.2 @ 550 nm Glass G/PEDOT:PSS
/CuPc/C60/BCP/Ag

1.63 [131]

ITO anode – – – ITO/PEDOT:PSS
/CuPc/C60/BCP/Ag

1.77

CVD-grown (Cu) graphene anode – �250 �95 @ 550 nm Glass G/PEDOT:PSS
/CuPc/C60/BCP/Ag

0.85 [144]

CVD-grown (Cu) graphene anode – 374 84.2 @ 400–600 nm Glass G/PEDOT:PSS
/P3HT:PCBM/Ca/Al

1.17 [145]

ITO anode – ITO/PEDOT:PSS
/P3HT:PCBM/Ca/Al

3.43

CVD-grown (Cu) graphene anode – 1.2–2.2 k 75–82 Glass G/Au/PEDOT:PSS
/P3HT:PCBM/LiF/Al

1.24 [136]

ITO anode – – – ITO/PEDOT:PSS
/P3HT:PCBM/LiF/Al

3.10

CVD-grown (Cu) graphene anode – �300 �92 @ 550 nm Glass G/vapor printed PEDOT
/DBPi/C60/BCP/Al

3.01 [70]

ITO anode – – – ITO/PEDOT:PSS
/DBP/C60/BCP/Al

3.20

CVD-grown (Cu) graphene anode – 278 82.6 @ 550 nm PENj G/ZnO/P3HT:PCBM/MoO3/Ag 1.55 [137]
CVD-grown (Ni) graphene anode HNO3 �450

(After doping)
90 @ 400–1400 nm PET G/PEDOT:PSS

/P3HT:PCBM/Ca/Al
2.54 [146]

SOCl2 2.60
CVD-grown (Cu) graphene anode – �300 91.8 @ 550 nm Glass G/PEDOT:PEG(PC)k

/PEDOT:PSS/DBP/C60/BCP/Al
2.9 [68]

ITO anode – – – ITO/PEDOT:PEG(PC)
/PEDOT:PSS/DBP/C60/BCP/Al

3.2

CVD-grown (Cu) graphene anode – �300 92 @ 550 nm Glass G/RG1200
/DBP/C60/BCP/Al

2.72 [147]

ITO anode – – – ITO/RG1200
/DBP/C60/BCP/Al

2.78

CVD-grown (Cu) graphene cathode – �300 92 @ 550 nm PEN G/ZnO/PTB7:PC71BM
/MoO3/Ag

7.1 [148]

ITO cathode – – – Glass ITO/ZnO/PTB7:PC71BM
/MoO3/Ag

7.6

CVD-grown (Cu) graphene anode – – �95 @ 550 nm Glass G/v-WO3
l/PEDOT:PSS

/PTB7:PC71BM/TiOx/Al
5.30 [149]

CVD-grown (Cu) graphene anode HCl, HNO3

(LBLm doping)
�80
(After doping)

�90 @ 550 nm Glass G/MoO3/PEDOT:PSS
/P3HT:PCBM/LiF/Al

2.5 [139]

ITO anode – – – ITO/PEDOT:PSS
/P3HT:PCBM/LiF/Al

3.0

CVD-grown (Cu) graphene anode TCNQn

(LBL doping)
278
(After doping)

92.2 @ 550 nm Glass G/PEDOT:PSS
/P3HT:PCBM/Ca/Al

2.58 [105]

ITO anode – – – ITO/PEDOT:PSS
/P3HT:PCBM/Ca/Al

4.10

CVD-grown (Cu) graphene anode PEDOT:PSS
:Triton X-100
(On-fab.o doping)

56.3
(After doping)

– PET G/PEDOT:PSS:Triton X-100
/P3HT:PCBM/Ca/Al

3.19 [69]

CVD-grown (Cu) graphene cathode ZnO:Zonyl
(On-fab. doping)

�300
(Before doping)

�92 @ 550 nm Glass G/ZnO:Zonyl
/PTB7:PC71BM/MoO3/Ag

7.51 [72]

ITO cathode – – – ITO/ZnO:Zonyl
/PTB7:PC71BM/MoO3/Ag

7.51

a Rsh: sheet resistance.
b PCE: power conversion efficiency.
c G: Graphene.
d PBASE: pyrene buanoic acid succidymidyl ester.
e WPF-6-oxy-F: poly[(9,9-bis((60-(N,N,N-trimethylammonium) hexyl)-2,7-fluorene)-alt-(9,9-bis(2-(2-(2-methoxyethoxy)ethoxy) ethyl)-9-fluorene))dibromide.
f PET: polyethylene terephthalate.
g CuPc: Copper phthalocyanine.
h BCP: bathocuproine.
i DBP: tetraphenyldibenzoperiflanthene.
j PEN: polyethylene naphthalate.
k PEDOT:PEG(PC): poly(3,4-ethylenedioxythiophene)-block-poly(ethylene glycol) doped with perchlorate.
l v-WO3: virus-templated WO3.
m LBL: layer-by-layer.
n TCNQ: tetracyanoquinodimethane.
o On-fab.: On-fabrication.
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surprising improvement, research on development of flexible
perovskite solar cells (PeSCs) that use graphene electrodes have
been developed [154–157]. However, the low glass transition
temperature of plastic substrates has limited the available device
configuration to low-T processed planar heterojunction (PHJ)
PeSCs [158]. H. Sung et al. developed highly efficient PHJ PeSCs
based on CVD-grown graphene electrode, but did not report
flexible devices [159]. A thin MoO3 layer deposited on graphene
made it hydrophilic and caused p-type doping, which increased its
WF. Deposition of a 2-nm-thick MoO3 layer reduced the contact
angle of PEDOT:PSS on graphene from 90.4� to 30.0� (Fig. 24a);
concurrent change in Rsh from >2 kV/sq to �500 V/sq after
deposition of MoO3 suggested doping of graphene. A [graphene/
MoO3 (2 nm)/PEDOT:PSS/CH3NH3PbI3/C60/BCP/LiF/Al] device had
PCE = 17.1% which is slightly lower than PCE of the device with ITO/
MoO3 (1 nm) (18.8%) (Fig. 24c, d).

J. Yoon et al. developed flexible PHJ PeSCs with basically the
same device structure except for the substrate; PEN was chosen as
the plastic substrate (Fig. 25a) [155]. The mechanical stability of
the devices was investigated under bending to various radii.
Because of graphene’s mechanical durability, the normalized PCE
of a flexible graphene device was maintained with little change,
but that of the flexible ITO device decreased (Fig. 25b). Normalized
PCE as a function of bending cycles showed a similar trend to that in
the bending-radius test (Fig. 25c). Furthermore, the perovskite
layer on flexible graphene was not damaged significantly by
bending, but a crack formed on brittle ITO and propagated into the
perovskite layer (Fig. 25d, e); this result indicates that mechanical
stability of an electrode in PeSCs can strongly affect the overlying
layers, and thereby influence the long-term stability of the device.

5. Field-effect transistor using graphene

5.1. Requirement of materials for FETs

Improvements in metal-oxide semiconductor FETs have driven
enormous development in the electronics industry [160]. In
general, FETs are thin-film transistors, in which a semiconducting
channel is deposited on top of a dielectric layer, which has
electrical contact with a gate electrode. Source and drain electro-
des also contact the channel, through which charge flows from
source to drain. If voltage is not applied to the gate, minimal
current flows through the channel; this is the “off” state. When
voltage is applied to the gate, charges are induced at the interface
of channel and dielectric, so current flows through the channel;
this is the “on” state. The ratio of the current flowing during the
“on” and “off” states is the “on/off ratio”, which determines the
switching characteristics of FETs.

To achieve outstanding electrical properties for practical
application, four requirements must be satisfied: i) to provide
efficient charge injection from electrode to channel, energy-level
mismatch between electrode WF and the valence or conduction
band of channel should be minimized; ii) to develop the high-
speed switching devices, the semiconductors should have enough
carrier mobility, i.e., should not contain impurities, which trap
charge carriers; iii) to have high on/off ratio, they should have an
appropriate bandgap; iv) for high-degree of integration to develop
electronic devices with outstanding electronic properties, each
element in the FETs should have elaborate patternability. Graphene
can be used in various elements of flexible FETs due to its
outstanding electrical, and mechanical properties. In this section,
we consider use of graphene as the electrode or channel in FETs.

Rsh of pristine SLG obtained using conventional wet transfer
was �270 V/sq, and multi-layer stacking of SLG and additional
HNO3 doping resulted in Rsh< 50 V/sq (Fig. 26a) [34], which is low
enough for electrode application. Nevertheless, to achieve FETs
with superior electrical characteristics, the electrical properties of
graphene should be improved. To improve the charge injection
from electrode to channel in FETs, the �4.4 eV WF of graphene
should be modified to minimize the energy level mismatch
between graphene and adjacent layers. At low temperature (1.6 K),
both holes and electrons in graphene can have high m > 105 cm2

V�1 s-1. Even at higher temperature, m is still high enough
(>5 �104 cm2V�1 s�1) for the graphene to be used in switching
and logic devices; therefore, graphene is a promising candidate as a
flexible channel material in high-speed FETs (Fig. 26b) [33].
However, pristine graphene has a zero bandgap, so FETs that have
graphene as a channel have insufficient on/off ratio. For graphene
to be applicable as a channel in FETs, a bandgap must be induced in
it. Approaches to generate a bandgap in the electronic structure of
graphene include physical and chemical treatments (i.e., oxidation
[49,161,162], hydrogenation [163–166], substitutional doping
[53,167], and nanoribbon formation [61,168–173]. Here, various
FET demonstrations that use graphene as electrode and channel
will be reviewed.

5.2. Graphene as an electrode for FETs

To use graphene electrodes for FETs, various synthesis
strategies (e.g., rGO [174–176], CVD [22,177,178]) have been tested.
rGO is prepared by dipping into a suspension of reduced graphene.
Oxygen plasma of a hydrophobic CytopTM fluoropolymer layer
(5 nm) can be used to confine the electrode pattern. After plasma
treatment, rGO suspension adheres selectively to the hydrophilic
region, and forms electrodes. FETs are obtained by depositing
pentacene on top of the rGO electrodes. FETs with rGO electrode
had m = 0.03 cm2V�1 s�1 [174].

Spin casting and pyrolysis can also be used to produce rGO
electrodes. Repeated spin-casting yielded a 60-nm-thick GO film;
pyrolysis of this film to remove oxygen-related functional groups
left 20-nm-thick rGO electrodes. The rGO was patterned by
depositing a sacrificial Al layer, treatment with oxygen plasma,
then chemically etched to remove the Al. FETs were demonstrated
by spin-coating of poly(3-hexylthiophene) (P3HT) on patterned
rGO electrodes; these devices had hole mobility m hole = 0.04 cm2

V�1 s�1 (Fig. 27a) [175]. However, rGO bears substantial numbers of
defects, which substantially lower the conductivity of the electro-
des, and thereby degrade the electrical properties of FETs.

To develop FETs based on a graphene electrode with an
insignificant number of defects, CVD has been used to synthesize
high-quality graphene electrodes [22,177–181]. Graphene was
synthesized by CVD from CH4 gas precursor with H2 and Ar on Ni
catalyst at >900 �C, then patterned by depositing a sacrificial Ni
layer, treating with oxygen plasma, then etching away the Ni layer
to form electrodes. FETs were obtained by transferring the
patterned electrode to substrate that had been treated with
octadecyltrichlorosilane (OTS), then depositing a pentacene layer
(60 nm) as a channel. FETs based on graphene electrode even
showed superior electrical characteristics to a device with
conventional Au electrodes [177]. A similar approach to achieve
graphene electrode based FETs uses graphene synthesized by CVD
on Cu foils, with CH4, and H2 as the gas precursor [178]. However,
the CVD process to synthesize graphene uses explosive gases (e.g.,
CH4, H2), and the method also requires transfer process of the
graphene to the target substrate; this step slows the production of
FETs. A novel strategy to solve these disadvantages uses coal tar
pitch (CTP) as the carbon precursor. (Fig. 27b) [22]. CTP was spin-
cast on Si substrate, then a patterned Ni layer was deposited as a
catalyst for graphene synthesis. Subsequent annealing under
vacuum formed a patterned graphene electrode directly; by
avoiding further patterning or transfer steps, this method can
substantially increase productivity. FETs based on graphene



Fig. 22. Conductance of (a) PET/ITO and (b) PET/graphene films as a function of bending angle. J–V characteristics of OSCs using (c) Graphene and (d) ITO electrodes by
changing bending angle. SEM images of OSCs using (e) Graphene electrode and (f) ITO electrode on PET after being bent with the condition in (c) and (d). Reproduced from
[143] Copyright 2010, American Chemical Society.
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Fig. 23. (a) J–V characteristics of flexible OSCs after repeated flexing cycle. (b) Image of flexible OSC device. Change in parameter of (c) FF and VOC and (d) JSC and PCE as a
function of flexing cycles. Reproduced from [148] Copyright, 2014 American Chemical Society.

Fig. 24. (a) Contact angle of PEDOT:PSS on graphene and graphene with deposited MoO3. (b) Device structure using graphene electrode. J-V characteristics of devices based on
(c) graphene/MoO3 (2 nm) and (d) ITO/MoO3 (1 nm). Reproduced from [154] Copyright 2016, Wiley-VCH.
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electrode were obtained by depositing a pentacene layer as a
channel; they had higher m than did conventional FET devices with
Au electrodes.
To improve the electrical characteristics of FETs, the WF of the
electrode should be tailored to increase charge injection between
electrodes and adjacent semiconducting layers. The energy-level



Fig. 25. (a) Schematic of flexible device structure using graphene electrode on PEN substrate (inset: image of real device). Change in normalized PCE of graphene and ITO
devices as a function of (b) Bending radius and (c) Bending cycles. Cross-sectional SEM images of (d) ITO/MAPbI3 that has a crack and (e) Graphene/MAPbI3. Reproduced from
[155] Copyright 2017, The Royal Society of Chemistry.

Fig. 26. (a) Sheet resistance change of graphene films with various transfer process according to the number of graphene layers. Reproduced from [34] Copyright 2010, Nature
Publishing Group. (b) Charge mobility of graphene as a function of temperature. Reproduced from [33] Copyright 2015, American Association for the Advancement of Science.
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difference between the electrodes and semiconductor forms a
barrier to inject charge from metal to semiconductors, and thereby
impede the FET’s electrical characteristics. Various research on
FETs based on a graphene electrode has modified the WF to reduce
this barrier [179–181].

Another method to fabricate FETs with graphene electrodes is to
float graphene with supporting polymers, and transfer it on an
overturned substrate to a polymer layer between substrate and
graphene (Fig. 28a). Three types of polymers (i.e. poly(vinyl-
pyridine) (PVP), polybutadiene (PBu), and poly(vinyl chloride)
(PVC)) have been used as the supporting layer; transferred
graphene exhibited n-type doping on PVP, dedoping on PBu, and
p-type doping on PVC. WF of the transferred graphene was 4.35 eV
on PVP, 4.61 eV on PBu, and 4.8 eV on PVC. The WF on the PVC-
intercalated graphene showed the smallest injection barrier
(0.51 eV) among the three doped graphene electrodes, and FETs
using PVC-supported graphene electrodes exhibited the most
improved electrical transport characteristics in FETs (Fig. 28b)
[179].
Application of a SAM is a simple method to control the work
function of graphene electrodes in FETs. SAM can be easily
patterned by using a photoresist as a blocking layer. Application of
amine (��NH2) functional groups to the SAM induced intensive n-
type doping characteristics: NH2-SAM treated graphene electrode
had WF = 3.9 eV, which is 0.6 eV smaller than that of graphene on
pristine SiO2. FETs based on graphene electrode were obtained by
depositing N,N’-ditridecyl-3,4,9,10-perylenetetracarboxylic dii-
mide. Due to the reduced electron injection barrier from NH2-
SAM, FETs with n-type doped graphene electrode had superior
electrical characteristics to those of FETs with graphene electrode
on SiO2 substrate (Fig. 28c–d) [180]. WF of rGO films can be directly
modified by SAM treatment. rGO films have various oxygen-related
functional groups (e.g., hydroxyl, epoxy, carboxyl), which induce
formation of alkylsilanes by simple dipping in SAM solutions. rGO
with a SAM that contained fluorinated alkyl groups had WF
�5.51 eV, and that of rGO with a SAM that contained NH2 groups
had WF �4.31 eV; these results indicate that simple dipping in SAM
solution can control the WF of rGO over a wide range (Fig. 28e–f).



Fig. 27. Schematic illustration of (a) patterning process of rGO electrodes. Reproduced from [175] Copyright 2009, Wiley-CVH, and (b) fabrication process of FETs with CVD
grown graphene using coal tar pitch. Reproduced from [22] Copyright 2015, Nature Publishing Group.
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The SAM-doped rGO was used as source and drain electrodes in
organic FETs that used poly[(9,9-dioctylfluorenyl-2,7,-diyl)-co-
bithiophene]. The FETs showed p-channel behavior, and FETs that
had an electrode based on rGO doped with fluorinated alkyl, which
has the highest WF, showed higher m and on/off ratio than the
other FETs did [176].

Simple thermal annealing also can modify the WF of a graphene
electrode [181]. Thermal treatment of graphene induces sponta-
neous charge transfer between graphene electrode and underlying
silicon substrate; as a result the WF of graphene increases from
4.6 eV to 4.75 eV. The hole-injection energy barriers were 0.7 eV
from pristine graphene to pentacene layer, and 0.6 eV from
thermally-annealed graphene to pentacene layer.

These reports have proved that WF control of graphene
electrode substantially improves the electrical properties of FETs.
However, the reports have mainly focused on improving
electrical properties of graphene. Before applications of
graphene electrode based FETs can be practical, research must
be conducted to improve electrical properties and stability of
modified graphene.

5.3. Graphene as channel for FETs

Graphene has a unique electronic structure in which valence
bands and conduction bands meet at the Dirac point, so graphene
has no bandgap. To achieve FETs with high on/off ratio for practical
switching applications as channel elements, a bandgap must be
induced in graphene. To accomplish this change, various methods
have been tested, including oxidation [49,161,162], hydrogenation
[163–166], substitutional doping [53,167], and graphene nano-
ribbon (GNR) formation [61,168–173].

Oxidation opens a bandgap in graphene [49,161,162]. UV-ozone
treatment converts sp2-hybridized bonds in the pristine graphene
to sp3-hybridized bonds, and induces oxygen-related chemical



Fig. 28. Schematic diagram of (a) inverse transfer methods with various supporting polymers, (b) energy-level diagram of inversely transferred graphene and pentacene.
Reproduced from [179] Copyright 2014, American Chemical Society (c) FETs with SAM-doped graphene electrodes, (d) energy-level diagram of bare, and NH2-SAM doped
graphene electrode and PTCDI-C13. Reproduced from [180] Copyright 2011, American Chemical Society, and (e) SAM functionalization of rGO with alkylsilanes and their
chemical structures, (f) Ultraviolet photoelectron spectroscopy (UPS) of various SAM-treated rGO. Reproduced from [176] Copyright 2013, Wiley-VCH.
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bonds, which induce open a bandgap in electronic structure of
graphene and increase its Rsh and surface ionization potential [49].
Oxygen-plasma treatment also opens a bandgap in electronic
structure of graphene; this process also disrupts sp2 hybridization
bonds between carbon atoms. Graphene with a bandgap obtained
by O2-plasma treatment has been used as the channel in FETs [161].
O2-plasma treatment for <3.6 s yielded Ohmic characteristics, but
treatment for >3.6 s resulted in non-linear behaviors, which
indicate that a finite bandgap has formed.

Hydrogenation can also induce a bandgap in the electronic
structure of graphene [182]. Methods include hydrogen plasma
treatment, reaction with hydrogen silsesquioxane, and exposure to
deuterium beams [165,166]. Hydrogen plasma treatments in
vacuum condition at room temperature produces hydrogenated
graphene, which has been used successfully as the channel in FETs.
Increased exposure time causes large coverage of hydrogenated
graphene; hydrogen coverage saturated at �25%. The hydrogena-
tion increased a bandgap from 2.1 eV to 3.9 eV, which is high
enough for FETs to have high on/off ratio. FETs that used
hydrogenated graphene with a bandgap of �3.9 eV on a dielectric
of 100-nm-thick SiO2 had on/off ratio >103 (Fig. 29a–c) [164].

Substitutional doping with heteroatoms also can induce a
bandgap in graphene[53,167] by disrupting the symmetry of its
lattice. Nitrogen-doped graphene prepared by CVD with CH4 as
graphene precursor, NH3 as a dopant precursor, and Cu foil as the
catalyst had significantly reduced electrical conductivity compared
to pristine graphene. FETs produced using the Nitrogen-doped
graphene had much higher on/off ratio (�840) than FETs produced
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using pristine graphene; this difference indicates that barriers had
formed between metal and graphene (Fig. 29d–e) [53].

A finite bandgap in graphene can be induced by GNR formation.
Mechanically-exfoliated graphene sheets on SiO2 substrate were
patterned by e-beam lithography and oxygen plasma treatment to
yield GNRs with widths of 10–100 nm and lengths of 1–2 mm [168].
FETs with GNRs were obtained by depositing Cr/Au (3/50 nm)
(Fig. 30a). Contrary to bulk graphene film, GNRs with several-
nanometer width showed a bandgap, which increased as the width
of the GNRs decreased [168]. However, GNRs obtained using e-
Fig. 29. (a) Synchrotron radiation X-ray photoemission spectroscopy and near-edge X-ray
(b) Schematic diagram of FETs with hydrogenated graphene, (c) Current-voltage charac
Copyright 2016, Nature Publishing Group. (d) X-ray photoelectron spectroscopy (XPS) sp
with pristine and N-doped graphene. Reproduced from [53] Copyright 2009, American
beam lithography were wider than 10 nm, which is too wide to
have sufficient bandgap for practical switching devices. Further-
more, e-beam lithography requires high production cost and long
processing time.

Another lithographic attempt to generate a bandgap in
graphene uses electro-hydrodynamic nanowire printing
(Fig. 30b) [61,169,173]. This method has advantages of scalability,
fast processing, low cost, and excellent patternability. Individually-
controlled polyvinyl carbazole nanowires were printed on CVD-
grown graphene as a patterned mask to protect the underlying
 absorption fine structure spectroscopy of as-prepared and hydrogenated graphene,
teristics of FETs with pristine and hydrogenated graphene. Reproduced from [164]
ectra of pristine and N-doped graphene, (e) Current-voltage characteristics of FETs

 Chemical Society.
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graphene from oxygen plasma. The narrowest GNRs obtained were
9 nm. FETs that used the GNRs were fabricated by depositing an Au
electrode on the nanowire-patterned graphene. Notably, this GNR
fabrication method enabled exceptionally longer channel length
(�50 mm) than conventional FETs with GNRs (less than several
micrometers). At room temperature, FETs with the GNR had on/off
ratio �70, which indicates that a sufficient bandgap had been
generated (Fig. 30c) [169].

Simple solution-processed chemical methods to produce GNRs
have been demonstrated. Graphene that had been exfoliated from
graphite was dispersed in a solution of poly(m-phenylenevinylene-
co-2,5,-dioctoxy-p-phenylenevinylene) in 1,2-dichloroethane
(Fig. 30d) [170]. GNRs were concentrated in the supernatant after
centrifugation. Their widths ranged from �50 nm to <10 nm
(Fig. 30e). FETs with GNR channel were fabricated by depositing Pd
as source/drain metal contacts. The on/off ratio increased rapidly
as the width of GNRs decreased; FETs with GNR <10 nm wide had
on/off ratio >105, which indicates is sufficient bandgap to be
practical in switching devices. Bandgaps [eV] of GNRs with various
Fig. 30. (a) Atomic force microscopy image of GNRs with etching mask. Reproduced from
FETs with GNR using electro-hydrodynamic nanowire printing and O2 plasma treatment,
Copyright 2015, Wiley-CVH (d) Photograph of GNR suspended solution (left), and schem
bars: 100 nm) (f) Calculated energy gap for GNRs with various width, (g) On/off ratio of
Association for the Advancement of Science (h) Scanning tunneling microscopy image of
STM) (left), and schematic illustration of GNR transfer on target substrate (right), (i
Reproduced from [171] Copyright 2013, American Physical Society.
width [nm] can be estimated using as Ebandgap = 0.8/width, which
adequately describes the on/off ratio increase with decrease of
GNR width. This formula suggests that GNRs with width <10 nm
have bandgap >�0.3 eV (Fig. 30f–g).

Another GNR synthesis strategy can achieve uniform edges
[171], and bottom-up synthesis on Au substrate can also yield
precise edge structures [172]. By subliming 10,100-dibromo-9,90-
bianthryl on Au substrate, precursors polymerized by forming
radicals. Thermal treatment of the polymerized precursor on the
Au surface caused repeated C-C coupling and dehydrogenation, so
GNRs formed (Fig. 30h). GNRs obtained by this bottom-up
synthesis were transferred to SiO2 substrate. PMMA was spin-
cast on GNRs synthesized on Au/mica substrate. Delaminating the
mica, then etching away the Au with HF yielded floating PMMA-
supported GNR films. Rinsing, transferring the GNRs/PMMA film to
a dielectric substrate and removing the PMMA yielded GNRs on the
substrate. FETs with these GNRs were demonstrated by depositing
patterned Pd on GNRs. FETs with negligible hysteresis were
achieved by post-treatment, including annealing and
 [168] Copyright 2007, American Physical Society (b) Schematic illustration of the
 (c) Current-voltage characteristics of FETs with various GNRs. Reproduced from [61]
atics of GNRs demonstrated from suspension (e) GNRs with heights <2 nm. (Scale

 FETs with various GNR widths. Reproduced from [170] Copyright 2008, American
 GNRs on Au substrate (inset: high-resolution image of GNRs with low-temperature
) Current-voltage characteristics of FETs with the bottom-up synthesized GNRs.



38 T.-H. Han et al. / Materials Science and Engineering R 118 (2017) 1–43
hexamethyldisilazane passivation. The FET with GNRs had on-off
ratio �3.6 � 103 at 1 VSD (Fig. 30i).

6. Flexible encapsulation using graphene

6.1. Requirements of encapsulant for flexible electronics

Although organic electronics have been advancing to replace
inorganic electronics [5,6,183–188], organic molecules are suscep-
tible to oxygen and moisture, so organic devices should be
passivated to prevent degradation of organic materials in device.
The most widely-used method to encapsulate organic electronics
is to use hollow glass encapsulant with UV-curable epoxy resin, but
this approach must be done under N2 atmosphere, and requires
getters to trap the trace O2, H2O and other reactive gases [189].
Several other encapsulation technologies have been proposed;
these include using atomic layer deposition (ALD) to lay down an
inorganic film [190,191], and coating an organic layer [192]. ALD is
a self-limiting surface reaction, and provides a nearly pinhole-free
atom-thick coating, and therefore provides outstanding barrier
properties [193]. However, ALD entails high processing cost due to
the necessity of high vacuum and long processing time [183].
Especially, conventional glass encapsulation and layers produced
using ALD are brittle, and therefore are not suitable as flexible
Fig. 31. (a) Photograph of prepared GO film, (b) He-leak measurement of PET and 0.5-mm
Advancement of Science (c) Schematics describing the barrier properties of graphene, (d)
(e) XPS spectra of graphene/Cu, and Cu after annealing in air. Reproduced from [196] C
encapsulation methods. Organic polymers have also been evalu-
ated as encapsulants of OLEDs [192]. Organic polymers can form
barriers without reducing the flexibility of organic electronics, but
these polymers have poor barrier capacity, and direct contact
between the barrier solution and the organic device can result in
contamination, which can severely degrade the devices.

Flexible encapsulation for organic electronics should meet
several requirements: i) outstanding barrier properties compara-
ble to conventional inorganic film or glass encapsulation, ii) roll-
to-roll processability for low processing cost, and iii) contamina-
tion-free process.

6.2. Flexible encapsulation using graphene

Graphene has outstanding barrier properties against gas and
liquid due to its densely-packed lattice structure [194–196].
Molecular permeation characteristic of GO produced using
Hummer’s method has been investigated (Fig. 31a–b) [195]. A
0.5-mm-thick GO film did not allow any leakage of He, whereas a
12-mm-thick PET film allowed a large amount of He leakage. The
12-mm-thick PET film was 1000 times more permeable than the
GO-film; this difference indicates that GO film has superior barrier
characteristics. Graphene grown by CVD with Cu or Ni film also has
barrier properties (Fig. 31c–e) [196]. In contrast to pristine Cu film,
-thick GO film. Reproduced from [195] Copyright 2012, American Association for the
 Photograph of graphene coated (upper), and uncoated (lower) after H2O2 exposure,
opyright 2011, American Chemical Society.
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Cu film coated with grown graphene maintained its metallic
properties under reactive H2O2 treatment. Also in contrast to
pristine Cu, which showed various oxygen-related peaks in XPS
spectra, graphene-protected Cu showed no oxygen-related XPS
spectra; this result indicates that CVD-grown graphene offers an
excellent barrier film on metals.

Due to their promising barrier properties, graphene and GO
have been used to encapsulate organic materials based devices
[23,197–199]. Solution-processed GO and rGO were used to
encapsulate OPVs [198]. Gas-barrier properties of GO and rGO
films were examined by measuring the T change of P3HT.
Deposited GO film can prevent photo-oxidation, which causes
increase in T. As thickness of GO film increased from 10 nm to
20 nm, T change was reduced; this trend indicates that the
barrier properties improved. Thermal annealing at 150 �C con-
verted GO to rGO, and thereby further improved the barrier
properties, even though the thickness of barrier film was
decreased to 15 nm. This increase occurred because thermal
annealing restored the graphene lattice and decreased the
interlayer spacing between the rGO layers (Fig. 32a–c). In ambient
conditions, rGO-passivated OPVs were more stable than GO-
passivated OPVs. After 50 h, GO- and rGO- encapsulated OPVs had
�20% higher PCE than OPVs without encapsulation (Fig. 32d); this
result proves that GO and rGO films can provide a gas barrier on
organic electronics.

Flexible OPVs that are based on flexible PI substrate, and that
are passivated with CVD-grown graphene have been demon-
strated [197]. CVD-grown graphene has been used for top
electrode and passivation layer at the same time. Absence of
an additional capping layer led to the development of ultra-thin
OPVs with excellent tolerance to bending. By adding one or more
layers of graphene, the stability in ambient conditions was
dramatically improved, and the PCEs of the OPVs were almost
maintained for >70 d. Water vapor transmission rate (WVTR) of
CVD grown graphene on PET film decreased as the number of
graphene layers increased (Fig. 32e) [199]. PET film with six-layer
graphene had WVTR = 0.48 g m2d�1. These encapsulation films
were used in pentacene-based FETs to investigate the barrier
characteristics (Fig. 32f). Under UV/ozone treatment, pentacene
layers were stably maintained without oxidation. At 60 �C and 60
% relative humidity, pentacene layers passivated with the
graphene-based encapsulant showed less decrease of m than
non-encapsulated FETs did. Moreover, the barrier properties on
encapsulated FETs remained stable after 500 bending cycles
(Fig. 32g). However, direct deposition of graphene encapsulation
films on organic layers can cause contamination, which can
degrade the electrical characteristics of organic devices. Direct
scooping of floating graphene to encapsulate the organic
electronics exposes underlying organic layer faces to highly-
concentrated moisture, which causes severe degradation.

Free-standing CVD-grown graphene films on PET have been
used to encapsulate polymer LEDs [23]. LEDs on PET substrate were
laminated with repeatedly-stacked CVD-grown graphene and
polydimethylsiloxane (PDMS) insulator (Fig. 32h). As the number
of stacked graphene layers increased, the half-luminescence
lifetimes (L50) increased (Fig. 32i). Bare PET and PET with PDMS
film had L50< 20 h, but PET with PDMS and six layers of graphene
had L50 > 70 h. Ca test were also performed to investigate the
barrier properties of the encapsulants (Fig. 32j). PET film with
PDMS and six layers of graphene showed the lowest WVTRs; this
result confirms the outstanding barrier properties of the flexible
encapsulant composed of PDMS with six-layered CVD-grown
graphene. Flexible encapsulation was successfully demonstrated
by using the graphene-PDMS based barrier film on large-area
flexible polymer LEDs (Fig. 32k).
7. Conclusion and outlook

This work has reviewed recent progress in graphene-based
flexible electronics, including flexible LEDs, SCs and FETs, and has
also considered use of graphene as an encapsulant. Graphene can
provide various advantages for flexible electronics; these include
high T, high electron mobility, and mechanical robustness.
Therefore, graphene has been evaluated for use as various
components in flexible electronics. However, several disadvan-
tages of graphene must be solved before it can be used in practical
flexible electronics. Pristine graphene’s relatively high Rsh limits
current in devices at a given applied bias, and its inappropriate WF
(�4.4 eV) can form a large energy barrier to charge injection in FETs
and LEDs, and can lead to voltage loss in SCs. Pristine graphene has
no bandgap, so it is not appropriate for use as a channel in FETs.
Various ways to modify the electrical properties of pristine
graphene have been developed; these include development of
synthesis methods and chemical or physical modifications of
graphene. Development of large-scale graphene production by
CVD has significantly increased the feasibility of graphene-based
flexible electronic devices compared with graphene film formed by
mechanical or chemical exfoliation of graphite. Various methods to
dope graphene have been used to achieve desirable Rsh and WF for
improved charge conduction in devices, or to open the band gap of
graphene for use as a channel in FETs. These methods have
increased luminous efficiency in LEDs, PCE in SCs, and on-off ratio
in switching devices. Various methods have been introduced to
form a finite band gap in graphene; these include such as
oxidation, hydrogenation, and GNR formation. Interfacial layers on
graphene electrode also substantially increase the electrical or
luminous properties of devices by reducing the large energy
barrier to charge injection from the graphene electrode in flexible
electronics. Graphene has also been shown to be an effective
flexible encapsulant due to its densely-packed structure and
outstanding impermeability to gas molecules.

Further development of graphene-based flexible electronics
requires development of (1) a method to synthesize high-quality
graphene that is free of defects and is composed of large single-
crystal domains, and (2) a graphene-transfer process to obtain
smooth surface of graphene film and to form defect-free, residue-
free graphene film on desired substrates. Study on graphene
doping to increase electrical conductivity and work function
should be continued. At the same time, development of an
interfacial layer on graphene may provide a way to alter electrical
properties of pristine graphene without sacrificing its unique
properties, and to align energy levels to facilitate charge carrier
injection from graphene to overlying functional layers. New
strategies to obtain defect-free and high-quality graphene and
development of engineering methods to improve properties of
graphene would facilitate development of next-generation flexible
electronics. Importantly, enhancement of mechanical properties of
graphene is more required for stretchable electronics. However,
only 6% stretching was allowed without change in Rsh of graphene
because the strong carbon networks which give high stiffness and
elastic modulus limit dissipation of strain energy [39]. To
overcome the limited stretchability of graphene itself, various
approaches to increase stretchability of graphene have been
developed to make it suitable for stretchable applications that
demand durability for stretching to 20–30% [200]; stacking
graphene layers [201], making composite with metal nanowires
[42,202], and using pre-strained substrates [39] have been
suggested. Therefore, to make use of graphene feasible in next-
generation stretchable and wearable electronics, new ways to
improve stretchability of graphene-based electrodes or encapsu-
lants must be developed.



Fig. 32. High-resolution transmission electron microscopy images of (a) GO, and (b) rGO films, (c) Schematic illustration of O2 permeation through GO (upper) and rGO
(lower) film, (d) Normalized PCE changes of OSCs encapsulated with GO, rGO in ambient. Reproduced from [198] Copyright 2014, Wiley-CVH (e) WVTR of graphene film
according to the number of transferred graphene layer on PET (f) Carrier mobility changes of FETs with bare pentacene, PMMA passivated pentacene, and PMMA/Graphene
passivated pentacene at 60 �C and 60 % relative humidity. (g) Carrier mobility and on/off ratio changes of PMMA/graphene passivated FETs under bending cycles. Reproduced
from [199] Copyright 2015, American Chemical Society (h) Schematic illustration of PDMS/graphene/PET encapsulated organic device, (i) Luminance change of OLEDs
encapsulated with various passivation films in ambient condition, (j) Normalized conductance change of various passivation films, measured using a Ca test, (k) Photograph
demonstrating large-area flexible encapsulation of OLEDs (emitting area: 3 cm � 3 cm. Reproduced from [23] Copyright 2016, American Chemical Society.
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