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KEYWORDS Summary As optoelectronic devices become more ubiquitous and applications for such
devices begin to diversify, there is an increasing demand for an alternative transparent conduct-

%.r:r?shpzr:;“ ing film to address the shortcomings of transparent metal oxides. Graphene, which combines
conductor; excellent optical transparency with mechanical robustness and chemical inertness, is a strong
Optoelectronic candidate for this purpose. Synthesize techniques such as chemical vapor deposition and lig-
devices; uid phase exfoliation allows researchers to produce large-area transparent conducting films
Solar cells; that can be used for devices such as solar cells and light-emitted diodes. However, practical

LEDs issues such as insufficient conductivity or surface roughness from transfer often hamper device
performance. Nonetheless, researchers have succeeded in demonstrating graphene electrode-
based solar cells, LEDs, photodetectors, and lasers. In this review, we present an overview of
progress made in building optoelectronic devices with graphene as the transparent conductor
and identify the major challenges that must be overcome before the material can move from
the laboratory to industry.
© 2015 Elsevier Ltd. All rights reserved.

Introduction and background from researchers due to its remarkable physical and chem-

ical characteristics. From an optoelectronics standpoint,
Graphene is a two-dimensional array of carbon atoms graphene is both electrically conductive and optically trans-
arranged in a planar hexagonal configuration. Over the  Parent—a pair of properties rarely found together —making

past decade, the material has attracted enormous attention it @ natural candidate for next-generation transparent con-
ductors (TCs). Currently the TC market is dominated by

conductive metal oxides such as indium tin oxide (ITO),

fluorine-doped tin oxide (FTO), and aluminum-doped zinc
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is a rare earth metal primarily found in zinc deposits and is
therefore produced in small quantities as a by-product. To
address increasing demand, researchers have been explor-
ing the possibility of applying other materials such as metal
grids/nanowires, carbon nanotubes (CNTs), conductive poly-
mers, and graphene.

All of the emerging technologies listed above have
potential advantages over ITO in certain respects such as
conductivity, flexibility, or cost. Metal grids offer excellent
conductivity and good optical transmittance but require pat-
terning via photolithography or shadow mask evaporation.
More recently, researchers developed other types of metallic
networks such as spin-on silver nanowires or metallic ‘nano-
troughs’. Disadvantages include higher cost, greater surface
roughness, instability in air due to oxidation, and hazing.
We refer the reader to other review articles for detailed
discussions [1—3]. Carbon nanotubes can, in some ways, be
thought of as the predecessor to graphene. CNT transparent
conducting films are approaching realization in industry; in
fact, companies have demonstrated working touch screens
using carbon nanotube films. However, synthesis and purifi-
cation of high quality nanotubes can be difficult and like
nanowires, nanotube films have higher surface roughness,
which is undesirable for some applications [4,5]. Conduct-
ing polymers such as PEDOT:PSS have also shown promise.
Normally, the conductivity of these polymers is very low
compared to ITO. Simple modifications such as dipping in
alcohol can enhance the conductivity significantly, but still
lower than other TCs. PEDOT:PSS can also be deposited over
large areas by spin-coating, printing, or oxidative chemical
vapor deposition. As before, we refer to other compre-
hensive reviews for more information on the topic [6,7].
These emerging technologies are very different, each hav-
ing advantages and disadvantages that constantly evolve as
research progresses rapidly. In this review, we focus our
attention on graphene.

The atomic arrangement of carbon atoms in graphene
gives rise to unique electrical properties. The delocalized
w-electrons have mobility values as high as 200,000cm?/V's
at room temperature, resulting in intrinsic resistivity as
low as 302/sq [8]. The theoretical optical absorption of
graphene — 2.3% per layer — is determined by the fine struc-
ture constant, which describes the coupling between light
and relativistic electrons [9]. These theoretical values for
sheet resistance and optical transmittance compare favor-
ably to carbon nanotubes films and conductive polymers.
Furthermore, graphene films are uniform with atomically
flat surfaces and can be cheaper to synthesize than metal
grids or nanowires. In spite of these advantages, when com-
paring graphene to ITO, many researchers are skeptical
about graphene’s prospects of becoming the dominant TC.
History has shown that older, established technologies are
difficult to displace, and ITO is indeed a well-entrenched
industry standard. Efforts have also been made to recover
indium from used electronics such as LCD panels to alle-
viate the resource demand [10]. However, at present, ITO
has mostly been used in applications with flat, rigid sub-
strates. Recently, bendable or curved devices have become
an emerging trend, where the flexibility of graphene may
play a key role. Furthermore, other advantages of graphene
open possibilities for technologies that may not be com-
patible with ITO. For example, ITO cannot be used in dye

sensitized solar cells because the sintering process dur-
ing fabrication requires the TC to survive temperatures
upwards of 400°C. Similarly, in organic photovoltaic devices
(OPVs), ITO has been shown to degrade over time, resulting
in reduced performance and lifetime [11,12]. In contrast,
graphene has remarkable thermal stability and chemical
inertness, making it a promising candidate for these appli-
cations. In addition, it is anticipated there will be increased
demand for TCs in the future, so the cost and abundance of
graphene may become more important.

Because graphene is still a relatively new material,
researchers take different approaches in trying to make
it more industrially relevant. One approach is to improve
the physical properties of the graphene itself. While the
theoretical properties of graphene, such as its atomic flat-
ness and high electrical conductivity, are highly attractive,
it is often difficult to achieve such results in practice.
Thus, much of the community’s efforts focuses on mak-
ing graphene more attractive by bridging the gap between
theory and practice, for example: controllably synthesizing
large-area defect-free films, improving the sheet resistance
by surface modifications, or developing transfer processes
that allows the growth substrates to be recycled. Many of
these efforts are described in section 2-graphene synthe-
sis and processing. Another approach is to use graphene
for existing technologies in place of conventional TCs to
assess the advantages and disadvantages of the material. For
example, researchers have demonstrated flexible organic
solar cells and LEDs using graphene electrodes with perfor-
mance similar to or exceeding that of ITO-based devices.
At this stage, these investigations are quite preliminary and
many aspects such as device reliability and reproducibility
have not yet been thoroughly investigated. Specific results
are summarized in section 3 of this review — optoelectronic
devices with graphene electrodes.

Graphene synthesis and processing

Synthesis of large-area graphene

In 2004, graphene was first isolated by mechanically exfoli-
ating from graphite flakes — a process colloquially known as
‘scotch-taping’ (Fig. 1a) [13]. Unfortunately, the size of the
exfoliated flakes was limited to hundreds of microns, which
meant that fabricating large-scale optoelectronic devices
were not possible using mechanically exfoliated graphene.
However, researchers soon developed scalable methods of
preparing large-area film — the most common of which are
chemical vapor deposition (CVD) and liquid phase exfolia-
tion. We briefly discuss these two methods.

Chemical vapor deposition

CVD is a bottom-up synthesis method that generally
produces continuous films with sheet resistances of a few
hundred Ohms per square and optical losses very close to the
ideal 2.3% per layer, which makes it very popular amongst
research communities. In a typical CVD process, the growth
substrate (most commonly copper foil or nickel thin film)
is annealed at high temperatures (~1000°C) in a reduc-
ing environment. After annealing, a carbon source such as
methane is introduced into the growth chamber. The high
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(a) Optical image of mechanically exfoliated graphene flake. Reprinted with permission from [13]. Copyrights 2004

American Association for the Advancement of Science. (b) Illustration of graphene synthesis by CVD. (c) Graphene synthesized on
nickel thin film; arrows indicate thin monolayer regions. (d) Monolayer graphene synthesized on copper foil and transferred onto
Si0, /Si substrate. Reprinted with permission from [14]. Copyrights 2004 American Association for the Advancement of Science.

temperature coupled with the catalytic properties of the
metal substrates causes the carbon to decompose and dis-
solve (Fig. 1b). Generally speaking, in the case of substrates
with high carbon solubility, such as nickel, under most syn-
thesis conditions the dissolved carbon precipitates when
cooled down to room temperature and forms multilayer
graphene on the surface (Fig. 1c). In the case substrates
with low carbon solubility, such as copper, under low pres-
sure CVD conditions, the reaction terminates when the
surface of the copper is covered with graphene, result-
ing in monolayer graphene, as shown in Fig. 1d [14,15].
Methane is the most common precursor but researchers
have shown that virtually any source of carbon, including
solid carbon, can be used [16,17]. CVD-grown graphene on
metal substrates is polycrystalline with domain sizes typi-
cally in the range of microns to hundreds of microns and the
individual domains are stitched together to form a single
continuous film. Improving the CVD process to increase the
domain size is a hot area of research and some groups have
already reported millimeter to centimeter-sized domains
[18—20]. Wafer-scale epitaxial growth of single crystalline
graphene has been demonstrated on silicon carbide [21]
and, more recently, on germanium [22]. In recent years,
researchers have also demonstrated continuous roll-to-roll

CVD growth, which will be necessary for industrial-scale
production [23—25]. Finally, as will be discussed in detail
later, the graphene must be transferred from the growth
substrate to the target substrate, which is often not a triv-
ial procedure. Because of this, there is also interest in
directly synthesizing graphene on rigid substrates such as
SiO, by precipitation from metal films [26,27]. At present,
CVD appears to be favored by researchers working on opto-
electronic devices because it generally produces graphene
with better electrical properties compared to other large-
scale synthesis methods.

Liquid phase exfoliation

Because of the throughput limitations of CVD, many
researchers have explored liquid phase exfoliation as a
more scalable top-down synthesis method. Graphite flakes
can be mass-exfoliated into few-layer graphene in solution,
which offers higher throughput suitable for industrial-scale
applications. However, this comes at the expense of per-
formance, as the graphene is not a single continuous film,
but rather, a network of interconnected flakes, as can be
seen in Fig. 2a. ldeally, the graphite should be broken down
into large monolayer or few-layer graphene flakes. The
most common approaches to liquid phase exfoliation are
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(a) SEM image of liquid phase exfoliated graphene exfoliated in water and surfactant. Reprinted with permission from

[29]. Copyrights 2009 American Chemical Society. (b) Illustration of electrochemical exfoliation of graphite and (c) the corresponding
thickness distribution. Reprinted with permission from [30]. Copyrights 2013 American Chemical Society. (d) Illustration of the
structure of graphene oxide. Reprinted with permission from [36]. Copyrights 1998 Elsevier.

ultra-sonication in surfactant solutions or organic solvents
[28,29], electrochemical exfoliation in electrolyte solution
[30,31], and chemical reduction of exfoliated graphene
oxide [32,33]. Of these techniques, the simplest is to soni-
cate graphite flakes in water with surfactant. As reported
by Lotya et al., 40% of exfoliated flakes had fewer than
5 layers and 3% of flakes were monolayer [29]. Exfoliat-
ing in organic solvents yields similar results [28]. To achieve
better monolayer yield, graphite flakes can be electrochem-
ically exfoliated in an aqueous solution of inorganic salts
[31,34]. Applying a voltage across the electrodes causes
ions in the solution to intercalate between graphite layers,
separating them into few-layer graphene flakes (Fig. 2b).
Parvez et al. reported that 85% of electrochemically exfo-
liated flakes were 3 layers or less (Fig. 2c) and the hole
mobility of individual flakes was measured to be 310 cm?/V's.
Reduced Graphene Oxide (rGO) is another approach to liquid
phase exfoliation. Graphite flakes are first oxidized using a
mixture of sulfuric acid, sodium nitrate, and potassium per-
manganate (Hummers method) [35]. The oxidation process
increases the interlayer spacing of the graphite flakes and
allows the individual layers to be more easily separated via
sonication or stirring, producing a suspension of GO flakes in
water. The structure of GO is shown in Fig. 2d. The flakes can
then be reduced by a variety of methods such as exposing
to hydrazine, exposing to hydrogen plasma, or even illu-
minating with light from a camera flash [32,33]. Solution
processed films can be sprayed or painted onto practically
any surface and therefore may not require a transfer step.

Transfer

CVD graphene is grown on metal foil or thin film and so
it usually needs to be transferred onto another substrate
for device fabrication. Solution processed graphene can be
directly deposited on the target substrate via spray or spin-
casting but high temperature annealing is often necessary
to reduce the sheet resistance, which limits the choice of

substrate. For heat-sensitive substrates, a common strat-
egy is to deposit the flakes on thermally stable substrate
such as SiO; for annealing and then transfer onto the target
substrate [37]. Thus, the problem of transfer is relevant to
both CVD and solution exfoliated films. The most common
graphene transfer procedure is spin-coating a thin PMMA
layer, etching away the growth substrate in solution, scoop-
ing the graphene/PMMA film onto the target substrate, and
finally dissolving the PMMA layer [15]. This procedure is
the dominant method used by researchers who work with
CVD graphene and many have reported modifications to
improve the quality of the transferred film. For example, it
has been shown (Fig. 3a) that re-depositing a second layer
of PMMA onto the graphene after scooping onto the sub-
strate results in fewer tears and better sheet resistance
[38,39]. Applying a thorough RCA cleaning process on the
floating graphene/PMMA film also removes contaminants and
reduces crack formation [40]. Nevertheless, there are some
limitations such as wrinkles in the transferred film and poly-
mer residues on the surface. As time progressed, there have
constantly been improvements and evolutions of the original
process to overcome these issues. Here, we give an overview
of these findings.

After etching away the copper growth substrate, the
graphene/PMMA film is left floating in water. The PMMA
membrane (typically 50nm—1um) is so thin that it crum-
ples when pulled from water so the target substrate must
be immersed to scoop out the film. This is unacceptable
for some devices such as organic solar cells or LEDs since
many organic compounds are highly sensitive to water. To
circumvent this, researchers often use a thicker transfer
membrane that stays rigid when removed from water and
can therefore be pressed onto the target substrate in air;
this is commonly referred to as ‘dry-transfer’. One option
is Polydimethylsiloxane (PDMS), as demonstrated by Kim
et al. (Fig. 3b) [41]. Graphene grown on nickel was attached
to a PDMS stamp and pressed onto a surface; the PDMS
was subsequently removed, leaving the graphene attached
to the target substrate. The graphene was wrinkled after
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(a) Modified PMMA transfer procedure developed by Li et al. Reprinted with permission from [39]. Copyrights 2009

American Chemical Society. (b) Transfer of graphene grown on nickel thin film using a PDMS stamp. Reprinted with permission from
[41]. Copyrights 2009 Nature Publishing Group. (c) Illustration of direct transfer process used in [44] and a photograph of graphene

transfer onto a PTFE filter using this method.

transfer but the wrinkles were shown to make the film more
resilient to mechanical strain. Song et al. improved this pro-
cedure by adding a ‘self-release layer (SRL)’ between the
graphene and PDMS [42]. The adhesion between the PDMS
and SRL is weaker than the adhesion between the graphene
and substrate so the PDMS stamp can be removed easily.
Bae et al. demonstrated a roll-to-roll ‘dry transfer’ method
onto flexible substrates using thermal release tape as the
transfer membrane [43]. Thermal release tape is attached
to graphene grown on copper foil and the copper is etched
away. The tape/graphene is then pressed onto PET and
heated to 120°C to release the film. However, like PMMA,
thermal release tape leaves residues, which may be detri-
mental for devices.

Direct transfer of graphene onto flexible substrates via
lamination has also been demonstrated in several reports.
The general idea behind this technique is that instead
of using an intermediate membrane, one can press the
graphene/copper against the target substrate and etch away
the copper, leaving the graphene film attached to the tar-
get substrate. As a result, the exposed side of the graphene
is free of PMMA residues. Han et al. first demonstrated this
transfer method by on PET; the PET was heated to 115°C for
the lamination [45]. O’Hern et al. transferred graphene onto
Polycarbonate filters and TEM grids using a similar method
without heating and concluded that the hydrophobicity of
the target substrate is critical to ensuring a successful
transfer [46]. Our group also thoroughly investigated the
heated lamination transfer method on a wide variety of sub-
strate (Fig. 3c) [44]. We concluded that the method can be
generalized to any flexible substrate provided that the lam-
ination apparatus can reach glass transition temperature of
the material. A thin PMMA coating can also be applied to
substrates that are too hydrophilic. Measureable sheet resis-
tance values were obtained on all substrates investigated,
which indicates that the transferred films were electrically
continuous, but the range varied from 170 to 3000 2/sq.
Parvez et al. developed a similar procedure for electrochem-
ically exfoliated film whereby, the graphene was vacuum
filtered onto a PTFE membrane and pressed against the tar-
get substrate (PET), as shown in Fig. 4a [30]. Van der Waal
interactions ensured that the graphene stuck to the PET.
Because these direct transfer techniques depend on close
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Figure 4 (a) Transfer of liquid phase exfoliated graphene

from a PTFE filter to PET. Reprinted with permission from [30].
Copyrights 2013 American Chemical Society. (b) Illustration
and photograph of the ‘bubble transfer’ procedure. Reprinted
with permission from [47]. Copyright 2011 American Chemical
Society. (c) Illustration of dry transfer using adhesion-treated
polymer. Reprinted with permission from [48]. Copyright 2011
American Chemical Society.

contact between the graphene and target substrate, they
are most effective on soft thermoplastics. At present, there
does not appear to be an effective direct transfer technique
for hard substrates.
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The works referenced above all etch away the growth
substrate during the transfer process, sacrificing ~25um
of copper foil for a monolayer of graphene. In order to
reduce the overall cost of producing CVD graphene — which
is often cited as a potential advantage of graphene over
ITO — it is necessary to recycle the growth substrate.
Electrochemical delamination, colloquially known as ‘bub-
ble transfer’, allows graphene to be separated from metal
foils. This method was first demonstrated by Wang et al.
on copper foil (Fig. 4b) [47] and soon thereafter on plat-
inum foil by Gao et al. [49]. In both reports, PMMA is first
coated on the graphene/metal. The stack is immersed in
an aqueous electrolyte solution and the graphene/PMMA is
delaminated by applying a voltage between the metal and
a counter electrode. The metal foil can be recycled indef-
initely and, in fact, becomes smoother over time. Another
advantage of this method is that the graphene can be delam-
inated from both sides of the metal, effectively doubling
the throughput. However, after the graphene is delami-
nated, the remainder of the procedure is identical to the
standard PMMA process and is therefore subject to the same
issues such as wrinkles and residues. Lock et al. demon-
strated a direct-transfer method that also allows the growth
substrates to be re-used [48]. Polystyrene was treated
with CO, plasma and covered with the linker molecule N-
ethylamino-4-azidotetrafluorobenzoate (TFPA—NH,) by dip
coating. Azides were chosen as the linker molecule
because form strong covalent bonds with graphene. The
graphene/copper was then pressed against the polymer
substrate using a nano-imprinter at 500psi for 30 min.
Because the graphene adheres more strongly to the azide
molecules than the copper foil, the polystyrene/graphene
can be peeled off, leaving the copper intact. The pro-
cess is illustrated in Fig. 4c. The resultant films had
sheet resistances of 1-3k/sq, depending on the method
of attachment between the polymer substrate and linker
molecule.

Applying these transfer techniques to actual opto-
electronic devices represents an exciting opportunity for
future research. The majority of research on optoelectronic
devices with graphene electrodes still uses the standard
PMMA transfer procedure because it reliably produces
higher-quality films. However, when considering industrial
applications, ensuring that the transfer is scalable and can
be easily automated is just as important. Much of cur-
rent research regarding scaling and automation focuses
on roll-to-roll processes, which is relevant to flexible
substrates. For applications that use rigid substrates, scal-
ing up transfer throughput would require an automated,
wafer-scale batch transfer process. These developments
will be driven by higher demand once graphene-based
devices move from laboratory-scale to practical applica-
tions.

Conductivity and optical transmittance

In many cases, electrical conductivity and optical transmit-
tance are the most important metrics for TCs. Researchers
often use the DC conductivity to optical conductivity ratio
(opc/oop) as a figure of merit in evaluating transparent con-
ductors. For thin metallic films, the transmittance (T), sheet

resistance (R;), and opc/oop are related by the following
expression:

-2
T=<1+188.500p> ")
Rs onc

Because opc/oop is difficult to measure directly,
researchers often specify a sheet resistance value at a
particular transmittance. A plot of sheet resistance versus
optical transmittance for various values of opc/oop is shown
in Fig. 5a. ITO has opc/oop of about 500, which corresponds
to 10Q2/sq at 93% transmittance. Parity with ITO is often
seen as the ultimate goal when dealing with graphene as
TCs and is seen as so important that nearly every work
in the field cites the conductivity of ITO as the refer-
ence metric. Chen et al. theorized that intrinsic graphene
has mobility of 200,000 cm?/V's at 10'> cm~2 carrier density
for sheet resistance of 30Q2/sq [8]. The 30Q2/sq is often
quoted in literature and has been experimentally verified
for suspended monolayer flakes [50]. The optical trans-
mittance of graphene is governed by the fine structure
constant (« =e2/kc), which describes the coupling between
light and relativistic electrons [9]. Pristine graphene has
optical absorption of 7« =2.3% per layer. Thus, three layers
of perfect graphene could potentially achieve the industri-
ally competitive standard of 10 2/sq at 94% transmittance
(equal to ITO) [51]. Unfortunately, large-area graphene
films have numerous other sources of scattering such as
defects, wrinkles, and domain boundaries. As a result,
real graphene films used in devices are not nearly as con-
ductive; the range of sheet resistance values reported in
literature is 75—1000 2/sq for monolayer CVD graphene and
0.3—10k/sq for solution exfoliated graphene. Here, we
present strategies that researchers use to enhance the con-
ductivity of graphene films. Because they are very different,
we discuss CVD graphene and liquid exfoliated graphene
separately.

Conductivity of CVD graphene

Fundamentally, the sheet resistance of N-layer CVD
graphene, assuming that the layers are independent, can
be expressed as

1
Ry = < Z qﬂi”i) (2)

g is the elementary charge, u; is the carrier mobility of
the ith layer and n; is the sheet carrier concentration of
the ith layer. From this, we can see that in order to mini-
mize sheet resistance, we should try to increase mobility or
increase carrier concentration (i.e. ‘‘dope’’ the graphene).
Carrier concentration can be increased by transferring the
graphene onto polar substrates such as SiO,, by exposing
it to air, or by exposing it to highly electronegative chem-
icals. Graphene on SiO, stored in air is typically p-doped.
Pristine graphene has extremely high mobility but can be
reduced drastically by any defects such as point defects
or holes/tears and additional sources of scattering. Thus,
mobility is often indicative of the quality of the graphene
film. Finally, because doping introduces charged impuri-
ties, mobility typically decreases as carrier concentration
increases. Unfortunately, these parameters are not easy to
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control because they are a function of the synthesis process,
transfer process, substrate, encapsulating material, and
any surface modifications. Thus, because synthesis/transfer
processes can vary greatly between researchers, it is also
difficult to compare values reported by different research
groups. Therefore, any sheet resistance or mobility numbers
cited in this section should be regarded as general trends
rather than exact values.

Multilayer graphene (MLG) grown on nickel thin film
typically has better sheet resistance than single-layer
graphene (SLG) grown on copper but worse optical trans-
mittance. With standard growth and transfer procedures,
the sheet resistance of graphene samples typically ranges
from 200—300 2/sq for multilayer graphene grown on Ni
thin film and from 250 to 800 $2/sq for monolayers grown
on Cu. Some groups report values as low as 100 2/sq for Ni
and 150 Q/sq for copper [43,52]. Most researchers seem to
prefer Cu-grown monolayer graphene because it usually has
better opc/oop unless the mechanical robustness of multi-
layer films is required.

Stacking several monolayers can enhance the conductiv-
ity of the film at the expense of 2.3% optical transmittance
per layer. However, the process of transferring multiple
layers is time-consuming. Furthermore, in most cases, the
sheet resistance does not decreases as 1/N (N is the num-
ber of layers) and the marginal benefit of each successive
layer decreases as the number of layer increases [43,53—56].
This is likely because graphene is doped both by the sub-
strate and from the atmosphere [57,58]. When there are
multiple layers of graphene, the bottom layers are shielded
from the atmosphere and the top layers are shielded from
the substrate. Thus, each individual layer is less doped
and has higher sheet resistance than an isolated monolayer.

Nonetheless, layer-by-layer stacking is one of the most pop-
ular methods of enhancing conductivity because it is easily
applicable to actual devices. It is possible to directly synthe-
size few-layer graphene on copper directly, by using copper
enclosures or atmospheric pressure CVD (APCVD) [56,59].
However, such techniques have had mixed results. Bi et al.
controlled the number of layers by changing the hydrogen
flow rate and growth time [56]. The SLG graphene films
had sheet resistance of 1150 2/sq at 95.5% transmittance
while the 7-layer films have sheet resistance of 220 Q/sq at
82.2% transmittance (Fig. 5b). On the other hand, Li et al.
showed that SLG synthesized via LPCVD has sheet resistance
of 387Q/sq at 97.7% transmittance while APCVD-grown
MLG has much higher sheet resistance of 500—1000 ©2/sq at
84—91% transmittance [60]. After transfer, thermal anneal-
ing is usually used to remove PMMA residue; this process
also reduces the sheet resistance by increasing the intrinsic
carrier concentration [61—66]. However, annealing requires
heating the graphene to >300°C, which is not possible for
all types of devices. Duong et al. showed that increasing
the graphene domain size by decreasing the methane con-
centration during growth can improve the sheet resistance
from 400 to 300 2/sq (Fig. 5¢). However, domain boundaries
is only one of many sources of scattering in CVD graphene
so the authors estimate that even with extremely large
domains, the sheet resistance would saturate to 230/sq
[66].

Chemical doping can be applied to further enhance
the conductivity. Presently, the most commonly applied
dopants are AuCl; and HNO;. Other dopants are MoO3, HCl,
SOCl,, TFSA, (F4)TCNQ, and FeCl;. In all cases, dopant
molecules are deposited onto graphene by spin-casting or
evaporation. AuCls, HNOs, TFSA, and FeCl; can reduce the
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sheet resistance of graphene by 50—80% to 75—200 2/sq
[43,67—71]. Using a combination of doping and layer stack-
ing, researchers have achieved sheet resistances as low as
30 Q2/sq for 4-layer graphene, which is the lowest value for
CVD graphene reported in literature thus far [43]. While this
may seem promising, it is difficult to use doped graphene
for some devices. HNO;, AuCl;, and FeCl; are all unstable in
air so the doping effect gradually subsides over the course
of several weeks [42,43,67]. AuCl3 and TFSA leave signifi-
cant particulate residue on the graphene surface, as shown
in Fig. 5d, which is known to be detrimental for devices
in which thin layers are deposited on top of the graphene
[72,73]. AUl these dopants can also be removed by solvent
rinsing, again making it difficult to fabricate structures on
top of the graphene [70]. Because of these issues, many
works that apply doped graphene use the graphene as the
top electrode, which circumvents some of these issues.

Intercalation with FeCl; or Li may present viable routes to
further enhance conductivity. Krapach et al. demonstrated
a novel transparent conductor based on FeCl;-intercalated
HOPG graphene with 8.8 2/sq at 84% transmittance [74].
The same intercalation technique was applied to epitaxial
graphene grown on SiC to achieve 16 Q2/sq [75]. Unfortu-
nately, it was found that FeCl; intercalation cannot be used
for stacked layers of CVD graphene as the intercalation pro-
cess appears to heavily damage the graphene [70]. Bao et al.
showed that Li-intercalation can simultaneous enhance both
the conductivity and optical transmittance of graphite [76].
The authors that 19-layer LiC¢ has sheet resistance of
3.0Q/sq at 91.7% transmittance, which corresponds to a
onc/oop Value of 920 — exceeding that of ITO and actually
breaking the theoretical limits of pristine graphene. This is
explained by the fact that heavy n-doping suppresses optical
transitions due to Pauli-blocking. The authors also demon-
strated that their method can also be applied to thicker
(40—80 nm) Ni-grown CVD graphene (Fig. 5e). While further
work is necessary to scale up these techniques and to ensure
that they are compatible with actual optoelectronic devices,
these results suggest that further conductivity enhance-
ments for CVD graphene may be possible.

Conductivity of liquid phase exfoliated graphene
Liquid phase exfoliated graphene is a network of inter-
connected few-layer flakes. The conductivity of the film
is therefore a function of the physical properties of the
individual flakes and the connectivity of the network. The
perfect solution processed graphene film would consist
of large monolayer flakes with no defects or impurities:
multilayer flakes are less conductive, defects reduce the
conductivity of individual flakes, impurities increase inter-
flake resistance, and smaller flakes result in more inter-flake
connections. In practice, solution-processed graphene films
often have sheet resistances in the k2 range, which is higher
than that of CVD graphene. However, because liquid phase
exfoliated graphene films typically consists of many layers,
the conductivity is not as strongly influence by the substrate
and environment. Like with CVD graphene, it is difficult to
compare conductivity values between publications because
of differences in fabrication methods and starting materials.
In general, graphene exfoliated in organic solvents or
aqueous solutions with surfactant appear to perform worse

than electrochemically exfoliated graphene or rGO. This is
likely because it is difficult to filter out the solvents and sur-
factants when depositing a film. Therefore, the impurities
increase inter-flake resistance and reduces the conductivity
of the film as a whole. Hernandez et al. found that films
deposited after exfoliation in N-methyl-pyrrolidone (NMP)
have up to 10wt% in residual NMP even after drying and
vacuum annealing [28]. Lotya et al. found that for aqueous
graphene solutions, up to 36% of the weight of as-deposited
films is residual surfactant, resulting in high sheet resistance
of 970k2/sq at 62% transmittance [29]. Furthermore, the
process of violently sonicating graphite flakes breaks them
up into much smaller flakes, which again reduces the film’s
conductivity. After an annealing step to remove the surfac-
tant, the sheet resistance decreases to 22.5kQ/sq, which
corresponds to DC conductivity of 1500S/m. These results
suggest that annealing is essential, which limits the choice
of substrate to those that can survive high temperatures.

With rGO, the oxidation process aids in separating indi-
vidual layers and therefore harsh sonication is not required
to exfoliate flakes. As a result, as demonstrated by Wang
et al., flakes can be much larger, resulting in better qual-
ity films [77]. However, the process of actually reducing
graphene oxide is non-trivial and the completeness of the
reduction is critical to achieving good electrical perfor-
mance. High temperature annealing (1100°C in H,) after
hydrazine treatment is effective but again limits the choice
of substrates to those that can survive such elevated tem-
peratures [78]. Feng et al. showed that immersing in Na-NH;
solution is also effective and can produce films with sheet
resistance of 3502/sq at 80% transmittance [79]. Electro-
chemical exfoliation, like rGO, can produce larger flakes
and in addition, does not require a reduction step. Thus,
films produced via this technique generally have reasonable
sheet resistances and good C/0 ratios without the need for
high-temperature annealing [30].

Like with CVD graphene, chemical doping can also
improve the conductivity of solution-processed films. We
would expect that any dopant that works for CVD graphene
should also work for solution-processed graphene. Parvez
et al. showed that exposing films to HNO; for 2 h reduces
their sheet resistance from 1.91kQ/sq to 330 2/sq at 80%
transmittance, which is similar to that of nickel-grown CVD
graphene [31]. At this point, it is unclear whether doped
solution exfoliated graphene is more stable in air or in sol-
vents than doped CVD graphene. Table 1 summarizes the
above results.

Even though there is so much emphasis on matching the
electrical performance of ITO, doing so may not be entirely
necessary. For large-scale devices such as solar cells, TCs are
used as charge collectors and short-range conductors while
thicker metal busbars with fingers are used as long-range
conductors. Assuming a simple busbar/finger geometry, as
illustrated in Fig. 5f. (W is the finger spacing and L is the fin-
ger length), the average series resistance is Ry ~ Ry, (W/4L),
where Ry, is the sheet resistance of the TC. To determine the
voltage drop caused by this series resistance, we multiply by
the area and current density Jsc.

w 1
vdrop’\’RshH X (W S L) x Jsc = ZRshWZJSC (3)
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Table 1  Conductivity of liquid phase exfoliated graphene films.
Type Flake thickness Flake size Other properties Conductivity @ Ref.
transmittance
Disperse in organic — <1 pum — 5.1kQR/sq @ 42% [28]
solvents
Disperse in water Mostly 1—2 Layer <1 pum — 22.5kQR/sq @ 62% [29]
& surfractant
rGO 1.4nm +12% 364nm +33% — 1000 2/sq @ 80% [80]
rGO — 20% >25 pm — 760S/m [77]
rGO — — 2-step reduction 4202 /sq @ 61% [78]
rGO (NaHN3) = = 16.6 C/0 ratio 350Q2/sq @ 80% [79]
Electrochemical 80% 1—3 Layer ~10 pm 12.3 C/0 ratio 4.1kQ/sq @ 85% [30]
2.4kQ/sq @ 73%
Electrochemical 85% 1—3 Layer 80% >5 pum HNO; doped 870Q/sq @ 91% [31]

330Q/sq @ 80%

From this, we can see that if set Vy.p to the maximum
tolerable value (e.g. 50 mV), the maximum allowable finger

(2Varop/Rsndsc ) - There-

fore, the finger spacing scales only as the inverse square
root of sheet resistance i.e. if the sheet resistance of the
TC increases by a factor of 4, the maximum allowable fin-
ger spacing decreases by only a factor of 2. If we look at
the issue of scaling and conductivity from this viewpoint,
we can see that we can compensate for the higher sheet
resistance of graphene by reducing finger spacing. Thus,
graphene may still be commercially viable if the cost reduc-
tion associated with using graphene instead of ITO can offset
the performance penalty of reducing finger spacing. Despite
these arguments, conductivity is still nonetheless the most
important metric in many cases, especially for smaller area
high-current devices such as LEDs. However, matching the
performance of ITO should not be the sole determinant for
whether or not graphene will be used in industry.

spacing can be calculated as W =

Optoelectronic devices with graphene
electrodes

We now discuss the application of graphene as transparent
electrodes in a variety of optoelectronic devices, illustrat-
ing the merits and drawbacks of using graphene as well as
highlighting issues that still need to be addressed. Note that
many works in literature use graphene for other purposes
(such as the catalyst in DSSCs or the electron/hole trans-
port layer (ETL/HTL) in organic solar cells and LEDs) but we
focus on those that use graphene as transparent conductors.

Graphene/silicon Schottky barrier solar cells

Schottky barrier solar cells (SBSCs) — fabricated by placing
a metal in contact with a semiconductor — are an alter-
native to conventional p—n solar cells. The metal induces
band-bending in the semiconductor, resulting in a built-in
electric field that can be used to collect photo-excited car-
rier. Silicon is the most common choice of semiconductor

but any semiconductor can be used provided that a metal
with appropriate work function can be found. Maximizing
Schottky barrier height is critical to achieving optical per-
formance because larger barriers result in lower reverse
saturation current and therefore higher Voc. Thus, in gen-
eral, high work function metals (gold) are used with p-type
semiconductors and low-work function metals (aluminum)
are used with n-type. This technology was widely inves-
tigated in the 1970s but has not been commercialized.
Compared to conventional p—n bulk silicon solar cells, they
are easier to fabricate and can potentially be used with
lower-quality semiconductors because a high-temperature
diffusion step is not required to form the p-n junction [81].
However, since metals are not transparent, conventional
metal—silicon Schottky solar cells requires evaporating a
metal grid with ~100 um line spacing, which is an expen-
sive and low-throughput process. Cheaper printed metal
contacts, which are standard on p—n solar cells, are not
suitable for SBSCs because the high temperature sinter-
ing process will introduce defects at the highly-sensitive
metal—semiconductor interface [81].

Graphene-based SBSCs have been revisited in recent
years because graphene offers several potential advan-
tages to overcome the aforementioned limitations. First,
graphene is optically transparent and can therefore be trans-
ferred over the entire active area without the need for
patterning while coarse metal busbars/fingers can be used
as long range conductors. This metallization strategy, com-
bined with using cheaper, lower-quality silicon could make
Schottky solar cells more competitive from a cost stand-
point. Furthermore, the work function of graphene can be
tuned by chemical doping or electrostatic gating to achieve
the maximum Schottky barrier height.

Li et al. first demonstrated, in 2010, a proof-of-concept
graphene/n-silicon SBSC with ~1.5% efficiency using a very
simple fabrication procedure (Fig. 6a) [82]. The low effi-
ciency was attributed to poor uniformity of the graphene
sheets, poor interface quality, and mediocre optical trans-
mittance. Several other efforts with very similar structures
yielded very low efficiencies (<0.1%) due to low Jsc and
poor fill factor [83—85]. This type of structure is one of
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(a) The first graphene/n-silicon Schottky solar cell. All subsequent devices follow similar designs. Note that the Ni-

grown graphene film is thick and non-uniform. Reprinted with permission from [82]. Copyright 2010 John Wiley and Sons. (b) Effect
of p-doping (using TFSA) for such devices. Reprinted with permission from [86]. Copyright 2012 American Chemical Society. (c)
Illustration and cross-sectional SEM image of colloidal TiO, anti-reflective coating. Reprinted with permission from [64]. Copyright
2013 American Chemical Society. (d) Effect of gating on graphene—silicon screen-engineered field-effect solar cells. Reprinted with

permission from [92]. Copyright 2012 American Chemical Society.

the simplest optoelectronic devices that can be made using
graphene TCs. The graphene is transferred on top of sil-
icon, which can be immersed in water, so the standard
PMMA-based transfer method works and residues are not
too problematic. However, crystalline silicon outputs more
current (up to 40mA/cm?) than most thin-film technolo-
gies, making it critical to minimize the series resistance
from the graphene. Efficiencies have increased drastically
in recent years. In 2012, Miao et al. chemically doped the
graphene using bis-(trifluoromethanesulfonyl)amide (TFSA)
and achieved 8.6% efficiency (Fig. 6b) [86]. Other works
were able to achieve similar efficiency values using other
p-type dopants such as HNO; and SOCl; [60,87—90]. Chemi-
cal doping improves the efficiency of graphene/silicon solar
cells in two ways. First, the increased carrier concentra-
tion greatly enhances the conductivity of the graphene
film, thereby reducing series resistance and improving fill
factor. In addition, hole-doping increases the work func-
tion of graphene, which raises the Schottky barrier height,
thereby improving Voc. The next large enhancement in PCE
came in 2013, when Shi et al. applied a spin-on colloidal
TiO, anti-reflective coating in conjunction with HNO; doping
(Fig. 6¢) [64]. The anti-reflective coating increased the Jsc to
32mA/cm?, resulting in a record 14.5% efficiency. An impor-
tant point of this work is the combining of HNO; doping with
the anti-reflective coating. The authors found that expos-
ing their devices to HNO; vapor can still dope the graphene
even after the anti-reflective coating is applied. This is likely
because colloidal sol—gel TiO, is highly porous. Finally, we
were able to further improve this figure to 15.6% by control-
ling the thickness of the native oxide between the graphene
and silicon [91].

Novel graphene-on-silicon topologies have also been
explored. Regan et al. demonstrated a screening-engineered
field-effect solar cell using electrolyte-gated graphene [92].
Graphene was an appropriate choice for the electrode mate-
rial because it is thin enough that it does not screen
the electric field applied by the gate. In this case, the
efficiency increased from 0.5% to 1.8% as gate voltage
increased to —1.4V, as shown in Fig. 6d. Lin et al. fabricated
graphene/silicon solar cells on silicon nanopillars [89]. The
silicon nanopillars were shown to form an effective anti-
reflective coating — greatly increasing the Jsc — but the
overall efficiency was only 7.7% as a result of the graphene
film being discontinuous. We note that all works cited in this
section use CVD graphene. To the best of the authors’ knowl-
edge, graphene/n-silicon Schottky solar cells have not been
demonstrated using solution processed graphene. Further-
more, metal—silicon Schottky solar cells are highly sensitive
to the interface quality. We suspect that while a device with
solution processed graphene can work in principle, these
issues will severely hamper its performance. Furthermore,
all currents works on graphene—silicon devices use n-type
silicon. This is a natural choice because graphene is intrin-
sically p-doped in air and can easily be p-doped further via
chemical doping. However, n-doping techniques, such as Li-
intercalation reported by Bao et al. will result in low-work
function graphene and open the possibility of using p-type
silicon [76].

A summary of efforts is shown in Table 2. Despite hav-
ing achieved impressive efficiencies over a short period of
time, the performance of graphene/silicon devices still lags
behind that of conventional metal/silicon Schottky solar
cells, which can be as high as 20% [93]. In fact, graphene
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Table 2 Performance of graphene—silicon Schottky barrier solar cells.

Graphene Dopant Jsc [mA/cm?] Voc [V] FF [%] PCE [%] Notes Ref.
ML Ni — 6.5 0.48 56 1.7 [82]
SL Cu — 14.2 0.43 32 1.9 [86]
TFSA 25.3 0.54 63 8.6
ML Cu SOCl, 17.2 0.55 66 8.9 70 mW/cm? illumination [87]
HNO3 17.1 0.55 69 9.3
SL Cu HNO3 19.4 0.56 54 8.3 70 mW/cm? illumination [60]
ML Cu HNO3 16.9 0.55 73 9.6
Not HNO3 15.1 0.54 67 5.5 [88]
specified SOCl, 17.9 0.55 61 6.0
H,0, 16.9 0.55 55 5.1
HCl 16.8 0.55 53 4.9
ML Pd PCA/AuCl3 24.3 0.51 60 7.5 [90]
SL Cu HNO3 32.0 0.62 72 14.5 With ARC [64]
SL Cu — 0.5-1.8 Gated [92]
SL Cu HNO; 22.7 0.52 66 7.7 Si Nanopillars [89]
SL Cu AuCl3 36.7 0.60 72 15.6 With ARC [91]

devices are inferior in all performance metrics — Voc, Jsc,
and fill factor. Thus, further optimizations such as heavier
graphene p-doping to enhance conductivity or better anti-
reflective coatings are required to close the gap. It may
also be worth exploring other options for performance
enhancement such as textured silicon in conjunction with
an anti-reflective coating for better light trapping. Most cur-
rent reported devices have areas less than 1cm? and it has
been reported that performance decreases for larger device
areas [64]. Thus, future investigations should be carried out
regarding strategies for scaling up. Moreover, conventional
Schottky solar cells suffer the crippling drawback of degrad-
ing in performance significantly over time due to the highly
sensitive metal—silicon junction [81]. So far, no work has
been done to determine whether graphene—silicon devices
are stable for long-term use.

Organic solar cells

Organic solar cells are an emerging thin-film technology that
offers the promise for very low-cost devices. They can be
fabricated largely via solution processing and on a variety
of cheap substrates such as plastic and paper, potentially
allowing them to be mass-printed [94,95]. The best lab-
oratory devices have shown efficiencies of nearly 10% for
single-junction cells [96,97].

A recurrent theme in the works presented here is dealing
with the hydrophobicity of the graphene film. For organic
solar cell with ITO electrodes, standard fabrication proce-
dure involves exposing the ITO to oxygen plasma to render
it strongly hydrophilic and then spin-casting PEDOT:PSS as
the hole transport layer (HTL), which is critical to the
performance of the device. However, graphene is strongly
hydrophobic and is etched by oxygen plasma, making it
difficult to deposit this PEDOT:PSS layer. Furthermore, ITO
devices with no HTL whatsoever still work (albeit with
reduced Voc and Jsc) [98] while graphene devices with
a leaky HTL are essentially shorted [99]. This could be
due to the rougher surface morphology of graphene or the

lower work function of graphene compared to ITO (~4.5¢eV
versus ~4.8eV). Thus, it is critical that the HTL uniformly
coats the graphene. Inverted devices (i.e. devices that use
graphene as the cathode), which use zinc oxide as the elec-
tron transport layer (ETL) present similar issues. ZnO is
most commonly deposited by dissolving zinc acetate in 2-
methoxyethanol and spin-coating onto the electrode but
2-methoxyethanol does not wet graphene graphene. In 2009,
Wang et al. first demonstrated a P3HT:PCBM device with 1.7%
PCE using nickel-grown CVD graphene as the anode [100].
The graphene was modified with pyrene buanoic acid suc-
cidymidyl ester to render the surface hydrophilic. Even after
surface modification, the performance of these devices was
considerably lower than that of their counterparts with ITO
electrodes (3.1%). Yin et al. fabricated similar devices on
PET using rGO as the bottom electrode [37]. Because the rGO
films were thicker than CVD graphene films, they could be
exposed to oxygen plasma for a short time. However, these
devices only reached 0.8% efficiency, mostly due to the high
sheet resistance of the rGO films. As the quality of graphene
improved and researchers developed better ways to coat
PEDOT:PSS onto hydrophobic surfaces, the gap between
graphene devices and ITO devices soon closed. Park et al.
found that AuCl; doping not only enhances the electrical
conductivity of the graphene, but also makes the sur-
face hydrophilic enough to spin-coat PEDOT:PSS [73]. Using
these doped graphene electrodes, the authors were able to
demonstrate 1.63% PCE for CuPc—C60 cells. AuCl; doping
leaves gold particles up to 100 nm in height on the surface of
the graphene, which was found to be undesirable for device
performance. Similarly, Wang et al. evaporated thin layer
of MoO, onto graphene, making the surface hydrophilic and
allowing them spin-coat PEDOT:PSS. This allowed them to
achieve 2.5% efficiency for P3HT:PCBM devices — reasonably
close to the 3.0% obtained using ITO [101].

Park et al. soon developed even more methods to
circumvent the surface wettability issue. PEDOT:PSS can
be deposited by alternative methods such as oxidative
chemical vapor deposition (0-CVD) [102]. To apply this
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a Graphene/PEDOT:PSS

b Graphene/PEDOT:PSS-IPA
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Figure 7 Droplets of (a) PEDOT:PSS and (b) PEDOT:PSS—IPA mixture on graphene; (b) PEDOT:PSS—IPA on graphene; PEDOT:PSS on
(c) ITO after storage in air and on (d) ITO after O, plasma treatment; SEM images of (e) PEDOT:PSS on graphene and (f) PEDOT:PSS—IPA

on graphene, showing the differences in coverage.

to organic devices, the authors co-evaporated the 3,4-
ethylenedioxythiophene (EDOT) monomer along with FeCls
oxidant onto graphene, forming PEDOT films [103]. The
PEDOT layer was uniform and devices fabricated on these
films achieved 3.0% efficiency, compared to 3.2% for
ITO reference devices. PEDOT:PSS can also be coated
onto graphene by first coating a hydrophilic interlayer:
PEDOT:PEG. By using PEDOT:PEG as an interfacial hole
transport layer, Park et al. were able to achieve 2.9%
for DBP/C60 cells with a graphene anode and 1.9% with
graphene cathode compared to 3.1% and 2.1%, respectively
for reference ITO devices [104]. A PEDOT:PEG interlayer also
allows ZnO nanowires to be grown directly on graphene
for PbS quantum dot devices, which achieved 4.9% effi-
ciency [54]. Yin et al. also demonstrated inverted hybrid
devices with rGO electrodes by electrochemically deposit-
ing ZnO nanorods on rGO [78]. Alternative hole transport
layers are also possible. MoO; can be used as a substi-
tute PEDOT:PSS for CuPc/C60 devices [105]. However, these
devices exhibited very poor performance mostly owing to
low Voc and low fill factor. Another alternative hole transport
material is poly(thiophene-3-[2-(2-methoxyethoxy)ethoxy]-
2,5-diyl) (RG1200). RG-1200 is dissolved in ethylene glycol
monobutyl ether, which allows it to be spin-coated directly
onto graphene without any surface modification. Small
molecule (DBP/C60/BCP) devices with graphene electrodes

and RG-1200 HTL had 2.72% PCE, which is nearly identical
to that of reference ITO/RG-1200 devices (2.78%). Finally,
mixing IPA with PEDOT:PSS 1:3 allows it to be uniformly
coated onto graphene (Fig. 7) [99]. Using this solvent modi-
fied PEDOT:PSS, 50% of devices (DBP/C60) had performance
similar to ITO reference devices while the other 50% had
much poorer performance. However, adding a 20 nm layer
of MoO on top of the IPA PEDOT improves the yield to
80%. Similar solvent-modification techniques can be applied
to ETLs. Dissolving Zinc Acetate in methanol instead of 2-
methoxy ethanol allows it to be uniformly spin-coated onto
graphene [95], enabling Park et al. to fabricate inverted
PTB7:PCBM solar cells on flexible substrates. This direction
of research culminated in flexible PTB7:PCBM devices with
efficiencies as high as 6.9%, which is currently the record for
organic solar cells with graphene electrodes. Furthermore,
these devices were shown to be stable even after 100 flex-
ing cycles. Fig. 8 shows the progression in efficiency for OPVs
with graphene electrodes.

The works references above all use graphene as the bot-
tom electrode i.e. the organic layers were deposited on
top of the graphene. There have also been efforts to apply
graphene as the top electrode. As previously mentioned,
an important point of concern in using graphene as the
top electrode is that the typical graphene transfer process
involves immersing the substrate in water but many organic
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Device illustrations or photographs and corresponding I/V characteristics for: (a) P3HT:PCBM OPV with PBASE-modified

graphene. Reprinted with permission from [100]. Copyright 2009 AIP Publishing. (b) P3HT:PCBM OPV with MoOy interfacial layer.
Reprinted with permission from [101]. Copyright 2011 John Wiley and Sons. (c) PbS QD hybrid device with ZnO nanowires grown on
graphene. (d) PTB7:PCBM flexible devices with graphene anode and cathode.

layers are highly sensitive to oxygen and moisture [15]. In
2011, Lee et al. demonstrated a device compatible with
roll-to-roll production by using a laminated graphene top
electrode [106]. Graphene was transferred onto the device
using thermal release tape as an intermediate transfer mem-
brane, which does not require immersing in water. In 2012,
Liu et al. achieved 2.7% efficiency for inverted P3HT:PCBM
cells using ITO as the bottom electrode and single-layer
graphene as the top electrodes [107]. These devices were
semi-transparent and could be illuminated from either side
though they consistently showed higher PCE when illumi-
nated from the graphene side. The devices were baked in
dry nitrogen after graphene transfer to remove residual
moisture. In 2013, Liu et al. improved upon this device by
using a metal bottom electrode instead of ITO (Fig. 9a),
as the transparent graphene top electrode obviates the
need for a transparent bottom electrode. Furthermore, they
showed two or more layers of graphene as the top electrode

effectively encapsulates the devices and minimizes degra-
dation over time (Fig. 9b) [108]. Tong et al. demonstrated
a novel proof-of-concept device topology using graphene
as the intermediate layer between two series or parallel
tandem devices (Fig. 9¢) [109]. In this work, the series con-
figuration had PCE lower than that of the bottom sub-cell
but the parallel configuration was able to achieve 2.9% PCE,
which was 88% of the sum of the PCEs of the two sub-cells.
The nickel-grown graphene was transferred using a PDMS
stamp.

It is clear that graphene is effective as a transparent
electrode material for both small molecule and bulk het-
erojunction organic solar cells. However, extra fabrication
steps or non-standard graphene transfer techniques are nec-
essary to ensure that the graphene electrode is compatible.
In most cases, the performance of devices with graphene
electrodes is similar to, but still slightly lower than, that of
reference ITO devices. Since the works referenced above
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(a) Device structure and graphene transfer procedure for organic solar cell using graphene top electrode. (b) Stability in

air as a function of the number of graphene layers. (a) and (b) reprinted with permission from [107,108]. Copyright 2012 American
Chemical Society, 2013 John Wiley and Sons. (c) Series and parallel connections for device with graphene intermediate electrode.
Reprinted with permission from [109]. Copyright 2011 John Wiley and Sons.

Table 3  Performance of organic solar cells using graphene electrodes.

Active material Graphene type Topology PCE [%] ITO Ref. [%] Ref.
P3HT/PCBM Single-layer Ni Top/cathode 2.7% 3.1% [107,108]
P3HT/PCBM MLNi Middle 2.9% - [109]
P3HT/PCBM Stacked Cu Bottom/cathode 2.3 3.1 [104]
P3HT/PCBM rGO Bottom/anode 0.78 = [37]
P3HT/PCBM rGO Bottom/cathode 0.38 - [78]
CuPc/C60 ML Ni Bottom/anode 1.63 1.77 [73]
DBP/C60 Stacked Cu Bottom/anode 2.7-3.0 2.8-3.2 [99,103,104,110]
DBP/C60 Stacked Cu Bottom/cathode 1.9 2.1 [104]

PbS QD Stacked Cu Bottom/cathode 4.2 5.1 [54]
PTB7/PCBM Stacked Cu Bottom/(anode and cathode) 6.1-7.1 6.7—7.6 [95]

only deal with millimeter-to-centimeter-scale devices, in
the future, it will be necessary to demonstrate larger-scale
devices to prove that graphene electrodes are reliable and
scalable. It is also worth noting that organic solar cells them-
selves have not yet been commercialized. This represents
an interesting opportunity, as the electrode material can be
developed in parallel with the active material. Thus, there
may be less resistance to adopting graphene as the standard
TC for organic solar cells than for other, more established,
technologies. A summary of efforts can be found in Table 3.

Other solar cells

Dye sensitized solar cells (DSSCs) is an emerging photovoltaic
technology. The fabrication process for DSSCs involves sin-
tering titania paste or platinum paste at >400°C. As a result,
fluorine-doped tin oxide (FTO) is preferred over ITO for the
TC because it has better thermal stability even though it
has worse conductivity. Therefore, graphene, which also has
good thermal stability, may be a suitable alternative. To
date, there are many reports of graphene used in DSSCs

but very few of these use graphene as the TC. In 2008,
Wang et al. first used rGO as the anode for DSSCs [111].
Because both graphene and DSSC technology was still in
its infancy at the time, the resulting efficiency was only
0.26% compared to 0.84% for FTO reference devices. In 2011,
Bi et al. demonstrated DSSCs with 4.25% efficiency using
CVD graphene as the counter electrode [112]. This work
was quite unique in that the graphene used was synthe-
sized directly on SiO, rather than on a metal foil. Dong
et al. applied a novel graphene vertically-aligned nano-
tube hybrid network as the counter-electrode [113]. Here,
the graphene/CNT network was synthesized on nickel foil
and the Ni/graphene/CNT stack was then directly used as
the flexible counter-electrode. The PCE was 8.2% for rigid
devices and 3.9% for flexible devices.

GaAs is a high-efficiency thin-film technology — with PCEs
as high as 28.8% for single-junction devices [114]. How-
ever, the expensive fabrication process restricts its usage
to applications such as satellites, where performance is
more important than cost. Recently, researchers have begun
investigating graphene/GaAs SBSCs. In terms of operating
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principle, these devices are very similar to graphene/silicon
solar cells but can achieve higher V¢ values because GaAs
has a higher bandgap of 1.4eV. Like with graphene/silicon
devices, efficiencies were initially low and improved over
time [115]. Li et al. achieved 18.5% PCE by chemically doping
the graphene, applying an anti-reflective coating, and elec-
trostatically gating the device with a top gate [116]. Since
GaAs is intrinsically a high-efficiency technology, we expect
this figure to improve with further optimizations. However,
like with graphene/silicon devices, more work is necessary
to demonstrate concrete advantages of graphene over metal
grids.

CdTe is the industry dominant thin-film technology, boast-
ing PCE values of nearly 20% for laboratory devices. Like
organic solar cells, these devices can be fabricated on
flexible substrates such as Kapton®, which encouraged
researchers to investigated alternative TCs. Lin et al. devel-
oped a novel synthesis procedure to produce boron-doped
graphene flakes and used this as the back electrode for
a CdTe solar cell [117]. Devices made with boron-doped
graphene reached 7.86% efficiency, outperforming devices
made with pristine graphene or rGO. Bi et al. demonstrated
a CdTe solar cell using CVD graphene as the front electrode
[56]. These devices showed excellent Jsc of 22.9 mA/cm?
but were limited by poor Voc and FF, resulting in overall
efficiency of 4.17%. The former work used graphene as the
back electrode (i.e. the graphene was deposited last) while
the latter used graphene as the front electrode (i.e. sub-
sequent layers were deposited onto the graphene). Despite
how promising the technology may be, at the moment, there
does not appear to be many groups pursuing CdTe devices
with graphene electrodes. This is possibly because of the
toxicity of the materials or because CdTe solar cells are
already prevalent in industry with ITO electrodes and there-
fore do not require further modifications.

Other thin-film solar cell technologies include amorphous
silicon (a-Si) and more recently, perovskite. Amorphous sil-
icon is also a very low-cost technology. In 2010, Schriver
et al. used graphene as the top electrode for a-Si devices.
However, open-circuit voltage was only 150 mV for graphene
devices and PCE was very low. Since then, there have not
been any subsequent works on the subject, which may pos-
sibly be because other thin-film technologies such as CdTe
show better performance. Perovskite solar cells is relatively
new technology that combines the low-cost of organic solar
cells with very high efficiencies (approaching 20%) com-
pared to other thin-film technologies [118,119]. Recently,
You et al. demonstrated semitransparent perovskite solar
cell with PCE as high as 12% using graphene as the top
electrode [120]. This represents the highest efficiency for
thin-film solar cells with graphene electrodes thus far. Like
organic solar cells, many of these thin-film technologies
have not been commercialized, which presents opportu-
nities for graphene if some synergy (e.g. cost, flexibility,
temperature resistance) can be found between the graphene
and the active layer.

Light emitting diodes

Because LEDs typically carry higher current densities than
solar cells, the conductivity requirement is higher for

graphene electrodes. Solar cells typically operate at less
than 1V and have current densities of about 20—40 mA/cm?
for silicon devices and 3—20mA/cm? for organic devices
whereas LEDs can operate at 5—10V and maximum current
is limited by the thermal properties of the device.

There are two main classes of LEDs — organic (OLEDs)
and inorganic. Unlike organic solar cells, which have yet
to be commercialized, OLEDs are commonly used in dig-
ital displays such as televisions and computer screens. In
2010, Wu et al. first demonstrated OLEDs using rGO as the
anode (Fig. 10a) [121]. The rGO had sheet resistance of
800 ©2/sq with optical transmittance of 82%, which is much
worse than the 20 2/sq of reference commercial ITO films.
As a result, the graphene devices had significantly lower
external quantum efficiency and luminous power efficiency
than ITO reference devices. Sun et al. constructed similar
devices using multilayer CVD graphene with sheet resis-
tance of 310 ©2/sq at 85% transmittance [122]. The maximum
power efficiency was 0.38 Im/W at 5.8V, which is similar to
that reported for the aforementioned devices with rGO elec-
trodes. The authors state that performance was not as good
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Figure 10  (a) Structure and performance of OLED with rGO
electrodes compared to ITO references. Reprinted with permis-
sion from [121]. Copyright 2010 American Chemical Society. (b)
Comparison of standard structure to the gradual hole injection
layer developed by Han et al. and (c) photograph of white LEDs
with graphene electrodes. (b and c) Reprinted with permission
from [72]. Copyright 2012 Nature Publishing Group.
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as typical values reported for ITO-based devices, with sur-
face roughness and high sheet resistance of the multi-layer
graphene film cited as possible reasons.

Like with graphene-based organic solar cells, efficien-
cies steadily improved over time. In 2012, Han et al.
demonstrate, for the first time, graphene devices with
performance superior to that of ITO references [72]. The
authors believed that part of the reason for poor perfor-
mance in the past is that the work function of graphene is
lower than that of ITO. As a result, there is a large bar-
rier between the graphene and the organic layers, resulting
in high contact resistance, which hampers hole injection
from the graphene. To address this issue, the authors
used a gradual hole injection layer (Fig. 10b) as well as
chemically doping the graphene to raise its work func-
tion; 4-layer graphene was doped with HNOs; or AuCls,
resulting in sheet resistance of 54 2/sq and 34 Q2/sq, respec-
tively. The exceptionally low sheet resistances obtained in
this work contributed to the performance (Fig. 10c). The
power efficiency was 37.2 lm/W for fluorescent devices and
102.7 Im/W for phosphorescent devices, which represents
a 100-fold improvement over past works. Thus, it would

appear that doping graphene to lower the sheet resistance
and developing techniques for optimizing contact resistance
are critical to high-performance OLED devices. Li et al.
and Meyer et al. achieved similarly impressive results using
triethyloxonium hexachloroantimonate doped single-layer
graphene and MoO,-doped few layer graphene electrodes,
respectively [123,124]. More work is necessary to determine
whether these devices can be scaled up and fabricated with
high enough yield for digital displays. Unlike many of the
other technologies discussed here, OLEDs are a relatively
mature field and is now widely-used in electronic displays.
Thus, there is a constant push toward cheaper, more reli-
able devices, which presents opportunities for graphene if
enough advantages can be found.

Because graphene offers good transmittance in the
UV and near-IR regimes, some efforts have also been
made to incorporate graphene electrodes into inorganic
UV LEDs. Similar to the case of organic/inorganic solar
cells, these works primarily focus on using graphene as
the top electrode. Again, like inorganic solar cells, chem-
ical doping is necessary to improve the conductivity of
the graphene and enhance device performance. Kim et al.
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(a) J/V characteristics as a function of illumination intensity for graphene—silicon photodetectors. Reprinted with

permission from [127]. Copyright 2013 American Chemical Society. (b) Schematic of graphene—porous silicon photodetectors and
plot showing the superior responsivity at near-UV wavelengths. Reprinted with permission from [128]. Copyright 2014 American
Chemical Society. (c) Illustration and SEM image of electrically driven microdisk lasers with graphene top contact and (d) output
spectrum. Reprinted with permission from [129]. Copyright 2012 Nature Publishing Group.
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applied AuCl;-doped graphene as the top electrode for GaN-
based ultraviolet (UV) LEDs [125]. It was determined that
doping using 10mM AuCl; is optimal due to the trade-off
between sheet resistance and optical transmittance. Youn
et al. used HNO;-doped graphene as the top electrode for
GaN LEDs [126]. Because graphene does not make a good
ohmic contact with p-type GaN, the authors used Cr/Au to
make a point contact with the GaN and doped graphene as
the long-range conductor.

Other devices

Other applications for graphene electrodes include touch
panels, photodetectors, and semiconductor lasers. Touch
panels are ubiquitous in modern electronics. Graphene may
be a suitable TC for these devices because they use very
little current, which means the conductivity requirement is
more lax. Bae et al. applied their roll-to-roll transfer method
to create graphene-based resistive touch screens [43]. Two
graphene/PET films are sandwiched together with spacers in
between and the two graphene layers make contact when
pressure is applied. Because there has been a recent tech-
nological trend toward flexible displays, graphene may be
promising for this direction of research. An et al. showed
that graphene transferred onto silicon can be used as a tun-
able high-sensitivity photodetector (Fig. 11a) [127]. Here,
the silicon is responsible for collecting light and generat-
ing electron—hole pairs while the graphene is responsible
for collecting these carriers. These devices showed excel-
lent responsivity of 435mA/W and response times in the
millisecond range. Furthermore, the unique band structure
of graphene allows the photocurrent to be easily tuned
by applying a reverse bias with ON/OFF ratios as high
as 10%. Recently, Kim et al. fabricated similar devices on
porous silicon (Fig. 11b) [128]. The porous silicon devices
showed significantly improved quantum efficiency in the
near-ultraviolet regime compared to devices with flat sili-
con. It is worth noting that in both these works, the devices
require some reverse bias to achieve the best responsivity
but the leakage current due to the reverse bias is mini-
mal. Kim et al. used CVD graphene grown on nickel thin film
as a transparent conductor for electrically-driven microdisk
lasers (Fig. 11cand d) [129]. One major challenge in building
nanophotonic devices is that placing an electrical conduc-
tor near the device can interfere with its optical properties.
However, because graphene is so thin, it provides a robust
current path without influencing the optical cavity. Thus,
this work truly leverages the atomic thinness of the graphene
and may pave the path for further work in the field. How-
ever, contact resistance between graphene and metals tends
to quite high — commonly in the range of 250—2000 Q wm
— which may hamper small-scale devices such as these
lasers or photodetectors [130,131]. Thus, further research
is needed to reduce graphene—metal contact resistances
in order to improve the performance of larger arrays of
graphene-based devices.

Conclusion

Remarkable progress in understanding and applying
graphene has been made over the last decade. Many

different applications of graphene have been explored and
transparent electrode for optoelectronics is an important
one among them. Researchers have demonstrated working
solar cells, LEDs, photodetectors, and lasers using graphene
electrodes. Though the anticipated advantages of using
graphene has been verified, at this stage graphene-based
technology has not demonstrated enough benefits in per-
formance, reproducibility and stability, cost, and various
other considerations to warrant replacing ITO in industry. In
addition, the scaling up of graphene production (either CVD
or liquid phase exfoliation) and transfer still needs further
development. Maturation of graphene-based applications
will certainly boost these manufacturing and processing
technologies, which in turn will opens up the possibility for
more applications.

Comparing to other emerging TC technologies like metal
nanowires, CNTs, and conductive polymers, research in
graphene has advanced quickly. Although investigations
in these other material systems started much earlier, at
present CNT-based TCs are the only one among them that has
begun to reach commercialization in touch screen products.
It is anticipated that graphene will catch up soon. Fur-
thermore, combining graphene with other technologies to
capture the advantages of both has also yielded even more
promising results. For example, graphene—metal nanowire
hybrid films are shown to be remarkably stretchable and
are much more conductive than graphene alone [132]. And
a recent roll-to-roll technology incorporating both metal
nanowires (or nano trough) together with graphene trans-
ferred onto flexible substrates has demonstrated superior
transparency/sheet resistance ratio, reduced surface rough-
ness and offered better stability in air due to the fact that
the nanowires were encapsulated by the polymer substrate
and graphene [133]. Researchers have also demonstrated
the synthesis of seamless graphene—CNT hybrid networks,
which are being applied to DSSCs [113,134]. These hybrid
technologies also present exciting opportunities for future
research.

Overall, graphene is still a relatively young material.
The study of carbon nanotubes began in 1991 but only
recently have companies begun exploring nanotube films
for large-scale optoelectronic devices [135,136]. If we use
the time between synthesis and commercialization for CNTs
as the metric, we might expect graphene-based optoelec-
tronic devices to be industrially produced in the next one
to two decade. However, this could happen much sooner
since research in the field is now driven by faster infor-
mation propagation and increasing demand for electronics.
Although there are still many challenges that must be over-
come, each challenge also presents a prospect for further
research. Given the remarkable rate of progress so far,
we are optimistic that researchers can continue developing
new technologies to address these challenges in the near
future.
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