REVIEW

'.) Check for updates

OPTICAL

www.advopticalmat.de

Improvements of Organic Light-Emitting Diodes Using
Graphene as an Emerging and Efficient Transparent

Conducting Electrode Material

Adeniji E. Adetayo, Tanjina N. Ahmed, Alex Zakhidov,* and Gary W. Beall*

Dedicated to Professor Karl Leo on the occasion of his 6oth birthday

Organic light emitting diodes (OLEDs) have received wide attention and
progress in impacting the electronics market. The progress of OLEDs in the
market over their inorganic counterpart is principally due to their cost sav-
ings, flexibility, and excellent performance. As a result of the rising demands
for next-generation electronic devices with increased efficiency, high flexibility,
reduced cost, and stretchability, there is a need for improvements of OLEDs.
In order to fulfill these requirements, it is necessity to replace the transparent
conductive electrode (TCE) with a better alternative. The conventionally used
TCE, indium tin oxide (ITO), suffers from the scarcity of indium, increased
cost, instability, and brittleness. Graphene is recognized as a suitable alterna-
tive to ITO because of its excellent properties including high optical trans-
mittance, outstanding electrical conductivity, stability, and great mechanical
flexibility. However, the performance of graphene as the TCE material in
OLED:s is limited. Several efforts have been made to improve graphene’s
performance through electrode modifications. This review covers a summary
of fabrication techniques for graphene-based TCEs and their improvements.

OLED devices are fabricated through the
deposition of organic thin film layers by
a dry process involving vacuum evapora-
tion of organic materials or a wet process
involving a solution coating technique,
and they have found extensive utilization
in lighting, display, and signage applica-
tions (Figure 1). The first practical OLED
fabricated in 1987 by Tang and VanSlykel!l
from Kodak demonstrated the use of
organic materials as a viable alternative
to inorganic materials for electrolumi-
nescent diodes, which resulted in attrac-
tive diode characteristics including ease
of fabrication, low production cost, light
weight, high-resolution imaging, color
tuning ability, wide viewing angle, low
operating direct current (DC) voltage,
flexibility, thinness, low power consump-
tion, high brightness, fast response, and

Finally, the application and performance of graphene-based TCEs in OLED

devices and the performance of such OLEDs are discussed.

1. Introduction

Organic light emitting diodes (OLEDs) belong to a class of
electroluminescent devices fabricated from organic materials
(carbon-based), primarily small molecules and polymers.
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high electroluminescent efficiency. Since
then, increased interest in OLEDs from
both academia and industry has emerged
due to the rapid development of OLEDs
as a major leading technology and owing to their promise for
next-generation flat panel displays and solid-state lighting.
The fundamental OLED structure consists of 100-150 nm
sized structured layers (conductive and emissive layers) of
organic materials sandwiched between a transparent con-
ducting electrode (TCE)—the anode (usually indium tin oxide,
ITO) and a cathode (usually Al, Ca, or Ba) all on a transparent
substrate (usually plastic or glass). Conventionally, an OLED-
stacked structure is composed of a multilayer film stack of
a substrate/anode/hole transport layer (HTL)/emissive layer
(EML)/electron transport layer (ETL)/cathode. However, device
performance in OLEDs has been known to improve through
inclusion of other organic layers such as the hole injection layer
(HIL), hole blocking layer (HBL), electron injection layer (EIL),
and electron blocking layer (EBL) as shown in Figure 2a, which
is aimed at enabling efficient transportation of charge carriers
(holes and electrons) and mitigation of charge trapping for
exciton formation. Upon application of an electric potential dif-
ference between the two electrodes (anode and cathode) of an
OLED device with the transparent conducting anode at a higher
positive voltage, positively charged holes from the anode and
negatively charged electrons from the cathode are injected and
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Figure 1. Schematic illustration of organic light emitting diode (OLED) from three aspects: fabrication, properties, and applications.

transported through the organic layers comprising the HTL and
ETL, respectively, into the EML. Due to the opposing charges of
the injected holes and electrons, they get attracted (coulombic
attraction) and recombine to form electron-hole pairs in the
emissive layer, and the excitons formed relaxes through a photo-
emissive mechanism to release energy as light (electrolumines-
cence) through the transparent conducting anode (Figure 2b).
TCEs, which are crucial components in OLEDs and other
optoelectronic devices, are materials with highly conductive

and highly transparent properties. However, with the recent
development and need for devices that are foldable and flexible,
there has been a need for conducting electrodes that not only
meet the requirements for transparency but are also bendable,
foldable, and stretchable. Traditionally, conductive metal oxides
including ITO and fluorine tin oxide (FTO) are utilized as trans-
parent electrodes in OLEDs. Owing to its excellent optoelec-
tronic properties of high electrical conductivity (=107* Q™' cm™),
low sheet resistance (R,) between 10 and 25 Q sq.”}, and high
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Figure 2. a) Multilayered OLED device structure. b) OLED electroluminescence mechanism.
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optical transmittance (T) over 90% in the visible range, ITO
has been the commonly used standard material for TCEs.[2]
Nevertheless, even with the outstanding properties of ITO, it
suffers from some significant setbacks, including the following:
i) increased cost of raw material resulting from the global
shortage of indium, ii) failures when used in flexible devices
owing to its brittle nature, iii) unpleasant high temperature pro-
cessing during deposition of ITO, iv) instability in acidic and
basic environments, and v) poor electrical contact with organic
materials. Furthermore, ITO has a considerably high refractive
index (=2.0), which results in undesirable total internal reflec-
tion at the ITO/substrate interface when applied on substrates
with lower refractive index such as the conventional glass sub-
strate (refractive index =1.55) or organic materials (refractive
index =1.7). Likewise, FTO, which has comparable perfor-
mance to ITO, is challenged with a reduction in performance
(current leakage) at high temperatures caused by high sheet
resistance and presence of defects. These shortcomings make
the use of conductive metal oxides difficult to meet the growing
demand for optoelectronics, specifically OLEDs. To address
this demand, many researchers have explored various kinds
of materials that meet the major requirements of high optical
transmittance, high electrical conductivity, and low sheet resist-
ance as alternatives to ITO for use as TCEs.’l Other factors of
interest include low cost of raw materials, high flexibility for
application in flexible devices, and low or room temperature
processing for lower costs during fabrication. Many potential
materials for ITO replacement have been considered including
conducting polymers,®! metal nanowires (NWs),”l carbon
nanotubes (CNTs),% and graphene.'2%] Table 1 shows the
properties and performance of various TCE materials used as
anodes in fabrication of OLEDs.

Conducting polymers (CP) such as poly(3,4-ethylenedio
xythiophene):poly(styrene sulfonate) (PEDOT:PSS) possess
high conductivity and optical transmittance for use as TCEs.
Flexibility of these materials makes them suitable for use in
applications requiring flexibility. In addition, the ease of fab-
ricating them gives them advantage in fabrication costs. How-
ever, since they are made of polymers, they become unstable
in unfavorable environmental conditions such as high relative
humidity, corrosive environment, and extreme temperatures.
This has led to the treatment of PEDOT:PSS with solvents
and thermal annealing to enhance their properties and reduce
device degradation.[*’=?’]

Metal nanostructures (NWs, nanofibers, nanogrids, etc.), due
to their high conductivity, excellent mechanical flexibility, and
high transparency, are excellent materials for TCEs."82530:31]

Table 1. Comparison of properties of various materials used as TCEs.
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The best performance of TCEs developed from metal nano-
structures requires longer and thinner nanomaterials with
a high aspect ratio, which is determined by the percolation
network.””) However, silver nanowires (AgNWs) exhibit poor
adhesion to substrates, require improvement by strong acid
treatment due to poor stability, and require a protection layer to
prevent damage from moisture.”3233]

CNTs are a 1D allotropic form of carbon materials formed by
rolling individual graphene sheets into a cylindrical structure.
They possess high conductivity and are highly transparent in
visible wavelengths, making them applicable for use as TCEs.
They can also be fabricated easily at a low cost and have out-
standing durability in flexible devices.'*?!] However, the use
of CNTs is limited by its large sheet resistance resulting from
high tube-to-tube contact resistance and the inability to form
consistent tubes.3*! Also, properties of CNTs vary largely on the
tube type (single-walled nanotubes (SWNTs) and multiwalled
nanotubes (MWNTs)), length, and diameter of tube.

Graphene has recently been considered to be a material
for TCEs due to its excellent conductivity, high optical trans-
mittance in the visible and near infrared wavelength, great
chemical stability, and high flexibility."*3*37) Moreover, a single
graphene layer benefits from low optical absorbance (=2.3%),
which makes it a unique material for application as a trans-
parent electrode. Transparent conductive electrodes based on
graphene are fabricated by chemical vapor deposition (CVD) of
graphene from carbon-based materials on a metal catalyst sub-
strate followed by transfer of the graphene film to a flexible sub-
strate.l?38] This process results in drawbacks such as difficulty
in achieving low sheet resistance and wrinkle formation during
the graphene transfer process. Contrary to this, a solution-based
method of graphene production involving suspension of gra-
phene in liquids has the advantage of lower cost, direct compat-
ibility with flexible substrates, and ease of transfer such as spray
coating, spin coating, dip coating, and printing.***%! However,
while there is an improvement in sheet resistance when com-
pared with the CVD technique, some unwanted defects are also
introduced. Even though graphene-based TCEs have excellent
properties, low production cost, and ease of fabrication, their
sheet resistance of =35 Q sq.”! at 90% transmittance is disad-
vantageous when compared to the conventional metal-based
transparent electrode (ITO) at the same optical transmittance
level.2134 Also, the use of graphene as the TCE (anode) is lim-
ited by its relatively low work function (WF) (=4.4 eV) compared
to ITO (=4.7 eV). This causes an increase in the injection barrier
height at the anode-organic interface.’®l To enhance WF and
conductivity of graphene, chemical doping with metal oxides

TCE materials Ry [Qsq. 7 T at 550 nm [%]) OLED performance Mechanical flexibility Reliability Low cost Ref.
ITO 10-25 >90 >100 Im W' Poor Good Poor [2,34]
PEDOT:PSS 65-176 80-88 12% EQE Flexible Medium Excellent [27-29]
Silver NWs 100 92 54 Im W Flexible Good Moderate [7,32)
CNT 500 90 10 cd A" at 1000 cd m~2 Flexible Excellent Moderate 135]
Graphene =35 90 80-103 Im W' Most flexible Excellent Good [21,36]

3R, sheet resistance; PT, transmittance.
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(MoO;, WO;, and V,03) or nitride acids (HNO;) has been
carried out.#! Also, multilayered graphene growth shows
improvements in the conductivity and WF of graphene.*#]

Since TCEs must meet the standard requirement of low
sheet resistance and high transmittance for use in devices
such as OLEDs, graphene has been comprehensively inves-
tigated within the last two decades as an ideal replacement to
ITO due to its outstanding properties and excellence perfor-
mance. Despite the advantages of graphene, its shortcomings
restrict its broad adoption for use in organic electronics such
as OLEDs. Therefore, to close the gap between theory and prac-
tice, many efforts have been made to improve the quality and
performance of TCEs. This has involved complementing the
limitations of individual material by creating a hybrid mate-
rial system of different materials available as TCEs in order to
combine their properties into a single effective electrode. How-
ever, in a pursuit to find a suitable replacement for ITO, most
materials have involved improvements of TCEs in OLEDs by
improving graphene quality through chemical doping to mini-
mize the high sheet resistance and hybridizing ITO alterna-
tives, including conducting polymers such as PEDOT:PSS,
metal NWs, and CNTs with graphene, graphene oxide (GO),
or reduced graphene oxide (rGO).*** OLED devices fabri-
cated using graphene-based TCE material show huge potential
for replacement of rigid devices with next-generation lighting
and display devices that are flexible, foldable, and even stretch-
able with increased functionality and performance. Thus, this
review covers the characteristic properties of transparent con-
ductive electrodes including low sheet resistance and high
transparency, with the measure for comparison of these prop-
erties being the figure of merit (FOM) to establish material
performance and efficiencies in OLEDs. We will also describe
the structure and properties of graphene and its derivatives
that make it a unique material. In addition, we provide a sum-
mary of the synthesis methods for graphene and its derivatives
(GO and rGO) that have previously been investigated for use
as TCEs, as well as the improvements in the performance of
graphene-based TCEs by chemical doping or combination with
other materials to form a hybrid structure for application in
OLED optoelectronic devices with optimum performance. We
hope that the information on the advancement of graphene and
its derivative as a suitable TCE material for the improvement
of OLED devices summarized in this review will enhance the
development and commercialization of next-generation highly
efficient and flexible OLED devices for successful transition
from rigid to flexible electronic devices.

2. Property Requirements for TCE and
Performance Evaluation

2.1. Conductivity and Optical Transmittance

The major properties for consideration in TCE selection are
conductivity and optical transmittance. For excellent perfor-
mance of TCEs, high conductivity and high transparency are
critical requirements. However, it is difficult to achieve high
optical transmittance and high conductivity simultaneously;
therefore, there is always a trade-off.

Adv. Optical Mater. 2021, 2002102
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Conductivity, 0 (S cm™ or Q! cm™), is the ability of a mate-
rial to allow the flow of electricity while resistivity (p = 1/0) is
the ability of a material to oppose such flow. Thus, for a material
to have high conductivity, the resistivity must be minimized. A
material with a high conductivity must have high charge carrier
density, i.e., concentration of charge carriers and/or high carrier
mobility, 1. Equation (1) gives the expression for conductivity

o = enli, +epl, (1)

where ¢ is the electron charge (1.6 x 10 C), n and p are the
density of charge carriers (n for electrons and p for holes)
in m3, u. and g, are electron mobility and hole mobility,
respectively, in m? V™' s71, and o is the DC conductivity.

Due to the negligible size of electrons, they move faster than
holes, and as such, good conductors have electrons as their
charge carriers. Resistivity, p, of thin film is measured in terms
of its sheet resistance, R, as given by

—P__2
Ro=2 (2)

where t is the thickness of the film in nanometers (nm).
Increase in film thickness results in an increase in conductivity
and a decrease in resistivity. However, with a thicker film, there
is an increase in optical absorption that affects the optical trans-
mittance, T

T=e" 3)

where ¢ is the optical absorption coefficient. As the thickness of
a film increases, the optical transmittance decreases, resulting
from the film losing transparency (Figure 3a).?!! In the case
of graphene, the optical transmittance is reduced by =3%, as
shown in Figure 3a.

For a bulk film, the sheet resistance is given by

1
R, =
Opcst

(4)

where opcp represents the bulk DC conductivity. Combining
Equations (3) and (4) to eliminate ¢, the relationship between T
and Ry is given by

o

- R
T=e ™" (5)

This shows that for bulk films, the value of sheet resistance,
R,, for a given transmittance, T, is controlled by the ratio of
the bulk DC conductivity to the absorption coefficient, opcp/cx.
Equation (5) is only applicable for freestanding films.*! In the
case of nanostructure materials (nanotubes, NWs, graphene,
etc.), percolation in these films is accounted for by the introduc-
tion of a percolation exponent. For this case, sheet resistance as
defined by De et al. "% is given by

n+l
Rs — 1 — 1 — tmin

n+l
t i EminO pe st
Opcg|l— |t Obpcp| — (©6)
tmin tmin
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Figure 3. a) Spectral transmittance for graphene films at varied number of layers (one to four). Reproduced with permission.l?!l Copyright 2010, Springer
Nature. b) Sheet resistance Ry as a function of film thickness t for different films: Ag, Al, and Cu metal grids; PEDOT:PSS; ITO films; SWNTs; Ag
nanogrids; oxide/Ag/oxide films; and graphene. The dotted lines correspond to constant resistivities, p of 1x 1075, 5x 1075, 1x 107 5% 107, 1x 1073,
and 1x 1072 Q cm (from left to right). Reproduced with permission.?Z Copyright 2012, Springer Nature.

where n is the percolation exponent and t,,;, is the critical thick-
ness (fnin > 20 nm) below which nanostructure materials no
longer behave like bulk and the DC conductivity decreases with
decreasing thickness.!

Figure 3b shows the relationship between sheet resistivity,
R,, and film thickness, ¢, for different TCEs. As expected from
Equation (1), the data agree with Ry varying inversely with
t. Constant resistivity lines ranging from 107 to 1072 Q cm
were also plotted. Graphene films displayed the lowest resis-
tivities (=5 x 107® Q cm), closely followed by oxide/Ag/oxide
films (=7 x 10°° Q cm), Ag nanogrids (=5 X 10~ Q cm), and
SWNTs (=3 x 10 Q cm). The obtained ITO data (red filled
boxes) for thickness, t > 100 nm, are a little higher in resis-
tivity (=(2-5) X 107 Q cm), than the best ITO films today (red
open boxes) with the same thickness and resistivity =107 Q cm.
PEDOT:PSS films and AgNWs displayed the highest resistivity
values.

2.2. Figure of Merit

TCEs require materials with high conductivity, high optical
transmittance, and low sheet resistance. However, in most
materials such as graphene, there is always a trade-off as the
best performance for a TCE is often obtained with a combina-
tion of high conductivity, low sheet resistivity, and lower optical
transparency. Thus, a criterion that could compare the prop-
erties of TCEs and determine their performance is essential.
FOM has been developed to serve this purpose. With several
approaches to determine the FOM for TCEs reported, different
equations have been set up by many researchers.[*50.52-58]
However, none of the equations is the established method to
determine the FOM. Presented in this paper are the commonly
used FOM equations applied in most studies to evaluate the
performance of TCEs.
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Haackel>3l provided an expression for FOM (@) by com-
bining the electrical and optical properties (sheet resistance, Ry,
and optical transmission, T) of materials given by

T .

D = R T ot (7)
where x is an exponent selected based on required transmit-
tance. To maximize ®rc, film thickness, ¢, must be maximized,
i.e., bnay = (x) 7, where « is the optical absorption coefficient.
An x value of 10 is usually a sufficient choice since most trans-
parent conductor applications typically require no more than
90% (0.9) optical transmittance. At 90% transmittance, the
FOM is expressed as

T
(D'rc=R— =T" ot (8)

s

The film thickness dependent FOM developed by Haacke is
often used to predict transparent electrode properties of mate-
rials, as it simplifies numerical calculations of practical FOM.

Another approach to compare TCE materials involves the use
of transmittance in the visible wavelength regime to evaluate
their performance. This FOM is given by dividing the mate-
rial's DC conductivity, opc g, by the optical conductivity, oopl>”

Opc _Zy NT 1885VT 1885 )

G 2 R(1-VT) R(1-VT) R(T7"-1)

where Z, is the impedance of free space (377 Q), opp is the
conductivity due to motion of electrons in optical fields, and
Opcp is the conductivity by charge transport as a result of
constant applied fields. In most studies, transmittance, T, has
been taken in the visible range of 550 nm as this corresponds

© 2021 Wiley-VCH GmbH
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to the maximum human visual sensitivity. The FOM can be
maximized for high transmittance at a specific sheet resistance.
Unlike Equation (8), this FOM is thickness independent and
applicable to a wider range of films. However, it is not suitable
for nanostructure films as a result of percolation, which needs
to be accounted for as stated earlier, and as such, it is only
appropriate for freestanding films.*]

Generally, the higher the FOM, the better the performance
of the TCE irrespective of the FOM equation used. For indus-
trial purposes, TCEs require a sheet resistance, R, = 100 Q sq.”,
at transmittance greater than 90%. For device fabrication, spe-
cifically OLEDs, ITO serves as the basis for comparison with
R, =10 Q sq.! at transmittance T > 90%. Thus, using this as
a benchmark to determine performance of TCEs, the bench-
mark FOMs from Equations (8) and (9) are =3.49 x 1072 Q" and
=350, respectively.

2.3. Device Quality of OLEDs

Transparent conductive electrodes are used in fabrication of
several organic electronic devices including OLEDs and organic
photovoltaics (OPV). Particularly, in the case of OLED devices,
a voltage bias is applied to generate the emission of light as
opposed to OPV devices where light is inputted to generate a
voltage. Thus, to obtain best performance of OLEDs, the TCEs
utilized in the device have to be optimized. Several approaches
to determine the performance of OLED devices exist in the
form of efficiencies. The efficiency of an OLED is characterized
by its quantum efficiency in percentage (%), the current effi-
ciency (1) in cd A7}, or the luminous efficiency (77p) in Im WL

2.3.1. Quantum Efficiencies in OLEDs

The quantum efficiency of a device includes the internal
quantum efficiency, IQE (7;,), and the external quantum effi-
ciency, EQE (7eyq). The EQE is the number of emitted photons
per number of injected charges and is given by

Nex = nr¢fxrlout = NineMout (10)

where 7, is the probability of holes (p) and electrons (n) recom-
bining to form excitons. This can approach the value of unity
in organic materials as there is a low mobility of charge car-
riers causing less probability for formation of excitons. How-
ever, OLED efficiency is based on the efficiency of the injection
of holes and electrons into the organic layers. Consequently, 7,
needs to be maximized by having a good balance of holes and
electrons. ¢ is the fluorescent quantum efficiency, i.e., the frac-
tion of excitons that radioactively decay. For organic materials,
this can approach 100%. y is the probability for radioactive
decay to occur. Only singlet excitons exist for light emission.
In conventional fluorescent devices, y is generally confined to
25%, implying only 25% of excitons can produce light.[*¥) How-
ever, in polymer materials, this can be of higher values. 7, is
the fraction of photons that escape the device as determined by
waveguiding in the device layers and substrate. In planar struc-
tures such as OLEDs, 7y = 1/(2n?), where n is the refractive
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index (=1.7 for organics). 7, is usually =20%. In classical
OLED systems (fluorescent OLEDs), the EQE is ~4-5%./6%

2.3.2. Macroscopic Efficiencies in OLEDs

The luminance (L) in c¢d m™2 is the amount of light emitted
from a given device area. Macroscopic efficiencies of OLEDs
include current efficiency (17;) and luminous efficiency (7).

The current efficiency (1) in cd A™! is the luminance
(L) in cd m™2 per current density (J) in A m~? flowing into the
diode and is given by

M = (11)

L
J

The luminous efficiency (7p) in Im W' is the optical flux per
electrical input and is given by

Lr _

=Ty T (12)

i

</

where V is the working voltage.

OLED devices require high luminance and high luminous
efficiency, which involves a combination of high current effi-
ciency and low voltage. In the design of OLEDs, it is important
to consider human response as the human eye is more sen-
sitive to some colors than others. 7; and 7p are maximum in
the green range, and therefore the human eye responds much
better to green light than to blue and red light, which have
lower 1, and 1p. Therefore, current and luminous efficiencies
must be tuned to specific wavelengths of light in order to adjust
for how the human eye perceives the emitted color.

3. Structure of Graphene, Graphene Oxide, and
Reduced Graphene Oxide

Graphene, a 2D single layer structure of carbon atoms arranged
in a honeycomb lattice structure, has received tremendous sci-
entific interest following the first successful isolation of a single
layer of graphite (i.e., graphene) on a substrate by peeling
highly ordered pyrolytic graphite on a sticky tape by Geim
and Novoselov.®!! It is an allotropic form of carbon that may
be constructed to form other carbon allotropic forms such as
0D fullerene formed by wrapping graphene to form a sphere
(buckyball), 1D CNT formed by rolling graphene to form a
cylinder, and 3D graphite formed by stacking graphene as
illustrated in Figure 4. These various forms of carbon exhibit
various properties due to their various atomic orientations.

Graphene exhibits attractive anisotropic properties including
high intrinsic carrier mobility (=200 000 cm? V! s7), theoreti-
cally large surface area (2630 m? g™!), excellent optical transmit-
tance (=977%), high thermal conductivity (=5000 W m™ K1),
high Young’s modulus (=1.0 TPa), very high electrical con-
ductivity, and ability to withstand high current density.[2-64
These exciting properties of graphene and its derivatives (GO
and rGO) have led to its use in various applications including
OLEDs.

© 2021 Wiley-VCH GmbH
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Figure 4. lllustration of 2D graphene as a building block for other carbon allotropic dimensions.

GO results from the chemical oxidation of graphite fol-
lowed by exfoliation. This results in GO with many oxygen
functional groups attached to carbon. With chemical reduction
of GO, most of the functional groups are removed as a result
of alterations in chemical structure leading to the formation
of rGO similar in structure to pristine (defect-free) graphene
(Figure 5a). The process for reduction of GO is illustrated in
Figure 5b. Although the electronic properties of rGO are greatly
affected by the presence of residual oxygen functional groups
resulting in structural defects, it still finds various applica-
tions due to its low cost of production and ease of transfer onto
substrates.

4, Fabrication of Graphene-Based Transparent
Conducting Film

Several synthesis methods to obtain graphene have been
employed for wuse in various applications. Fabrication

(a)

techniques such as mechanical exfoliation of graphite (scotch
tape method), liquid-phase exfoliation, chemical reduction of
GO,I°>%81 CVD by hydrocarbon,®71 epitaxial growth on elec-
trically insulating surfaces such as SiC, and total organic syn-
thesis have been extensively studied and detailed in several
review articles.”>”74 The classification of each method is sum-
marized in Figure 6.

Although graphene produced through mechanical exfolia-
tion produces the highest quality graphene in a simple way, it
is challenged with extremely low yield, limited reproducibility,
and inadequate scalability. Toxicity and structural damage of
graphene film are the major concerns for the liquid-phase exfo-
liation technique. Furthermore, the impossibility of transfer of
graphene grown on the SiC surface and the rigorous method
used in total organic synthesis make the production of gra-
phene films for use as transparent electrodes very challenging.
Currently, the most commonly used methods to fabricate
transparent conductive graphene films are CVD and chemical
reduction of GO.

Pristine Graphene

COOH

Graphite

Graphene Oxide
(GO)

COOH

o

Reduction
e

COOH

COOH COOH

Reduced Graphene Oxide
(rGO)

Figure 5. a) Structure of defect-free (pristine) graphene. b) Synthesis of reduced graphene oxide (rGO) from intermediate graphene oxide (GO).
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Figure 6. Graphene synthesis methods.

4.1. Chemical Vapor Deposition

CVD is the most-used technique to produce high-quality gra-
phene in large area. This synthesis method involves flowing
buffer gases and hydrocarbon precursor gas for decomposition
of carbon onto a transition metal catalyst substrate in a furnace
at high temperature (=500-1000 °C). A schematic representa-
tion of this technique is shown in Figure 7.

With this technique, graphene is usually grown on transition
metal substrates such as Cu, Ni, Pt, Ru, and Ir using carbon
precursors including methane, acetylene, and benzene.>78]
This is followed by graphene transfer from the underlying
metal layer onto arbitrary substrates like glass for use as
TCEs.””l Generally, the growth mechanism and number of gra-
phene layers (monolayer, bilayer, or multilayer) are dependent
on the type of metal substrate, the type and flow rate of gases,
reaction time, pressure, and temperature.

Kim et al. demonstrated the CVD growth of graphene on Ni
metal catalyst at 1000 °C using methane, hydrogen, and argon
gas.[®% Rather than formation of graphene films, thick graphite
(multiple graphene layers) was formed due to the absorption
of a large amount of carbon as shown in Figure 8a. However,
high carbon solubility of Ni resulted in the formation of multi-
layer graphene. Wrinkles and rough surface morphology were
observed because of the thermal expansion coefficient differ-
ence between graphene and Ni catalyst (Figure 8a, inset). To
suppress the formation of multiple layers, thin layers of nickel
and rapid cooling were applied, resulting in the separation of

Furnace

Substrate

Quartz tube

Precursor gases
CH4, Hz, Ar

——

Figure 7. Schematic representation of CVD technique.
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Figure 8. CVD growth of graphene on Ni metal catalyst. a) Scanning
electron microscopy (SEM) image; b) transmission electron microscopy
(TEM) image. Reproduced with permission.®l Copyright 2009, Springer
Nature.

graphene layers from the nickel substrate. Transmission elec-
tron microscopic images (Figure 8b) confirmed the formation
of a mixture of monolayer, bilayer, and multilayer graphene.

Unlike nickel, CVD growth of graphene on copper substrate
demonstrated by Li et al. showed increased monolayer coverage
over 90% for large-scale synthesis using methane at 1000 °C."l
This process results from the decomposition and adsorption
of carbon atoms on the surface of Cu, which forms nuclea-
tion sites for other carbon atoms leading to the growth of gra-
phene film as described in Figure 9. The rapid cooling process
enhances the formation of monolayer graphene across the Cu
substrate.”!l

The growth mechanism of CVD graphene on Ni occurs via
carbon dissolution and segregation, whereas graphene growth
on copper is by surface adsorption owing to its low carbon
solubility making it possible to grow monolayer graphene.8081
Similarly, due to the thermal expansion differences, graphene
growth on Cu substrates results in wrinkles and rough mor-
phology.”8l Also, Chen et al. demonstrated the large-scale CVD
synthesis of graphene on Cu-Ni alloy.®? By varying the atomic
fraction of Ni in Cu, the carbon solubility was controlled to pro-
duce monolayer and multilayer graphene.[8-5°]

Graphene films grown on catalytic metal substrates to be
used as TCEs require a critical step involving the transfer of gra-
phene films from metal substrate onto a transparent substrate
such as glass or polyethylene terephthalate (PET).[37286-92 Con-
ventionally, a wet transfer process involving polymers such as
polydimethylsiloxane (PDMS)®%3 or poly(methyl methacrylate)
(PMMA)P*%] is commonly used to transfer graphene. These
polymers act as support and strength for graphene to protect
it from damage during the transfer process. This transfer pro-
cess involves coating the surface of the metal catalyst substrate
(Cu or Ni) with the polymer (PDMS or PMMA) followed by
etching of the metal substrate with an appropriate chemical
etchant (FeCl;, Fe(NO;);, HCI, HNO;3, etc.). Residual etchant
is removed from the polymer/graphene film using deionized
(DI) water, and the clean polymer/graphene film is trans-
ferred to the transparent substrate in DI water. The polymer
support is then removed by organic solvents (acetone and iso-
propyl alcohol) with a little residual polymer left on the trans-
parent substrate for use as a transparent electrode.’>8%%! The
conventional PMMA transfer method is shown in Figure 10a.
This wet transfer process creates some defects and wrinkles
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Figure 9. Flow chart of the CVD growth mechanism of graphene on Cu substrate.

in the transferred graphene, which results in the yield being
affected.””) To circumvent this, several techniques have been
investigated to effectively transfer graphene onto arbitrary sub-
strates. Bae et al. developed a technique for graphene transfer
by using a thermal release tape (TRT).2Y This was demon-
strated by using a roll-to-roll-based transfer process assisted
by TRT. The graphene/Cu film is first attached to the TRT in
the first lamination process followed by etching of Cu foil in
the second roll process, and then the TRT/graphene transfer
of CVD graphene onto target substrate by heating to remove
TRT in the third lamination process as shown in Figure 10b.
Repeated treatment using this technique produces thicker gra-
phene films with thickness being proportional to the number
of cycles.

To date, copper is the most utilized substrate for CVD growth
of monolayer graphene. Sheet resistance (R;) depends on the
graphene transfer process as shown in Figure 11 and doping,
which is discussed in section 5.1 of this paper. R, for the roll-to-
roll transferred monolayer graphene with TRT support is about
two times larger than the conventional PMMA assisted trans-
ferred monolayer graphene (125 Q sq.™ at 974% optical trans-
mittance). With an increase in cycle of the roll-to-roll technique
to form thicker graphene, the resistance rapidly drops from
=275 Q sq.7! until it reaches a resistance value of =40 Q sq.™
for four-layer graphene film, which is similar to the four-layer

(@ P PMMA coatin

mm—
sy graphene/Cu

/“TPMMA
raphene/Cu
(b)

/ Polymer support

Graphene on Cu foil

transfer

graphene wet transferred with PMMA.?! Furthermore, there
is an effective improvement in the conductivity of monolayer
graphene compared to the thick graphene film through HNO;
doping. For monolayer graphene, conductivity is improved by
=50% as the layer increases to two while the four-layer gra-
phene shows an improvement of =25% as shown in Figure 11a.
Interestingly, with HNO; doping, the sheet resistance of the
four-layer graphene film was reduced from =40 to =30 Q sq.™
at an optical transmittance of 90%. This makes CVD graphene
superior to conventional ITO used as a transparent electrode as
shown in Figure 11b. Also, graphene has high flexibility unlike
ITO, which produces microcracks when a strain is applied./*!
Raman spectra of CVD graphene transferred using the wet
process is shown in Figure 1lc. This displays characteristic
monolayer graphene peaks at =1350, <1580, and =2680 cm™
corresponding to the D-band, G-band, and 2D-band, respec-
tively.2!l These Raman signatures are representative of phonon
scattering and provide important information which dictates
graphene’s film quality, presence of structural defects, number
of graphene layers, thickness, and domain size. The D-band
is an in-plane vibrational mode originating from intervalley
phonon scattering due to the presence of defects (i.e., disorder-
induced peak). The G-band is a different in-plane vibrational
mode and the single first-order peak in graphene while the
2D-band is the second-order double resonance of the D-band

Graphene on
polymer support

Released
polymer support

\

Target substrate
Graphene on target

Figure 10. Transfer process of CVD graphene. a) Conventional PMMA assisted transfer. Reproduced with permission.[®' Copyright 2014, Royal Society
of Chemistry. b) Roll-to-roll transfer with TRT support. Reproduced with permission.?"l Copyright 2010, Springer Nature.
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Figure 11. a) Sheet resistances of different graphene transferred films by different transfer methods (roll-to-roll transfer assisted with TRT, PMMA
assisted wet transfer, and roll-to-roll with HNO; doping); b) comparison of sheet resistances of different TCEs; c) Raman spectra of CVD graphene
films at varied number of layers (one to four). Left inset shows a picture of PMMA transferred graphene layers on SiO,/Si wafer. Right inset shows
optical micrograph of graphene with 95% monolayer coverage. Reproduced with permission.?l Copyright 2010, Springer Nature.

(i-e., D-band overtone) which is present but independent of the
presence of defects. The level of disorder in graphene and gra-
phene quality can be estimated using the Ip/I; intensity ratio
while the I,p/I; intensity ratio reflects the number of graphene
layers.

As result of low intensity of the D peak in Figure 1lc, there is
low lattice disorder resulting in low defects of graphene. How-
ever, as the number of layers increases, the intensity of the G
and 2D peaks increase with their ratios not having a significant
change due to random stacking of each layer. Also, there is a
slight shift in the position of G and 2D peaks while the peak
shape is preserved.l?!

Several other techniques of CVD graphene transfer have
been investigated. Cai et al. examined the growth of graphene
on a transparent polymer substrate using a low-pressure CVD
technique.l”® With the nonremoval of polymer substrate,
a successful crackless transfer of graphene film with R, of
219 Q sq.7! at optical transmittance of 96.5% was achieved.
This produced graphene film of about five times higher than
the conductivity of undoped graphene film transferred with
polymer removal.l®®! Using the dealuminated process, Chan-
drashekar et al. transferred graphene films prepared by the
CVD technique on Cu foil onto polymeric substrate.*”! The
etch-free transfer using roll-to-roll green technique resulted
in sheet resistance of 5.2 kQ sq.”! at optical transmittance
of 97.5% for undoped graphene with a reduction in damage.
Efforts have also been made on the direct growth of gra-
phene on glass substrates.*®?719 As demonstrated by Sun
et al., catalyst-free atmospheric CVD (APCVD) growth of
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uniform graphene film with large area was directly grown
on glass substrate.'% This resulted in graphene with sheet
resistance of =370-510 Q sq.™! at an optical transmittance of
82%. Using various dielectric substrates coated with nickel-
carbon thin film, monolayer graphene was grown using rapid
thermal process by Xiong et al., resulting in a sheet resistance
of 50 Q sq.! at transmittance of 96%.11921 Though this pro-
cess resulted in low resistance at high transmittance, it was
not applicable to plastic and glass substrates due to high pro-
cessing temperature up to 1100 °C.

Graphene production via the CVD technique, although, is
challenged with limitation on the choice of substrate, critical
transfer process, high sheet resistance, and difficulty in thick-
ness regulation, it is still the best graphene film production
method used for TCE as it is easily compatible with industry
since it is widely used, and the sheet resistance, which is of crit-
ical importance, is by far better than the ones reported by other
graphene synthesis methods.

4.2. Reduction of Graphene Oxide

Aside from the CVD technique, another technique for gra-
phene production for TCEs is the reduction of GO. This tech-
nique offers large-scale production and a low-cost method of
graphene film production involving oxidation of graphite with
strong acids followed by exfoliation in water to yield GO. GO
is then deposited onto a desired substrate and reduced through
thermal or chemical means.[103-10%]
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Figure 12. Synthesis routes of graphene oxide from graphite. Reproduced with permission.’ Copyright 2019, Scientific Research Publishing.

Due to the presence of oxygen groups, GO is hydrophilic,
resulting in suspension and easy dispersion in water and var-
ious organic polar solvents. This makes it easy to produce large-
area film at a low cost.

Generally, oxidation of graphite to synthesize GO can occur
by Brodie’s method,%! Staudenmaier’s method,'””] or Hum-
mers'%®l method as shown in Figure 12.

Hummers’ method has been the most commonly used
method for oxidation of graphite. Graphite oxide produced
through this method exhibits increased interlayer spacing,
and upon ultrasonication, the interlayer spacing is further
increased resulting in GO with individual layer suspensions.
Through the oxidation process, epoxy and hydroxyl groups
are formed in the base plane and carboxyl groups at the
edges (Figure 12). The presence of these functional groups
results in some disorder in the electronic structure and
reduced electrical conductivity compared to pristine graphene
(defect-free).

Following the oxidation process, GO suspension is trans-
ferred onto the preferred substrate to fabricate the GO films.
This can be achieved through dip coating,'%! spray coating,[1%®!
spin coating,1%! vacuum filtering,®>%! or the Langmuir-
Blodgett (L-B) technique.['’]

Spray coating and dip coating are the easiest ways to deposit
the GO suspension on the arbitrary substrate. Gilje et al. uti-
lized the spray coating technique to transfer GO onto pre-
heated substrate.l'%8! This resulted in immediate deposition of
GO platelets on the substrate following the evaporation of the
solvent to prevent clustering of GO platelets and ensure uni-
formity of film.['8 Due to the easy, quick, high yield, and scal-
ability of spray coating, it is the most suitable method for large-
scale production processes.112]

Dip coating involves the immersion of a substrate in a GO
suspension followed by draining of suspension and drying of
substrate.[103]

The spin coating technique provides uniform and continuous
GO films but requires high concentrations (0.5-3 mm mL™).
However, it is more convenient as the thickness of GO films
can be easily determined by the concentration of GO dispersion
and the spin coating speed/cycle.
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However, due to high flexibility of GO sheets, spray, dip, and
spin coating techniques produced sheets with wrinkles, and
aggregation of GO platelets was difficult to avoid.

Vacuum filtration involves the deposition of GO suspen-
sion onto a cellulose ester membrane followed by transfer of
GO film to an arbitrary substrate and etching of ester mem-
brane with acetone solvent. Eda et al. utilized the vacuum
filtration technique to deposit GO film on a glass substrate
using an ester membrane.®>%! By controlling the filtration
volume, the thickness and sheet resistance varied. The sheet
resistance decreases dramatically with an increase in filtration
volume after annealing but saturates at a critical volume due
to the reduction being effective for only the top few layers as
seen in Figure 13a.1°! rGO obtained using hydrazine vapor and
low temperature annealing (200 °C) had a sheet resistance of
70 kQ sq.”! at low transmittance of 65% (Figure 13b).[5%]

The L-B method is a sophisticated technique in which GO
sheets are floated on the water/air interface and isopropanol or
methanol is added to the solution slowly.''% This is then com-
pressed by L-B trough, leading to a gradual increase in surface
pressure. Continuous and uniform film is obtained on reaching
the desired pressure, resulting from the electro-repulsive force
between carboxyl functional groups at the edges exceeding the
electro-attractive force in the base plane (epoxy and hydroxy).!1%!
The GO film is then deposited on the desired substrate by
lifting it from the solution.

After successful deposition of GO films on the desired sub-
strate, it is necessary to reduce the insulating GO film in order
to restore its destroyed sp? carbon network and conductivity. In
general, reduction of GO films is achieved through chemical
reduction and thermal reduction at high temperature. Chemical
reduction of GO is achieved using various reducing agents such
as hydrazine, hydrazine vapor, sodium borohydride, hydroxy-
lamine, amino acid, ascorbic acid, and urea.'9%"314 However,
the chemical reduction process is not a complete restoration
technique as there is a residual of functional groups resulting
from the irreversibly destroyed sp® carbon and vacancies acting
as electron traps.™ Consequently, thermal reduction at high
temperature has been considered to be a more efficient way for
reduction of GO."% Unfortunately, due to the high temperature
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Figure 13. a) Sheet resistance of rGO films as a function of filtration
volume. Reproduced with permission.l¢l Copyright 2008, Springer
Nature. b) Transmittance as a function sheet resistance for rGO films.
Reproduced with permission.%3 Copyright 2008, AIP Publishing.

requirement (above 1000 °C) for a long period of time, it is not
applicable to substrates that cannot withstand high tempera-
ture such as plastic substrates used in flexible TCEs. Various
methods have been reported to reduce GO including electro-
chemical reduction,™”! hydrothermal reduction,® microwave
assisted reduction,? and photochemical reduction.[2%

5. Improvements of Graphene-Based Transparent
Conductive Film

Graphene has been shown to have excellent properties for use
as a transparent conductive electrode to replace conventional
ITO; however, several factors determine its properties and
performance as a TCE such as the fabrication technique and
transfer method. Various methods produce graphene electrodes
with differences in electrical conductivity, sheet resistance, WF,
and transmittance. To improve the properties of graphene as a
TCE, several approaches have been made including doping of
graphene and hybridizing graphene with other materials.

5.1. Doping

Prepared graphene films have been shown to exhibit good elec-
trical conductivity and high optical transmittance; however,
their sheet resistance still remains high. This affects its use
as a TCE material. To solve this, graphene usually undergoes
postchemical doping after its transfer to the desired substrate,
which changes the type and increases the charge carrier con-
centration, thus reducing the sheet resistance. Chemical doping
involves the substitution of carbon atoms by introduction of
impurities to the graphene.?1122l Graphene can be p-type or
n-type doped based on the position of the fermi level of gra-
phene, the highest occupied molecular orbital (HOMO), and
the lowest unoccupied molecular orbital (LUMO) of the doping.
Decreasing the fermi level of graphene below the HOMO
(doping with larger electron negativity materials), a p-type
doping occurs as the hole transfer moves from the dopant to
the graphene. Increasing the fermi level of graphene above the
LUMO (doping with larger electron positivity materials), an
n-type doping occurs as the electron transfers from the dopant
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to the graphene. Doping of graphene has been achieved by
using HNO;,[IZLIB] FE(NO3)3,[124] FeCl;,[uS] AU.C13,[126_128] Na+,[129]
SOCI,,123130] 1.pyrenebutanoic acid succinimidyl ester,3" bro-
mine, 32 yrea, 33 etc.

Doping of graphene using acids and salts is an effective route
to decreasing sheet resistance of graphene while maintaining its
transparency. Using HNO; or AuCl; increases WF of graphene
while decreasing the sheet resistivity for OLEDs.B% Using AuCl,
redox dopant, sheet resistance of a four-layer graphene film was
decreased to as low as 30 Q sq.”' and was utilized as anodes
for OLEDs with increased luminous efficiency, luminance, and
current efficiency. For a trilayer graphene film, sheet resistance
of 150 Q sq.™! was achieved at transmittance >91%.1*4 Doping
of a few-layer graphene with FeCl; enhanced conductivity with
reduced sheet resistance of 8.8 Q sq.”" at 84% transmittance.[*%!

P-doping of graphene has also been achieved using tetra-
cyanoquinodimethane (C;,H,N,) to increase hole carrier con-
centration and decrease sheet resistance.l*® Also, n-doping of
graphene using pentaethylenehexamine (CjyHpsNg) reduced
sheet resistance of graphene by up to =400% compared to pris-
tine graphene.'¥”] Polyvinyl alcohol also achieved n-doping of
graphene to reduce sheet resistance from =4 to =400 Q sq.”!
without affecting its transmittance.['8!

5.2. Hybridized Graphene-Based Films

Graphene and other conductive materials can be combined to
overcome the challenges faced by the individual material and
improve the performance of graphene as TCE. Common mate-
rials used in the hybridization of graphene include CNTs, metal
nanostructures, and conducting polymers. Combining these
materials as a single functional film helps to enhance the electrical
conductivity and optical performance of the films for use as TCEs.

5.2.1. Hybridization with CNT

To overcome the challenges discussed earlier in the use of gra-
phene and CNT as transparent electrodes, a composite mate-
rial can be formed in which the network of NWs provides an
electronic pathway to bridge the percolating bottleneck, such as
high resistance grain boundary, leading to reduced resistance at
high transparency.[!39-14]

Kim et al. developed a graphene hybrid film by CVD growth
of graphene on Cu foil coated with SWNTs.°] This graphene/
SWNT hybrid electrode displayed superior properties with sheet
resistance of 300 Q sq.”! at a 96.4% transparency compared to
spin coated graphene/SWNT with a resistance of 1100 Q sq.™! at
a 96.2% transmittance.l? A double layer rGO/MWNT hybrid
structure was also demonstrated to exhibit a resistance of 151
kQ sq. 7! at 93% transmittance for a 60 g mL™! concentration of
MWNT dispersion.[*

5.2.2. Hybridization with Metal Nanostructure

Due to the inability of metal nanostructures to withstand high
temperature and current, they have the limitation of early
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failure rates.'*3] To avoid this, they can be combined with gra-

phene to form an individual film with graphene ameliorating
this drawback. Also, the defects in graphene from grain bound-
aries leading to its high resistance can be complemented by
forming a graphene-metal hybrid structure.*4

Zhu et al. synthesized a graphene/metal grid hybrid struc-
ture placed onto PET film with resistance of =20 Q sq.! at a
transmittance of 90%."] CVD graphene with a network of
AgNWs has also shown low sheet resistance of 22 Q sq.™! at
an optical transmittance of 88% with outstanding stability.l
Damage from the atmosphere was enhanced even after four
months with a 13 Q sq.”! sheet resistance. Ahn et al. developed a
rGO/AgNW hybrid electrode that can withstand high tempera-
ture and long stability with a sheet resistance slightly increasing
even at 70 °C and relative humidity of 70% for eight days.['*’]

5.2.3. Hybridization with Conducting Polymer

A graphene/PEDOT:PSS hybrid structure has been fabricated by
several researchers due to its extremely high flexibility for use as
TCEs.8150 Stable suspension of a rtGO was produced through
chemical reduction of GO in the presence of PEDOT:PSS to
form a rGO/PEDOT:PSS hybrid electrode by Jo et al.l¥! TCE
film exhibited a sheet resistance of 2.3 Q sq.”! at 80% optical
transmittance. Liu et al. developed a graphene/PEDOT:PSS
hybrid ink to produce high-quality graphene at a large scale.™"!
In summary, formation of hybrid TCEs with graphene has a
significant effect on improving the electronic and optical prop-
erties of optoelectronics such as OLEDs when compared to ITO-
based TCEs. Additionally, these hybrid films have the advan-
tages of flexibility and stability. Nevertheless, techniques used to
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fabricate graphene, other materials, and the hybrid film deter-
mine the properties of such TCEs. The optoelectronic properties
of TCEs developed using graphene are summarized in Table 2.

6. Application of Graphene-Based TCEs in OLEDs

OLEDs are used today as displays for phones, television screens,
watches, and computer display, and in many other applications.
The commercial ITO used as the anode suffering from infe-
rior flexibility and instability has prompted a lot of research to
find a replacement for ITO in OLEDs. Graphene films due to
their high flexibility, electrical conductivity, and transparency
have demonstrated their promise as a candidate for replacing
ITO. Several reports have demonstrated this promise.}*40 A
conventional OLED structure of anode/PEDOT:PSS/N,N’-di-1-
naphthyl-N,N’-diphenyl-1,1"-biphenyl-4,4’diamine (NPD)/tris(8-
hydroxyquinoline) aluminum (Alqs)/LiF/Al was adopted to
investigate the performance when a graphene film was used as
the transparent electrode.! A sheet resistance of =800 Q sq.!
at a transmittance of 82% was obtained. Figure 14a,b shows
the device performance. The OLED exhibited a turn-on voltage
of 4.5 V compared to ITO with 3.8 V turn-on voltage. It also
reached a luminance of 300 cd m™ at 11.7 V.9 Han et al.3%
also demonstrated the enhancement of OLEDs based on gra-
phene transferred on PET substrate and acid doping as shown
in Figure 14c—f. Sheet resistance and WF of undoped graphene
varied from 189 to 87 Q sq.”! and =4.3-4.4 eV respectively as
a function of the number of layers varying from two to four.
The luminance also increased as a function of graphene
layers. Four-layered graphene devices with AuCl; doping dis-
played higher luminance attributed to higher conductivity

Table 2. Properties of transparent conducting electrodes (TCE) based on graphene-based materials.

Material Details Deposition/transfer techniques R, [Q'sq.”"]  Transmission [%] Ref.
CVD graphene HNO; doping Dry transfer/TRT =30 (four layers) 90 [21]
Cu catalyst Roll-to-roll green transfer 5.2k 97.5 [99]

Ni catalyst Wet transfer 500 75 [38]

Ni/C on dielectrics Transfer-free growth 50 96 [102]

Cu—Nji alloy Wet transfer 409 96.7 [82]

rGO Thermal reduction of GO Spin coating 102103 80 [109]
Filtration 43k 95 [66]

Dip coating ~1.8k 70.7 [103]

Graphene/CNT Graphene on SWNT Wet transfer 300 96.4 [139]
CVD Wet transfer 600 95.8 [142]

Thermal reduction of rGO on MWNT Electrostatic adsorption 151k 93 [142]

Chemically converted graphene/SWNT suspension Spin coating 636 92 [157]

Ultralarge GO/SWNT Langmuir-Blodgett 180-560 77-86 [152]

Graphene/NW CVD graphene on AgNW - 22 38 [41]
AgNW on graphene - 33 94 [87]

Graphene/CuNW - 25 82 [143]

Graphene/polymer Graphene/PEDOT:PSS hybrid ink Spray coating 600 80 [150]
rGO/PEDOT:PSS hybrid ink Filtration 2.3k 80 [148]

PEDOT:PSS support layer on CVD graphene Wet transfer 80+4 84.6 [149]

Adv. Optical Mater. 2021, 2002102

2002102 (13 of 23)

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

5
10° = Graphene o
@ o 10N@] T o]
S g
—a & 10° £
£ ; 3
>
@ 10' §
g g
z ‘5
E 10"~
(&) } )
0 5 10 15 20
(c)
10
(e) —v— 4L-G-HNO,
—9— 41-G-HNO.
10° 4 (CS45T: 0.5%)
- 4L-G-AuCl;
e 1024 4— 3L-G-HNO,
s —&— 2L-G-HNO,
'@ 1014 |—*— CNT-HNO,
§ —a— IT0
£
E 100 4
3
107! 1
1072 : : T T
0 1 2 3 4
Voltage (V)

www.advopticalmat.de

®  Graphen

;@ L
K7} v B
& = 8
i s {09 &
13 1 w
310 o00® o
§ . 0.6 %
4 o 03%
] o V3
5 2 ; oo'é
X10' R

702 107 10° 10" 102 10° 100 3

Current Density (mA/cm®)

(d)

(f) —v— 4L-G-HNO,
30 4 | =¥ 4L-G-HNO,
2 (C545T: 0.5%)
< 55 4L-G-AuCly
2 4— 31-G-HNO,
g 20| 2L-G-HNO,
$ —de— CNT-HNO,
€ 154|—=mmo
e »— ITO witha
g TNATA HI
g 10 2 -
S
o
54
0

Voltage (V)

Figure 14. a) Current density (solid filled symbols) and luminance (open symbols) versus applied voltage for graphene and ITO-based OLEDs. Inset
shows the device structure. Reproduced with permission.*l Copyright 2010, American Chemical Society. b) External quantum efficiency (EQE) (solid
filled symbols) and luminous power efficiency (open symbols) for graphene and ITO-based OLEDs. Reproduced with permission.“% Copyright 2010,
American Chemical Society. c) Device structure of fluorescent OLEDs. Reproduced with permission.*®l Copyright 2012, Springer Nature. d) Optical
image of light emission from a flexible fluorescent green OLED with a four-layered graphene anode (4L-G) doped with HNO; (4L-G-HNO3). Reproduced
with permission.l Copyright 2012, Springer Nature. e) Luminance versus applied voltage of OLED devices with various doped graphene layers. Repro-
duced with permission.*®l Copyright 2012, Springer Nature. f) Current efficiency versus applied voltage of OLED devices with various doped graphene

layers. Reproduced with permission.l*®! Copyright 2012, Springer Nature.

and WF (34 Q sq.”! and =5.1 eV respectively) as compared to
HNO;-doped devices (54 Q sq.”! and =4.6 eV respectively).l3%
HNO;- and AuCl;-doped devices with four-layered graphene
showed significantly higher maximum current efficiencies
(30.2 cd A™! with HNO; doping, 274 cd A with AuCl; doping)
when compared to ITO-based devices.

Transition metal oxide film of molybdenum trioxide (MoO;)
has also been investigated for the p-doping of graphene and
compared to the performance of ITO in OLEDs by Meyer et al.[*!
In their work, OLEDs with the device structures as shown in
Figure 15a were fabricated to understand band engineering,
interfacial charge transfer effects of MoO; doping of graphene
electrodes, and performance of graphene-based OLEDs. Thermal
evaporation of thin layers of MoOj; (<5 nm) in between the elec-
trode/organic interfaces resulted in a large 1.9 eV interface dipole
and the down bending of the conduction band of MoO; closer to
the graphene Fermi level, resulting in a close to ideal alignment
of the energy levels and a 0.25 eV increase in WF of graphene.[*]

With efficient charge transfer doping of graphene, sheet
resistance varied from =700 to 30 Q sq.”! for monolayer to
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four-layer graphene, and transmittance ranging between
94% and 86% for monolayer and four-layer graphene respec-
tively.?l Figure 15b,c shows the device characteristics of OLED
fabricated using monolayer graphene compared to ITO and
Figure 15d,e represents devices fabricated with three-layer
graphene electrode. The devices displayed a similar turn-
on voltage of 2.5 V for both graphene-based and ITO-based
OLEDs. Graphene-based OLEDs indicated higher current
efficiencies of 55 and 67 c¢d A™! for monolayer and three-
layer graphene-based devices respectively at luminance of
1000 cd m~2.*2 The graphene-based OLED working device is
shown in Figure 15f. Tungsten trioxide (WOs) which has better
stability to air exposure than MoO; was similarly utilized for
doping monolayer graphene in the graphene-based OLED stack
comprising anode/WO;/WO; doped 4,4’-Bis(N-carbazolyl)-1,1"-
biphenyl (CBP)/CBP/CBP doped bis(2-phenylpyridine)(acety-
lacetonate)iridium(III)  [Ir(ppy),(acac)]/1,3,5-tris-phenyl-2-ben-
zimidazolyl-benzene  (TPBi)/8-hydroxy-quinolinato  lithium
(Liq)/AL™) As WOj5 layer thickness increased, sheet resistance
decreased to around < 300 Q sq.”! and a 0.2 eV downshift in

© 2021 Wiley-VCH GmbH
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Figure 15. a) OLED device structure stacks. b) Current density and luminance versus applied voltage for monolayer graphene and ITO-based OLEDs
doped with MoOs. ¢) Current efficiency and power efficiency versus luminance for monolayer graphene and ITO-based OLEDs doped with MoO;.
d) Current density and luminance versus applied voltage for three-layer graphene and ITO-based OLEDs doped with MoOs. €) Current efficiency and
power efficiency versus luminance for three-layer graphene and ITO-based OLEDs doped with MoOs. f) Graphene-based OLED with high brightness.

Reproduced with permission.*?l Copyright 2014, Springer Nature.

the Fermi level, similar to MoO; doped graphene by Meyer
et al. %] The OLED characteristic as shown in Figure 16a,b
shows a higher operating voltage for the graphene-based
device with 5 nm thick layer of WO; when compared to ITO
(2.7 V), and reduced power efficiency of 50 Im W' at lumi-
nance of 1000 cd m2 resulting from an increased sheet resist-
ance of graphene during oxygen plasma treatment. Increasing
WOj; thickness to 15 nm improved the device performance of
graphene-based OLED with a slightly higher power efficiency
(=62 Im W) when compared to ITO (60 Im W~1) at luminance
of 1000 cd m=2*1 Wu et al. I studied the use of substitution-
ally boron-doped monolayer graphene as a suitable anode
for OLED devices using the device architecture as shown in
Figure 16¢c. Sheet resistance (240 Q sq.™), optical transmittance
on glass (975% at 550 nm), and WF (5.0 eV) of boron-doped
graphene was superior to pristine graphene (350 Q sq.%, 977%,
and 4.7 eV respectively) and ITO anodes.!! To demonstrate the
use of boron-doped graphene for flexible OLED devices, boron-
doped graphene on PET substrate was subjected to bending
radius of 0.75 mm for 3000 bend cycles. Negligible change in
sheet resistance ratio as shown in Figure 16d suggests high
stability of boron-doped graphene and suitability for flexible
OLEDs. Fabricated boron-doped graphene OLEDs exhibited
excellent performance as shown in Figure 16e,f with maximum
EQE of 24.6%, maximum current efficiency of 95.4 cd A™!, and
maximum power efficiency of 99.7 Im W11

Using PEDOT:PSS conducting polymer, the low work func-
tion and high sheet resistance of graphene can be improved
to enhance their performance in OLEDs. Shin et al. fabricated
OLEDs on glass substrate using a hybrid anode composed of
monolayer graphene/PEDOT:PSS and compared their perfor-
mance to graphene anode OLED.*! Graphene/PEDOT:PSS
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film yielded a sheet resistance of 90 Q sq.”! with an optical
transmittance of 92.8%, comparable to the sheet resistance of
1500 Q sq.”! and transmittance of 96.4% obtained with graphene
film. It is believed that the introduction of PEDOT:PSS helps
to form a continuous conductive path in graphene and pro-
vides mechanical protection that minimizes the negative effect
of defects and wrinkles during the graphene transfer process.
With the addition of spin coated PEDOT:PSS onto graphene, a
WEF gradient from the graphene to the hole injection layer was
created to enhance hole injection and reduce the hole injection
barrier at the anode/hole injection layer interface of the gra-
phene/PEDOT:PSS-based OLED. The hybrid anode OLED was
reported to display enhanced performance with a maximum
current efficiency of 0.89 cd A™' and maximum luminance of
7354 ¢cd m™2 at 15.0 V as shown in Figure 17a,b.¢l Similarly,
electrodes with double-layered graphene/PEDOT:PSS conduc-
tive film was used by Wu et al. to fabricate flexible OLEDs.[>?]
The hybrid electrode on a PET substrate showed highly con-
ductive with light-emitting stability upon bending due to the
presence of graphene and a negligible change in sheet resist-
ance (=300 Q sq.7!) during the bending test at 10 mm radius
(Figure 17c). Smoothening of the rough surface morphology of
pure graphene film was achieved by spray coating PEDOT:PSS,
which reduced sheet resistance by =390 Q sq.”! and prevents
rapid device degradation of OLEDs.I'3! Figure 17d,e,f shows the
performance of graphene/PEDOT:PSS-based flexible OLEDs
with a turn-on voltage of 5 V, maximum current efficiency of
0.91 cd AL, and negligible degradation in current efficiency
upon severe bending.

The presence of grain boundaries in CVD graphene films
limits its conductivity and charge carrier concentration, these
unwanted grain boundaries result in poor performance in

© 2021 Wiley-VCH GmbH
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Figure 16. a) Luminance versus applied voltage. Inset shows the OLED device structure stack. Reproduced with permission.[*] Copyright 2015, AIP
Publishing. b) Power efficiency versus luminance for monolayer graphene and ITO-based OLEDs doped with WO;. Reproduced with permission.!*’!
Copyright 2015, AIP Publishing. c) Device structure of OLED fabricated with boron-doped graphene. Reproduced with permission.!l Copyright 2017,
American Chemical Society. d) Sheet resistance ratio versus bend cycles for boron-doped graphene on PET substrate. Inset shows the optical picture of
bent samples. Reproduced with permission.!l Copyright 2017, American Chemical Society. ) EQE versus luminance for boron-doped graphene, 1TO,
and pristine graphene OLEDs. Inset shows illuminated flexible boron-doped OLED device. Reproduced with permission.l*!l Copyright 2017, American
Chemical Society. f) Current efficiency and power efficiency versus current density for boron-doped graphene, ITO, and pristine graphene OLEDs.
Reproduced with permission.!l Copyright 2017, American Chemical Society.

optoelectronic devices. Reduction of the effect of grain bounda-  performance as TCEs, the FOM obtained using Equation (8)
ries of graphene can be minimized by creating a conductive ~ for MG-A-P film exhibited superior optoelectronic properties
pathway using AgNWs to connect the graphene nanosheets — with largest FOM value of 35.7 x 107 Q! at a sheet resistance
and provide a positive “bridge effect” for electron transport as  value of 8.06 Q sq.! and transmittance of 88.3% as shown in
demonstrated by Li et al. in Figure 18a.*4l In their work, flex-  Figure 19a.] Completely encapsulating AgNWs between gra-
ible OLEDs were fabricated using single layer graphene (SLG)/  phene and mixed polymer matrix prevented corrosion and
AgNWs hybrid electrode as shown in Figure 18b. The hybrid  oxidation of AgNWs, thereby improving the stability of the
SLG/AgNWs film resulted in the reduction of sheet resist-  hybrid electrode. Figure 19b shows the bending test of different
ance of graphene from 650 to 27 Q sq.”! at an optical trans-  electrodes subjected to 2.0 mm radius of curvature. MG-A-P
mittance of 86.7% and WF of 5.1 eV, surpassing conventional  film displayed minimum change in sheet resistance with no
ITO electrodes. Fabricated OLEDs with SLG/AgNWs electrode  cracking after 300 bending cycles, indicative of its suitability for
also displayed a turn-on voltage of 2.5 V, maximum lumi- flexible optoelectronic devices. The brittle nature of ITO results
nance of 15 000 cd m~2 at 9V, and an increase in current den-  in a drastic increase in the relative resistance change upon
sity from 55 to 107 mA cm™ at 9.5 V when compared to SLG  bending due to microcracks being formed, thereby limiting the
(Figure 18c). performance of ITO-based OLEDs. In particular, this is the big-

A flexible hybrid electrode composed of monolayer graphene/  gest obstacle in the use of ITO for the development of flexible
silver nanowires/polymer matrix (MG-A-P) was also developed ~ OLEDs. Flexible OLEDs fabricated using GN-A-P hybrid elec-
to overcome the weakness and challenges of bare electrodes.””!  trode as shown in Figure 19¢ device structure outperformed
With increasing AgNWs concentrations, the optical transmit-  ITO-based devices with turn-on voltage of 3.38 V, maximum
tance of MG—A-P film was slightly lower than the A-P film due  brightness of 4297 cd m™2, and maximum current efficiency of
to the addition of the monolayer graphene. However, based on ~ 2.11 cd A™! (Figure 19d-f)./*/
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Figure 17. a) Current density versus applied for monolayer graphene and monolayer graphene/PEDOT:PSS-based OLEDs. Inset shows current effi-
ciency versus current density of OLED devices. Reproduced with permission.®! Copyright 2013, Elsevier. b) Luminance versus applied voltage for
monolayer graphene and monolayer graphene/PEDOT:PSS-based OLEDs. Inset shows optical image of light emitting hybrid OLED. Reproduced with
permission.6] Copyright 2013, Elsevier. c) Sheet resistance versus bending times for graphene and double-layered graphene/PEDOT:PSS films. Inset
shows image of flexible graphene/PEDOT:PSS film on PET substrate. Reproduced with permission.l"3l Copyright 2014, Elsevier. d) Current density
versus applied voltage for double-layered graphene/PEDOT:PSS-based OLEDs. Reproduced with permission.'>l Copyright 2014, Elsevier. e) Current effi-
ciency versus applied voltage for double-layered graphene/PEDOT:PSS-based OLEDs. Reproduced with permission.l>l Copyright 2014, Elsevier. f) Cur-
rent efficiency versus bending times for double-layered graphene/PEDOT:PSS-based OLEDs. Reproduced with permission.[>3 Copyright 2014, Elsevier.
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films. f) Current efficiency versus current density of OLEDs based in MG-A-P and ITO-PET films. Inset shows bright MG-A-P hybrid OLED device.

Reproduced with permission.”l Copyright 2016, American Chemical Society.

Numerous efforts focusing on the application of graphene-
based TCEs in OLEDs have been made in recent years to
improve their performance and efficiencies as discussed and
summarized in Table 3. These studies display the superiority
in the use of graphene-based TCEs in OLEDs when compared
to conventional ITO. Presently, graphene films show improve-
ments in their sheet resistance, WF, and transmittance when
doped and combined with other materials to form a hybrid
structure, however, they are still not perfect, and each enhance-
ment technique have variations in performance when used
in OLEDs. Reports suggests an improvement in OLED per-
formance result from an enhanced electrical contact between
graphene and other organic materials in OLEDs.[36:40:4445,154157]
This can be attributed to their identical molecular structures
which improves their bond strength and can enhance hole
injection. The excellent mechanical flexibility of graphene-
based OLEDs without loss in device performance when
subjected to multiple bending cycles and graphene’s cheaper
synthesis method makes graphene an ideal TCE material
that can be used for the development of flexible, stable, and
enhanced OLED devices.

7. Conclusion and Outlook

The replacement of ITO with new materials such as con-
ducting polymers, CNTs, metal nanostructures, and graphene
has tremendously advanced the field of electronics due to
their advantage of stability, flexibility, and improved perfor-
mance in devices such as OLEDs. Specifically, graphene has
received a lot of attention within the past decade due to its
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unique properties including high mechanical flexibility, high
optical transparency, and low sheet resistance. In this review,
we have summarized the progress of graphene-based TCEs
and their application in OLEDs for performance improve-
ments when compared to ITO. Several methods such as
CVD and reduction of GO have been developed to synthe-
size graphene films for use as transparent conducting elec-
trodes. Among many synthesis routes, the CVD technique
has been the most prevalent technique since currently oper-
ated laboratory level technologies are now widely available to
enable low-cost and high-throughput graphene film produc-
tion. However, the challenge remains the lack of scalability,
nonuniformity, and formation of defects in graphene films for
use as TCEs in optoelectronic devices such as OLEDs. Cur-
rent available technologies for graphene CVD growth still
primarily utilizes copper substrates, resulting in graphene
grain boundaries which lead to unwanted defects destroying
the electronic properties of graphene films and degradation
of devices. Several approaches have been taken to solve these
issues by creating a conductive connection between the grain
boundaries by using AgNWs, nonetheless, other issues still
exist; graphene transfer is problematic due to the introduc-
tion of contaminations (defects), the use of etchants which are
toxic and increases cost, time consuming, and poor adhesion
of graphene to desired substrates. Graphene transfer can be
eliminated if growth is directly on desired substrate or gra-
phene can be synthesized on liquid substrates (gallium or tin)
to take advantage of the weak van der Waals force between
graphene layers and liquid metal substrates, enabling easy
and smooth exfoliation.'¢-1%%] To meet commercial industrial
requirements for graphene use in optoelectronics, reasonable

© 2021 Wiley-VCH GmbH
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Table 3. Characteristic performance of OLEDs with graphene-based TCE.
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Substrate Vor® V] Efficiencies L% [ed m™} Ref.
Anode CE® [cd AT PE 9 [Im W] EQE 9 [%]
Graphene (four layer tandem) Glass - 202.9 (max) - ~44.4 (max) =10 000 [154]

PET - 205.9 (max) - ~45.2 (max)
Graphene (three layer) Glass 37 56.42 - - =10 000 at 8.4 V [155]
Graphene Glass 4.5 - =0.5 (max) =0.4 (max) 300 at11.7 V [40]
Graphene PET 2.5 111.4 (max) 124.9 (max) 29.7 - [156]
Graphene w/O, plasma Glass 3.9 - 241 15.6 1000 [157]
Graphene (four layer)—AuCl; doped PET 2 27.4 (max) 28.1 (max) - - [36]
Graphene (four layer)-HNO; doped PET 2 30.2 (max) 37.2 (max) - - [36]
Graphene-MoOj; doped Glass 2.5 55 (monolayer) =34 - 1000 [42]
67 (three layers) =35

Graphene-WOj; doped Glass >2.7 - 62 - 1000 [43]
Graphene-boron doped PET - 95.4 (max) 99.7 (max) 24.6 (max) - [41
n-Doped graphene Glass 3.0 7 (max) - - 19020 at 27V [158]
Graphene PET 5 89.7 (max) 102.6 - 10 000 [159]
Graphene Glass 3.9 74.5 26.6 20.7 39100 [160]
Graphene/CNT with Au Glass 5 2.1 - - 650 [48]
Graphene-PMMA/SPPO1 PET 9.5 11.44 (max) 2.24 (max) - - [161]
Graphene/PEDOT:PSS Glass - 0.89 (max) - - 7354at15V [46]
Graphene/PEDOT:PSS PET 5 0.91 (max) - - - [153]
Graphene/AgNWs PET 2.5 - - - 15000 at 9V [144]
Graphene/AgNWs/CP PET 338 2.11 (max) - - 4297 at 13V [47]
Graphene—fluoropolymer Glass 4.2 7.91 - - - [162]
Graphene-oligomer Glass 43 70 - - 4250 at9.5V [163]
Graphene//TiO,/PEDOT:PSS Glass - 10.11 5.41 - 1000 [164]
TiO,/graphene/CP Glass - 168.4 160.3 40.8 =500 at 5V [165]

AV, turn-on voltage; P)CE, current efficiency; 9PE, power efficiency; 9EQE, external quantum efficiency; ©)L, luminance.

advantages in terms of low-cost fabrication, large scale pro-
duction, improved device performance, device stability, and
reproducibility need to be met.

However, with these challenges come opportunities to
developing new approaches to synthesizing graphene with
improved optoelectronic properties, efficient and damage-
free direct graphene transfer, production of high quality
large-area graphene films, and improving uniformity. These
are the areas in which future research should be targeted.
Besides, strong adhesion to substrate, smooth surface mor-
phology, excellent stability, enhanced mechanical flexibility,
excellent performance, and long-lasting lifetime are required
for highly flexible next-generation OLED devices utilizing
graphene-based TCEs. Although, a few of the aforementioned
challenges have been partially solved as discussed in this
review, many obstacles still need to be conquered in the years
to come for industrial-scale commercialization of flexible,
foldable, and even stretchable OLEDs. We strongly believe
that the field of graphene-based TCEs and their application
in OLEDs is rapidly emerging, holding huge potential, and
remains an active area of research where significant progress
can be reached.
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