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A B S T R A C T

Chemical vapor deposition (CVD)-grown graphene has gained significant attention as a potential alternative to
indium tin oxide (ITO) transparent conducting electrode (TCE) for organic photovoltaics (OPVs). However, the
high cost, complex manufacturing process, and elevated deposition temperatures limit the widespread appli-
cation of CVD-graphene for TCEs. Furthermore, the transfer of CVD-graphene from the growth substrate (metal
catalyst) onto the transparent target substrate (e.g. glass, PET, etc.) can result in substantial degradation of the
graphene characteristics. Therefore, the direct growth of high-quality CVD-graphene on transparent substrates is
an ultimate goal. Plasma-enhanced CVD facilitates graphene growth on dielectric substrates, but the resulting
films often exhibit high sheet resistance and structural defects. This critical review discusses the advancements in
CVD-graphene TCEs over the past decade. It investigates the synthesis of CVD-graphene on metal catalysts and
explores various transfer methods in detail. The growth of CVD-graphene on dielectric substrates and the
different strategies proposed to enhance its properties for TCE applications are scrutinized. More importantly, the
most recent advances in single-step manufacture of CVD-graphene TCEs are discussed. This report also presents
new insights and perspectives to address the current challenges of scalable production of transfer-free graphene
TCEs for OPVs and other optoelectronics.
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H2 Hydrogen
HOMO Highest occupied molecular orbital
HTL Hole transport layer
IPA Isopropyl alcohol
ITO Indium tin oxide
J Current density
Jmax Maximum current density of the solar cell
JSC Short-circuit current density
J-V Current density-Voltage
LUMO Lowest unoccupied molecular orbitals
MLG Multi-layer graphene
MoO3 Molybdenum trioxide
MW-PECVD Microwave plasma enhance chemical vapor deposition
NWs Nanowires
OLEDs Organic light emitting diodes
OPVs Organic photovoltaics
OSCs Organic solar cells
P Power density
P3HT Poly (3-hexylthiophene)
PAHs Polycyclic aromatic hydrocarbons
PAN Polyacrylonitrile
PATCVD Plasma assisted thermal chemical vapor deposition
PC70BM/
PC71BM

[6,6]-Phenyl-C71-butyric acid methyl ester

PCBM/
PC60BM

Phenyl-C61-butyric acid methyl ester

PCE Power conversion efficiency
PECVD Plasma enhanced chemical vapor deposition
PEDOT: PSS poly (3,4-ethylenedioxythiophene) polystyrene sulfonate
PEN Polyethylene naphthalate
PES Polyestersulfone
PET Polyethylene terephthalate
PFSA Perfluorinated sulfonic acid
PI polyimide
Pmax Maximum power density generated by the solar cell
PMMA Poly methyl methacrylate
PS Polystyrene
PSCs Perovskite solar cells
PVA Polyvinyl alcohol
R2R Roll-to-roll
RF Radio frequency
RF-PECVD Radio frequency plasma enhanced chemical vapor deposition
RH Relative humidity
rms Root mean square
Rs Sheet resistance
Rser Series resistance
Rsh Shunt resistance
sccm Standard cubic centimeter per minute
SEM Scanning electron microscope
SLG Single-layer graphene
TCE Transparent conducting/conductive electrode
TEM Transmission electron microscope
TFSA Bis(trifluoromethanesulfonyl)amide
TiO2 Titanium oxide
TRT Thermal release tape
UPS Ultraviolet photoelectron spectroscopy
UV Ultraviolet
V Voltage
VG Vertically-oriented graphene
Vmax Maximum voltage of the solar cell
VOC Open-circuit voltage
WCA Water contact angle
WF Work function
WT Wet transfer
XPS X-ray photoelectron spectroscopy
ZnO Zinc oxide

1. Introduction

Organic photovoltaics (OPVs) have achieved high records of power
conversion efficiency (PCE), which push this promising technology to-
wards large-scale commercialization [1–3]. Their mechanical flexibility,
lightweight, low fabrication cost, and material abundancy make OPVs
an excellent candidate to replace expensive first- and second-generation

PV systems such as crystalline silicon, CdTe, and CuInSe solar cells
[4–7]. In addition, the solution processability enables the roll-to-roll
(R2R) fabrication and ink-jet printing of OPVs for flexible and wear-
able electronics applications [8–10]. However, there are major chal-
lenges for OPVs that should be resolved before they can enter the PV
market. A typical OPV device consists of a p-type and an n-type organic
semiconductors, which represent the photoactive layer of the device
where light absorption occurs, sandwiched between a transparent and a
semi-transparent or opaque electrode. In addition, two charge transport
layers (CTLs) are typically deposited between the photoactive layer and
the two electrodes to facilitate the transport and collection of the
photo-generated charge carriers [4,11,12]. More details on the structure
of OPVs and how they function are given in section 2. Thus, the trans-
parent conducting electrode (TCE) is a major component in an OPV
device, which acts as the window electrode that allows incident sunlight
to reach the photoactive layer of the device. Moreover, it collects charge
carriers (electrons or holes) generated through light absorption within
the active layer. Therefore, the window electrode should possess high
optical transmittance and high electrical conductivity to be an efficient
TCE [13–15].

Transparent conducting oxides such as indium tin oxide (ITO) are the
most commonly used TCEs for OPVs and other optoelectronic devices
due to their good optical and electrical properties [13,16,17]. None-
theless, the drawbacks of ITO such as poor mechanical and chemical
stabilities [18,19], the scarcity of indium and the high fabrication
expense [20,21] demand efficient alternatives. It has been reported that
the ITO is responsible for almost 30 % of the overall fabrication cost of
an OPV device [22]. Furthermore, the need for high vacuum and high
temperature during ITO preparation by sputtering techniques consume
up to 87 % of the total energy consumed during R2R fabrication of OPVs
[23,24]. More importantly, the ceramic nature of ITO makes it prone to
cracking, which limits its applicability in flexible optoelectronic devices
[25,26]. Consequently, the development of ITO-free OPVs has received
intensive research interest over the past years in order to make this
promising technology more reliable and cost-effective [27–32]. A wide
range of materials has been proposed to replace ITO for OPVs and other
optoelectronics applications. This included metal thin films [33,34],
metal oxides [35], and conducting polymers [36]. More importantly,
low-dimensional materials such as carbon nanotubes (CNTs) (1D ma-
terial) [37], silver nanowires (AgNWs) (1D material) [31,38–40], and
graphene (2D material) [41] have shown great potential as TCE candi-
dates. Among the above-mentioned materials, graphene received the
greatest attention as an ITO substitute thanks to its extraordinary opti-
cal, electrical, and mechanical properties [42–44].

The production of graphene TCEs for optoelectronic devices by a
variety of techniques has been broadly investigated over the past years.
Chemical vapor deposition (CVD) has shown the greatest potential to
produce high-quality and scalable graphene films for optoelectronics. In
a CVD process, graphene is grown on a metal catalyst surface (nickel,
copper, etc.) from carbon-containing reactants, in a gaseous form, at
elevated temperatures (~1000 ◦C) and with the help of carrier gas/es
[14]. The high purity, finely grained structure, and high stiffness of
graphene films produced by CVD made it the most commonly used
method to prepare graphene TCEs [41,45–47]. However, there are many
drawbacks associated with CVD graphene such as elevated costs,
time-consumption, the use of environmentally-hazardous and unsus-
tainable carbon sources (e.g. methane and ethane), and the application
of explosive carrier gases (e.g. H2). Moreover, graphene films can be
damaged during the complex transfer procedures from the catalyst to
the transparent substrate (polymer, glass, etc.) [41].

Consequently, substantial research effort has been devoted to
develop damage-free transfer processes [48–51] and to adopt
plasma-enhanced CVD (PECVD) to reduce reaction temperature and
time, which paved the way towards transfer-free graphene production
[52–54]. Nevertheless, there are crucial issues with the PECVD-grown
graphene such as its high sheet resistance (Rs), high structural defect
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concentration, environmental impact, and relatively high cost that limit
their scalability for optoelectronics. Several approaches have been
investigated to make CVD- and PECVD-graphene feasible TCEs for OPVs
and other optoelectronic devices [55,56]. Despite these, further research
is still needed to realize high quality, affordable, and transfer-free
CVD-based graphene TCEs.

The primary aim of this review is to establish a promising platform
that can facilitate the single-step and commercial production of high-
quality CVD-graphene TCEs on transparent substrates in the near

future. To achieve this, the recent advancements and existing challenges
associated with CVD-graphene TCEs for OPVs are comprehensively
reviewed. Notably, critical issues related to scalability and sustainability
of CVD-graphene TCEs are emphasized. Furthermore, this article offers
perspectives and insights into the prospects of achieving scalable and
transfer-free production of high-quality CVD-graphene TCEs. Address-
ing these key concerns represents a significant step forward in the
advancement of ITO-free optoelectronics. For a better understanding of
the topic, a brief overview of OPVs, graphene, and CVD is given first. To

Fig. 1. a) Structure of a BHJ OPV device. b) A schematic diagram showing the different steps of the PV effect in BHJ OPVs, reproduced from Ref. [4] (1) light
absorption and generation of exciton, (2) exciton diffusion towards D/A interfaces, (3) exciton dissociation into a free electron and a free hole, (4) free charge carriers
transport towards the anode and the cathode where they can be collected (5) to produce photocurrent. c) The J-V curve of a typical solar cell under illumination. d)
Equivalent circuit of a solar cell device. The photocurrent (Jph) is represented by a current source in an opposite direction to the dark current (Jd). The net illu-
mination current (J) is the difference between both currents.
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the best of the authors’ knowledge, a few articles on graphene prepared
by different methods for optoelectronic applications can be found in
literature [20,41]. Yet, none of them was fully dedicated to CVD-grown
graphene TCEs for OPVs. More importantly and more specifically, no
review articles on the transfer-free and large-scale production of
CVD-graphene TCEs can be found. This work will help researchers to
develop low-cost and large-scale transfer-free CVD-graphene TCEs
which should accelerate the commercialization of OPVs and other
renewable energy technologies (e.g. perovskite solar cells)”.

2. Fundamentals

2.1. Organic photovoltaics – device structure and operation

The structure of a typical bulk heterojunction (BHJ) OPV device is
shown in Fig. 1a. The device consists of a number of thin film layers with
thicknesses ranging from a few to around 200 nm, deposited on top of a
transparent substrate (e.g. glass, PET, PEN, etc.). The incident sunlight
passes through the TCE and the first CTL before reaching the photoactive
layer where it is absorbed. The active layer of a BHJ OPV device consists
of p-type and n-type organic semiconductors, namely electron donor (D)
and electron acceptor (A), blended together to form interpenetrating
networks. Photons with adequate energies are absorbed by the D ma-
terial and an exciton (a bound state of electron-hole pair) is created. The
photo-generated excitons diffuse towards the D-A interfaces and disso-
ciate into free charge carriers before they can recombine. Nano-scale
interpenetrating networks between the D and A materials in the BHJ
structure enhance the diffusion of excitons and reduces their recombi-
nation rate [57]. Then, the free electrons and holes are transported
within the A and D materials to be collected at the cathode and the
anode, respectively. The presence of CTLs facilitates the transport and
collection of the charge carriers. The main stages of the photovoltaic
effect in an OPV device are depicted in Fig. 1b.

The performance of a solar cell is evaluated by studying its current
density (J)-voltage (V), i.e. J-V characteristic curve. Device performance
can be described by a number of photovoltaic parameters calculated
from the J-V curve, namely short-circuit current density (JSC), open-
circuit voltage (VOC), fill factor (FF) and PCE. The J-V curve of a
typical solar cell under illumination conditions are shown in Fig. 1c. PCE
is defined as the ratio between the maximum power density (Pmax)
delivered by the cell and the power density of the incident light Pin. The
power density (P) delivered by the solar cell to the external load is the
product of V and the corresponding J, which is represented by the area
under the J-V curve. Although JSC and VOC are the maximum current
density and voltage of the device, the power density at those two points
is zero. The current density and voltage at the point of maximum power
density (Pmax) of the J-V curve, Jmax and Vmax, always shift from the
maximum theoretical values (JSC and VOC) as shown in Fig. 1c.

The deviation of Jmax and Vmax from JSC and VOC is mainly attributed
to losses associated with the electric resistance offered by the bulk
semiconductor, metallic electrodes and the contact between the semi-
conductor and the electrodes, which act as a series resistance (Rser)
connected to the ideal circuit that represents the device as shown in
Fig. 1d. In addition, other losses are due to the leakage of the photo-
generated current through the defects within the junction or at edges
of the cell. Those defects act as alternative paths for the photo-generated
charge carriers and these losses can be expressed by a parallel resistance
connected with the cell known as shunt resistance (Rsh) (Fig. 1d). Thus,
for an efficient solar cell, the value of Rsh should be as large as possible
while Rser should be minimized. The values of Rser and Rsh can be
calculated from the J-V curve using the slope of tangents at JSC and VOC,
respectively [58].

The ratio between Pmax and the product of VOC and JSC gives rise to
the FF which is a measure to the squareness of the J-V curve. FF is
maximum when Rser is minimum and Rsh is maximum and vice versa.
The FF and PCE are related according to the following equations [59,

60].

FF=
Pmax

JSC ∗ VOC
=
Jmax ∗ Vmax

JSC ∗ VOC
(1)

PCE (%)=
Pmax
Pin

=
FF ∗ JSC ∗ VOC

Pin
× 100% (2)

Based on this brief overview of the structure and performance of an
OPV device, it can be concluded that an efficient TCE is crucial for
realizing a highly performing device. An effective TCE should possess
high light transmittance and excellent electrical conductivity. The Rs
and morphology of the TCE directly affect Rser, Rsh, and hence the
overall performance of the associated OPV device. The exceptional
features of intrinsic graphene such as its extraordinary electrical, opti-
cal, and structural properties make it an outstanding TCE candidate.
Nonetheless, the properties of CVD-grown graphene can vary signifi-
cantly from their intrinsic counterparts as a result of the synthesis pro-
cess. Therefore, a solid understanding of the CVD of graphene and the
underlying growth mechanisms is inevitable. More crucially, under-
standing the impact of the different deposition parameters on the
properties of the resulting CVD-graphene film is essential to realize high-
quality graphene sheets.

2.2. CVD-graphene

Graphene is a 2D material consisting of sp2 hybridized carbon atoms
bonded in a honeycomb structure with a single-atom thickness (Fig. 2a).
The extended hexagonal graphene structure represents the fundamental
building units for other carbon allotropes. For example, stacked gra-
phene layers produce graphite (3D), while rolled and wrapped graphene
result in CNTs (1D) and fullerenes (0D), respectively (Fig. 2b–d) [61].
The long-range π-conjugation (Fig. 2e) within its structure leads to the
outstanding electrical, thermal, and mechanical properties of graphene
[62]. Being a 2Dmaterial with a single-carbon atom thickness, graphene
has excellent optical transmittance reaching 97.7 % for single-layer
graphene (SLG) [63]. The remarkable electronic features of graphene
are attributed to its high-quality 2D lattice, which shows a minimum
density of defects that hinder charge transport as a result of scattering.
The ballistic charge transport within graphene lattice is responsible for
its high carrier mobility. A typical value of 2 × 105 cm2 V− 1 s− 1 for the
carrier mobility of graphene was experimentally reported [64]. A SLG is
considered a zero-band gap semiconductor in which the valence and
conduction band edges meet at a single point (Dirac point), while
multi-layer graphene (MLG) exhibit metallic behaviour due to the
overlap of the wave functions of their charge carriers [62]. Since it was
first prepared by Geim and Novoselov [65] in 2004 through mechanical
exfoliation of graphite (Fig. 2b) using Scotch tape, many approaches
have been developed to synthesize large-area graphene for practical
applications. These methods can be divided into two main mechanisms:
top-down and bottom-up.

In a top-down approach, graphene is isolated from the 3D graphite
structure via a peel-off process known as exfoliation [69]. The exfolia-
tion process can be mechanical, chemical oxidation-reduction, electro-
chemical and liquid phase exfoliation [70]. In a mechanical exfoliation
process, adhesive tape is used to peel off single to a few layer graphene
(FLG) from highly oriented pyrolytic graphite, while an electric poten-
tial (voltage) is applied to achieve electrochemical exfoliation [71]. In a
liquid phase exfoliation, a fast heating, sonication, or large shear force is
used to exfoliate graphene layers after increasing the interlayer spacing
in graphite via reducing the van der Waals forces through a reduction
reaction [72]. Chemical oxidation-reduction exfoliation is the most
common top-down synthesis approach in which graphite is first oxidized
into graphite oxide via different ways such as Hummers’ method using
concentrated acids and strong oxidizing agents [73]. Then, graphite
oxide is reduced into graphene through thermal, chemical, or electro-
chemical approaches [74–76]. More details on top-down graphene

M.S.A. Kamel et al.



Renewable and Sustainable Energy Reviews 203 (2024) 114740

5

preparation of graphene can be found in the comprehensive review by
Kumar et al. [70].

The second main approach for graphene production, the bottom-up
methodology, uses hydrocarbons as carbon sources to synthesize gra-
phene sheets on a growth substrate. Examples for bottom-up methods
include CVD, epitaxial growth, thermal pyrolysis, laser-assisted and
organic synthesis [77]. CVD is the most common bottom-up method due
to its scalability, good quality of the resulting graphene, and relatively
low cost [47]. The involved steps and the associated mechanism in CVD
are discussed below.

A typical CVD process includes the passage of vapor of a carbon-
containing precursor such as methane (CH4) or ethane (C2H6) and car-
rier gases, mainly H2 and Ar, though the surface of the growth substrate
(often a metal catalyst e.g. Cu, Ni, etc.) at elevated temperature (around
1000 ◦C), where chemical bonds break and carbon atoms are bonded in

the hexagonal 2D sheet of graphene. The growth mechanism of gra-
phene by CVD includes three major steps: (1) decomposition of the
hydrocarbon precursor vapor (dehydrogenation), (2) nucleation, and
(3) growth or expansion, as shown in Fig. 3a [78]. Moreover, various
processes can occur between the dehydrogenation and nucleation steps,
depending on the substrate properties and other deposition parameters.
For example, in case of a Ni catalyst substrate, the bulk diffusion of
carbon atoms through Ni can be dominant due to its high carbon solu-
bility, then carbon is segregated towards the Ni surface leading to other
nucleation on the surface during the cooling down of the CVD reactor,
leading to MLG films [79]. Consequently, it is difficult to obtain uniform
graphene sheets without microstructure defects on metal catalysts with
high carbon solubility. In contrast, metal catalysts with low carbon
solubility such as Cu minimize the bulk diffusion of carbon atoms after
the dehydrogenation step, and increase the surface migration of the

Fig. 2. The hexagonal honeycomb structure of graphene (a) and graphite structure consisting of stacked 3d graphene (b). The edges of the valence band and the
conduction band meet at Dirac point for SLG and overlap for MLG structure, reproduced with permission from ref. [66]. Rolled and wrapped graphene sheet form
CNTs (c) and fullerenes (d), adapted with permission from ref. [67]. (e) The chemical bonds within graphene lattice [68].

Fig. 3. Schematic representation of the growth of CVD graphene on Cu substrate (a), reproduced with a permission from ref. [82]. (b) Schematic growth process of
VG film on glass substrate in a PECVD system. (i) Dissociation of carbon-hydrogen bonds by plasma. (ii) Formation of the carbon buffer layer on the glass substrate.
(iii) Simultaneous growth of graphene and carbon islands. (iv) Sheath effect and ion bombardment between bulk plasma and the substrate. (v) Sparse distribution of
VG nanosheets on the glass substrate, reproduced with a permission from ref. [83].
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carbon adatoms towards nucleation sites on the catalyst surface, which
facilitates the growth of SLG [80]. More crucially, the polycrystalline
nature of the substrates can induce grain boundaries within graphene
lattice, which diminish the electrical and optical properties of the
resulting CVD-graphene. Also, the precursor (carbon source) represents
another important factor that affects the CVD growth of graphene. The
energy needed for the decomposition of the precursor vapor to produce
active carbon species required for nucleation was found to vary signif-
icantly for different precursors, which remarkably affects the growth
temperature. For instance, the use of liquid (benzene, C6H6) and solid
precursors (poly methyl methacrylate, PMMA, and polystyrene, PS)
enabled the growth of graphene on Cu foil at lower temperatures
compared to CH4 [81]. Additionally, the precursor type had a crucial
impact on the quality of the resulting graphene as will be discussed in
more detail later in this review.

For growing graphene on other substrates than metal catalysts,
including dielectric substrates, PECVD is utilized. The plasma discharge
provides part of the energy required for the precursor decomposition
and for graphene growth, which can reduce the growth temperature of
graphene on non-catalytic substrates. However, the growth mechanism
of graphene in a PECVD process (Fig. 3b) differs from that in a con-
ventional thermal CVD approach. Following the decomposition of the
precursor molecules, the formation of a thin carbon buffer layer hori-
zontal to the substrate surface is observed. This buffer layer can be
graphene, graphite or amorphous carbon, depending on the deposition
parameters [84]. Then, carbon islands form above the buffer layer prior
to the growth of vertically oriented graphene (VG) nanosheets. The
horizontal growth of graphene is not favored in a PECVD for the
following reasons [83].

- Discontinuity in horizontal graphene sheets as a result of their
simultaneous growth with carbon islands.

- Strain energy in the defects and edges within initial graphene, which
may make the intermediate layer unable to have a complete 2D film,
but 3D crystals instead [85].

- The collisions of the energetic ions in plasma with the substrate
surface resulting in defects in graphene surface and supporting the
growth of VG.

Thus, the properties of the resulting graphene can be adjusted for a
particular application through the optimization of the deposition pa-
rameters. In the following sections, the implementation of CVD and
PECVD based graphene TCEs for OPVs is discussed in detail. More
importantly, the progress made towards single-step (transfer-free) of
graphene TCEs is comprehensively investigated.

3. Characterization methods of graphene TCEs

The structural, optical, electrical and electronic properties of gra-
phene are crucial to realize an efficient TCE for high-performing OPVs
and other optoelectronics. In this section, the most common character-
ization methods used to assess graphene TCEs for OPVs are briefly
discussed.

3.1. Raman spectroscopy

Raman spectroscopy is a fundamental characterization technique for
graphene research which provides a fingerprint spectrum describing
graphene sample. It is a powerful and non-destructive tool to get an in-
depth insight on the quality, number of layers, and different structural
defects of graphene. A typical Raman spectrum for graphene sample
consists of a number of characteristic peaks at specific Raman shifts
(cm− 1). The 2D peak (around 2670 cm− 1) is characteristic of the second
order of the zone-boundary phonons and an evidence on the formation
of the graphene-like structure [86]. Another characteristic peak is the
G-peak (around 1570 cm− 1) which is associated with the in-plane E2g

vibration of sp2 hybridized carbon [87]. Moreover, the structural im-
perfections of graphene are represented mainly by the D-peak (around
1340 cm-1) [88]. Other defect-related peaks are the D’ (1610 cm− 1), D
+ D" (around 2426 cm− 1), D + G (around 2915 cm− 1), and 2D/(around
3210 cm− 1) [89]. The ratio of the intensity of the 2D to G peaks (I2D/IG)
gives information on the number of graphene layers, with this ratio in-
creases for lower number of layers. Whilst, the ratio of ID/IG gives in-
sights on the structural defects in graphene sample, and increases with
increased defects. For efficient graphene TCE for OPVs, the number of
graphene layers should be optimized within the film to achieve high
electrical conductivity (low sheet resistance) at reasonable optical
transmittance. More details on Raman spectroscopy for graphene can be
found in previous literature [88]. Typical representative Raman spectra
for different graphene films will be discussed in the next sections.

3.2. Compositional, morphological and structural characterization

The purity of the graphene structure can be investigated using X-ray
photoelectron spectroscopy (XPS) as a non-destructive method to
determine the elemental composition of graphene film. XPS uses x-ray
beam to irradiate the surface of the solid material under study (graphene
film) and the kinetic energies of the ejected electrons (by photoelectric
effect) from the top surface of the film (up to 10 nm) are recorded. The
surface elements can be identified and quantified by the energies and
intensities of the photoelectron peaks in XPS spectrum. Thus, XPS pro-
vides a quantitative analysis of the different elements in the graphene
film. Detailed discussion on XPS spectra for graphene films can be found
in our previous work [14,86,87].

Transmission electron microscope (TEM) is a powerful tool to study
the nanostructure of graphene. TEM images present information on the
number of graphene layers and structural imperfections as discussed in
later sections. Scanning electron microscope (SEM) and atomic force
microscope (AFM) are typically used to investigate the morphology and
roughness of graphene films. A high surface roughness of TCE material
can result in poor interface with the CTL which increases carrier
recombination and degrades the device performance. Morphology
optimization of graphene TCEs is critical especially for VG films as will
be discussed in later sections. Representative TEM, SEM, and AFM im-
ages for graphene films will be presented and discussed in the next
sections.

3.3. Four point probe measurements

The electrical properties of graphene TCE play a substantial role in
realizing high-performance graphene-based OPV devices. The sheet
resistance of the TCE material has a significant impact on the transfer of
the photo-generated charge carriers. A high sheet resistance hinders the
transport and collection of the dissociated photo carriers within the
device leading to a high increase in carrier recombination. The series
resistance of an OPV device depends strongly on the sheet resistance of
the TCE material. The Rser of the device increases with increasing the
sheet resistance of the electrode. A high Rser results in inefficient carrier
collection and reduced FF and PCE. The sheet resistance of graphene
films increases with structural defects. For MLG, the sheet resistance
decreases with increasing the number of layers. Four point probe is the
most common method to measure the sheet resistance of TCEs. In a four
point setup, a fixed current is applied through the two external probes,
while the two internal probes measure the voltage. The probes are
equidistant. The sheet resistance of the electrode is determined from the
slope of the straight line between the current and voltage according to
the following equation [90,91]:

Rs =4.53× C
dV
dI

(3)

where, dVdI is the slope of the straight line I–V relation and C is a correction
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that depends on sample dimensions and the distance between the
probes. More details on the four-point measurements and setup can be
found in our previous work [86,89].

3.4. Optical transmittance

The light transmission of a TCE material plays a vital role in deter-
mining the overall performance of the associated OPV device. An effi-
cient TCE has to be as optically transparent as possible to allow as much
incident sunlight to reach the photoactive layer of the device as possible.
The optical transmittance of the TCE material strongly affects the JSC
and hence the PCE of the OPV device, with JSC increases with increasing
the transmittance of the TCE material. Graphene has outstanding optical
transmittance (around 97.5 % for SLG) which makes it an ideal TCE
candidate. FLG and MLG are used for TCE applications with the optical
transmittance drops with increasing the number of layers. Thus, the
number of layers has to be compromised to achieve optimum sheet
resistance and optical transmittance. UV-VIS absorption and Ellips-
ometer are used to measure the optical transmittance of graphene TCEs.

3.5. Electronic properties

The electronic properties of graphene TCE have a crucial role in
realizing a high efficiency OPV device. The work function of the gra-
phene film is an important factor that determines a good contact with
subsequent layers of the device. For efficient transport and collection of
the charge carriers generated in the active layer, an efficient contact
between the active layer and the TCE is essential. This means an Ohmic
contact between the graphene TCE and the charge transport layer be-
tween the TCE and the active layer must be realized for efficient device
performance. Therefore, the fermi level of the graphene film and the
HOMO/LUMO/valence or conduction band edge of the CTL must be
taken into consideration to achieve excellent interface between the
active layer and graphene TCE. The work function of graphene can vary
with film quality, number of layers, the presence of dopants, defects,
grain boundaries, etc. Ultraviolet photoelectron spectroscopy (UPS) is a
common method to determine the fermi level (work function) of gra-
phene [92]. Graphene has excellent carrier mobility owing to the bal-
listic charge transport which results in outstanding electrical properties
of graphene TCEs. Thus, carrier mobility affects the potential of gra-
phene TCE to achieve an efficient OPV device. The excellent carrier
mobility of intrinsic graphene greatly drops due to grain boundaries,
vacancies, and other structural imperfections. Carrier mobility of gra-
phene can be measured using the Hall effect method [93].

3.6. Surface wettability

Graphene is a hydrophobic material which represents a drawback in
solution-processing OPV device fabrication. For instance, PEDOT: PSS
aqueous solution and ZnO sol-gel are the most common HTL and ETL for
regular and inverted geometry, respectively. In order to achieve a ho-
mogeneous and a uniform coating for the CTL, the graphene surface has
to be engineered for enhanced wettability. For example, plasma treat-
ment is an effective approach to decrease the hydrophobicity of gra-
phene surface to achieve uniform coating of CTL. However, plasma
treatment has to be conducted for short time and at low power to avoid
graphene damage. Other surface modification strategies can include the
deposition of ultrathin layer of MoO3 on graphene surface or the addi-
tion of surfactant to the CTL solution [94]. Contact angle measurement
is a common method to determine the surface wettability of graphene
where a micro droplet of the CTL solution are dropped onto the gra-
phene surface and the wetting angle at the point of contact with the
substrate is measured. A low contact angle for graphene TCE is essential
to deposit a uniform coating and hence a high-performing OPV device.

4. CVD graphene for OPVs

The implementation of CVD graphene as a TCE for optoelectronic
devices has received a widespread research interest over the past
decade. CVD shows promising potential towards the scalable production
of graphene for large-scale application. In addition, the utilization of
different forms of plasma with CVD enables graphene synthesis at lower
temperatures and on a wide variety of substrates. In the following sec-
tions of this review, the progress in CVD-graphene based TCEs for OPVs
over the past decade will be discussed. The current challenges and
possible solutions are also highlighted.

4.1. Thermal CVD graphene for OPVs

A conventional thermal CVD reactor uses an external heater for the
decomposition of the precursor vapor molecules, nucleation, and growth
of graphene on the growth substrates. Due to the high temperature
(~1000 ◦C) required for graphene synthesis, metal catalyst substrates
such as Cu and Ni are the best choices for graphene deposition. Conse-
quently, a graphene transfer procedure from the metal catalyst onto the
transparent target substrate is necessary for TCE applications. Despite
the high quality and scalability of the resulting CVD graphene on the
metal catalyst, there is a high possibility of critical damage to the gra-
phene features during the transfer process. Thus, multi-step transfer
procedures are used to minimize graphene deformation, which increase
the production cost of the TCE and the overall OPV device.

The formation of thin graphitic layers on transition metals-carbide
and Ni substrates via CVD of hydrocarbon precursors has been known
for almost half a century [95]. In the same regard, the growth of
mono-layer carbon by surface adsorption or segregation of carbon on Ni
and Co at high temperatures was observed four decades ago [96–98].
Nonetheless, the high carbon solubility of these metals leads to the
formation of thicker graphite films by excess carbon while the substrate
cools down. Many attempts were made to synthesize graphene on metal
catalyst from solid (camphor) [99] and gaseous (methane) precursors
[100]. Later in 2009, the production of SLG and FLG by CVD on metal
catalyst substrates from CH4 was reported by many research groups [95,
101–103]. For instance, in order to avoid the growth of large graphite
crystals, Kim et al. [95] deposited a 300 nm Ni film on the SiO2/Si
substrate using electron beam evaporation prior to the CVD step. Then,
the Ni-coated Si substrate was heated inside a quartz tube at 1000 ◦C
under an Ar atmosphere. The precursor gas mixture (CH4: H2: Ar = 50:
65: 200 sccm) was applied to the chamber and the samples were cooled
down quickly under Ar at a rate of 10 ◦C per minute. The authors pro-
posed that the rapid cooling played a vital role in inhibiting MLG growth
and facilitated graphene expansion through the substrate. In the same
year, Li and co-workers [102] reported CVD graphene on Cu foil (25 μm
thick) using a CH4 and H2 mixture and demonstrated the potential of
their approach to grow graphene on a 300 mm thick Cu film-coated Si
substrate. In addition, they investigated the effect of both the deposition
time and substrate thickness under constant temperature and pressure
on the properties of the synthesized graphene. Interestingly, they
observed that the structure of the graphene films grown for more than 1
h was very similar to that with 10-min deposition time, while for growth
times ≪10 min the resulting graphene films did not fully cover the Cu
foil. The variation of Cu foil thickness (12.5 μm, 25 μm, and 50 μm),
under isothermal and isobaric conditions had no impact on the structure
of the grown graphene films, which showed regions with double and
triple flakes, but neither continuous MLG with thicker Cu foil nor
discontinuous SLG with thinner Cu foil was noticed. These observations
led them to the following important conclusions: the CVD of graphene
on Cu is (1) a self-limited, (2) surface-catalysed process in contrast to the
precipitation growth in case of Ni substrates [95,104,105].

In 2010, De Arco et al. reported CVD graphene TCEs with a good
potential for rigid and flexible device applications [106]. In this work,
SLG and FLG films were deposited on Ni-coated Si/SiO2 wafers and then
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transferred onto PET and glass substrates. First, a 100 nm layer of
elemental Ni was deposited on the Si/SiO2 wafer by thermal evapora-
tion. Then, the Ni layer was annealed at high temperature (reaching
800 ◦C) in H2: Ar (1: 10) atmosphere. The heating and cooling steps were

conducted at a slow rate of 0.15 ◦C per minute so that polycrystalline Ni
can form through the Si/SiO2 substrate. Graphene deposition was sub-
sequently performed at 900 ◦C under a 600 sccmH2 flow and a 100 sccm
flow of CH4 for 8 min. The CVD-graphene TCEs exhibited Rs of 230

Fig. 4. Current density vs voltage characteristics of CVD graphene (a) or ITO (b) photovoltaic cells under 100 mW/cm2 AM1.5G spectral illumination for different
bending angles. Insets show the experimental setup employed in the experiments. (c) FF dependence of the bending angle for CVD graphene and ITO devices. (d) SEM
images showing the surface structure of CVD graphene (top) and ITO (bottom) photovoltaic cells after being subjected to the bending angles described in panels a and
b, adapted with a permission from ref.[106]. (e) Schematic representation of the CVD growth setup. Cu is fed continuously through the 25 mm diameter quartz tube
furnace with a roll-to-roll system at a velocity of 1–40 cm/min. Ar and H2 are fed into the main tube, whereas CH4 is provided through the gas diffuser system,
reproduced with a permission from ref. [108]. (f) Continuous roll-to-roll CVD system using selective Joule heating to heat a copper foil suspended between two
current-feeding electrode rollers to 1000 ◦C to grow graphene, reproduced with a permission from ref. [109]. Photographs of the roll-based production of graphene
films. (g) Copper foil wrapping around a 7.5-inch quartz tube to be inserted into an 8-inch quartz reactor. The lower image shows the stage in which the copper foil
reacts with CH4 and H2 gases at high temperatures. (h) Roll-to-roll transfer of graphene films from a thermal release tape to a PET film at 120 ◦C. (i) A transparent
ultralarge-area graphene film transferred on a 35-inch PET sheet. (j) Screen printing process of silver paste electrodes on graphene/PET film. The inset shows 3.1-inch
graphene/PET panels patterned with silver electrodes before assembly. (k) An assembled graphene/PET touch panel showing outstanding flexibility. (l) A
graphene-based touch-screen panel connected to a computer with control software, reproduced with a permission from ref. [110].
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Ω□− 1 – 8.3 kΩ□− 1 at optical transmittance of 72 %–91 %, respectively.
Flexible OPVs developed on CVD-graphene had a comparable PCE of
1.18 % to that of its ITO-counterpart (1.27 %). More importantly, the
graphene-based flexible device revealed higher mechanical stability
than that on ITO as shown in Fig. 4a–d. In addition, CVD-graphene,
prepared on Cu foil at 1000 ◦C, was used as a top electrode for semi-
transparent OPVs [107].

In contrast to other methods such as exfoliation, CVD possesses a
high potential to produce large-area and high-quality graphene films for
TCE applications. Following this approach, large-scale production of
flexible graphene films has been reported by many researchers [108,
110,111]. Inspired by the method reported in Ref. [102], a SLG gra-
phene film was synthesized on a 30-inch (in diagonal) flexible Cu sub-
strate that was wrapped around a 7.5-inch quartz tube, inserted and
suspended in an 8-inch quartz tubular CVD reactor to avoid
non-uniformity in the graphene film as a result of a radial temperature
gradient [110]. After thermal annealing of the flexible Cu foil under H2
flow (for 30 min at 1000 ◦C) in order to increase its grain size for high
quality graphene growth, a mixture of CH4 and H2 gases was applied
into the reactor at 1000 ◦C for an additional 30 min.

More importantly, the continuous production of graphene has also
been reported. For instance, a graphene filmwas grown on a 1m long Cu
foil using a R2R atmospheric pressure CVD reactor (Fig. 4e) [108].
However, the resulting film was found to be defective MLG, which may
have been caused by graphene growth under atmospheric pressure at a
high CH4 concentration. Moreover, Kobayshi and colleagues [109]
developed an approach to enable continuous R2R production of gra-
phene on a suspended flexible Cu foil of 100 m length, in a low pressure
CVD reactor via selective Joule heating of the Cu foil (Fig. 4f).

Despite the advances achieved in the development of high-quality
and large area graphene films using thermal CVD, the resulting gra-
phene has to be subsequently transferred from the Cu foil onto a
transparent target substrate (PET, glass, etc.). These transfer procedures

can lead to substantial damage to the graphene films. For example, R2R
based thermal release tape (TRT) and wet transfer methods were used to
transfer the graphene films reported in Ref. [110] from the Cu foil onto
PET for developing an efficient and flexible touch screen (Fig. 4e–j). SLG
transferred using the TRT method had an Rs of almost 270 Ω □− 1, while
that from wet transfer had an Rs of 140 Ω □− 1. The higher Rs in case of
R2R large-scale TRT graphene indicated damage to the transferred film.
In comparison, the wet transfer is more complex, time-consuming and
not scalable. Additional procedures such as doping can be utilized to
enhance the properties of the transferred graphene films for TCE ap-
plications [109]. Thus, further limitations need to be overcome before
commercializing these TCEs for optoelectronics. The major obstacles
with this technology are its cost- and time-inefficiencies, the use of un-
sustainable and environmentally unfriendly carbon sources, and the
complex transfer procedures to prevent possible damages to the gra-
phene sheets. Therefore, different pathways to enable the transfer-free
production of graphene, ranging from improving the transfer methods,
doping strategies to the implementation of different types of plasma
discharge, have been investigated.

4.2. Transfer methods of CVD-graphene

In order to best exploit the extraordinary electrical and optical
properties of graphene for electronic and optoelectronic devices, gra-
phene films need to be transferred onto different dielectric substrates.
Thus, efficient transfer methods that can produce scalable and high-
quality graphene films with minimum defects are inevitable for
commercializing CVD-graphene electrodes. Several transfer methods
have been developed to achieve this aim. In the following, a detailed
discussion of the major methods including (1) wet, and (2) dry transfer
will be presented.

Fig. 4. (continued).
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4.2.1. Wet transfer
The wet transfer (WT) of CVD-graphene films from the metal sub-

strates onto arbitrary substrates has received significant attention due to
its ability to produce high quality SLG or MLG films. WT of graphene is
based on the addition (often coating) of a support film (often polymer)
on top of the graphene/metal (often Cu foil). Then, the resulting support
layer/graphene/Cu is placed in a Cu etchant solution until the Cu foil is
completely dissolved (typically hours). Subsequently, the support film/
graphene is then transferred onto the target substrate and the support
film is removed to release the transferred graphene on the target sub-
strate. One of the most common wet transfer methods is the PMMA-
mediated transfer method proposed by Jiao and co-workers [112]. In
the PMMA-mediated WT method, a support layer (50–300 nm thick) is
deposited on top of graphene/Cu substrate from a PMMA solution by
spin coating. The resulting PMMA/graphene/Cu substrate is dried to
remove any residual solution, is then placed in a Cu-etchant solution
such as ammonium persulfate until the Cu is totally etched and this step
is repeated in a fresh ammonium persulfate etchant. After that, the
PMMA/graphene is well rinsed in isopropyl alcohol and then uploaded
onto the target substrate (e.g. glass, PET, etc.). The PMMA/-
graphene/target substrate is dried in a nitrogen flow and then thermally
annealed on a hot plate at ~200 ◦C for a few minutes to increase the
adhesion of graphene with the target substrate. Finally, the PMMA layer
is dissolved by acetone leaving behind a graphene film on the target
substrate for further applications (Fig. 5).

Although PMMA-transfer has been widely used, it has some limita-
tions including the deterioration of graphene properties through me-
chanical damage and or PMMA residues. Due to the high growth
temperature, the surface of the substrate can exhibit remarkable surface
reconstructions resulting in a rough metal surface with the grown gra-
phene following the metal surface underneath. Consequently, upon
transfer onto the target substrate, the graphene film is not in a complete
contact with the substrate and gaps can exist in between, leading to
cracks and tears in graphene sheet during PMMA dissolving [113]. In
order to make PMMA-mediated transfer of CVD-graphene more effi-
cient, many efforts have been exerted to minimize cracks or tears in the
resulting graphene films. For instance, Li and co-workers proposed a
modified process through repeating the spin-coating step of PMMA on
top of PMMA/graphene/target substrate, after etching Cu. This
approach significantly improved the morphology and minimized the
cracks of the transferred film compared to that transferred without
repeated PMMA coating. The second PMMA facilitated the dissolution of

the first PMMA support layer (because of drops of liquid PMMA during
second coating) and improved the mechanical contact of the transferred
graphene on the target substrate [113]. In the same regard, Her et al.
[114] proposed a PMMA-mediated transfer with reduced residues using
acetic acid instead of acetone to remove the PMMA support from the
graphene surface. The implementation of UV irradiation has also shown
good potential towards clean PMMA-based CVD-graphene transfer
[115]. It was found that UV irradiation of the PMMA support layer under
ambient conditions results in a degradation of the PMMA film through
the cleavage of ester group side chains, which reduces the intermolec-
ular interaction of PMMA with graphene underneath. The transfer pro-
cess starts by spin coating a 50 nm PMMA film on graphene/Cu
substrate, followed by UV (256 nm) irradiation for 30 min. Then, a 200
nm-thick PMMA layer is coated without further UV irradiation. After
that, the Cu foil is chemically etched and the PMMA/PMMA (UV-trea-
ted)/graphene film is placed on the target arbitrary substrate, dried, and
cleaned in a mixture of acetone: isopropyl alcohol: methyl isobutyl ke-
tone (1:1:1 vol/vol) for 6 h. The graphene films transferred with the
modified PMMA method exhibited higher carrier mobility compared to
those transferred with the conventional PMMAmethod that entailed one
PMMA film (200 nm) without UV irradiation and the PMMA was
removed using acetone only. The improved properties suggested a more
effective graphene transfer with minimum PMMA residues, which was
confirmed by X-ray photoelectron spectroscopy (XPS) and contact angle
measurements (Fig. 6). Another support film for CVD graphene transfer
is based on thermal release tape (TRT) [110,116]. PET/Silicone double
layer clean transfer was also reported [117].

Besides the possible damage of graphene films and chemical resi-
dues, PMMA-basedWT has many challenges that reduce its effectiveness
for scalable applications. These obstacles include the excessively long
time, high cost, the heat treatment and complexity, which can dramat-
ically impact the electrical and physical properties of the transferred
film [118–120]. It is worth noticing that in the WT process, the Cu
catalyst is not recyclable as it is dissolved in the etchant liquid (e.g.
FeCl3, ammonium persulfate, etc.), which increases the overall fabri-
cation costs and generates chemical wastes for the CVD-graphene TCEs
[121]. Therefore, the development of direct and dry transfer methods,
which recycle Cu substrates for subsequent depositions, and avoid
contaminating the transferred graphene by chemical residues, repre-
sents an attractive strategy towards time- and cost-effective CVD gra-
phene TCEs.

Fig. 5. Schematic illustration of the PMMA-based graphene transfer method.
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4.2.2. Dry transfer
Dry transfer methods of graphene onto the arbitrary dielectric sub-

strates have been investigated to overcome the challenges associated
with WT methods. For example, TRT-based methods were used to ach-
ieve a dry transfer of epitaxial graphene (E-Gr) from SiC substrate onto
SiO2/Si substrate [122]. In this approach, a thermal tape is placed
directly on top of the E-Gr/SiC substrate and then a uniform mechanical
pressure (3–6 N mm− 2) is applied to the top of the stack in an evacuated
(4 × 10− 4 Torr) bonding chamber for 5 min. Subsequently, the tape is
peeled off from the stack removing most of the graphene from the sur-
face of the SiC substrate. The peeled-off tape/E-Gr is then placed on the
top of the target substrate and inserted into the bonding chamber again
where the mechanical press step is repeated for another 5 min. Finally,
the stack is thermally annealed on a hot surface at a temperature that
1–2 ◦C above the release temperature of the tape (120 ◦C) to remove the
adhesion force between the tape and graphene. The tape is easily
removed, and graphene is successfully transferred to the target sub-
strate. An additional 10-min annealing step at ~250 ◦C was recom-
mended to increase the adhesion of graphene with the substrate. It
should be noted here that the cleaning and pre-treatment (by O2 plasma)
of the target substrate is crucial to get a uniform and high-quality
transferred graphene film. However, the graphene surface on the
growth substrate does not require special treatment procedures for
effective transfer. The TRT method reported has been used successfully
for CVD-graphene on Cu for TCE applications though further optimi-
zation for the transport procedure is necessary [122].

For a proper direct and large-area transfer of SLG prepared by CVD
on Cu surface, Yoon and Shin et al. [121] measured the adhesion energy
between graphene and the Cu substrate using double cantilever me-
chanics testing. The accurate measurement of this adhesion energy (0.72
± 0.07 J m− 2) enabled them to use the proper type of adhesive material
and the magnitude of force needed to exfoliate the SLG from the Cu
substrate directly onto the target substrate. Moreover, an easy and
time-effective dry transfer method using a commercial photograph
laminator to transfer FLG onto flexible ethylene vinyl acetate
(EVA)/PET substrate from Ni foil has been reported [123]. However, the
transferred FLG on EVA/PET substrate exhibited low optical trans-
mittance (~50 %) and large sheet resistance (Fig. 7a). This degradation
of the optical and electrical properties of the transferred graphene was
attributed to the random stacking of FLG on top of the laminating film,
in contrast to that of the as-synthesized FLG on Ni film that showed
continuous covering and well-ordered morphology with lower surface
roughness (Fig. 7b–f). The poor, structural, optical and electrical fea-
tures of such transferred films limit their applicability for
optoelectronics.

A direct and renewable peel-off transfer of graphene grown on Cu foil
was developed by Chen and colleagues [124]. Their approach utilized a
thick (5 μm) polyimide (PI) polymer film, which served as both, a

support film and a transparent flexible target substrate. The higher
adhesion between the spin coated PI layer and the underlying graphene
compared to that between graphene and Cu foil enabled the direct
peel-off of freestanding graphene-PI flexible transparent conducting
substrate. The proposed transfer method (Fig. 8) enables the reuse of Cu
foil for CVD graphene growth, which makes it cost-effective and
environmentally-friendly transfer approach. Nonetheless, the trans-
ferred graphene films had an Rs between 520 and 860 Ω □− 1, which is
much higher than that of ITO and graphene films transferred by more
complex procedures as discussed earlier.

For a large-area transfer of CVD-graphene onto flexible substrates,
R2R based transfer can be used similar to that employed in Ref. [110].
This approach starts with the adhesion of a support layer (polymer) via
passing between two rollers to the graphene on Cu foil with the help of
adhesive material. After that, the growth substrate (Cu) is removed
through etching, followed by the transfer of the graphene/support layer
onto a target substrate. Eventually, the support layer is released
(Fig. 8b). If TRT is used as a support layer, it is removed by thermal
annealing as discussed earlier. This approach included etching of the Cu
foil, so it is not reusable for further depositions. However, using a TRT
with a strong adhesion can help to avoid the etching step. Moreover, if a
target flexible transparent substrate (PEN, PET) is utilized as a support
film using a strong adhesive layer, this makes the process more practical
due to the use of R2R large-scale transfer without dissolving Cu foil.
Other strategies to exploit graphene in optoelectronic devices are based
on growing CVD-graphene directly on dielectric substrates in order to
avoid the complex transfer procedures as discussed in the following
sections.

4.3. CVD-graphene growth on dielectric substrates

Despite the remarkable advancement in the transfer of the CVD-
graphene, as discussed in the previous section, there are many limita-
tions associated with the different transfer methods. These drawbacks
include their high cost, time-demand, complexity, as well as the gen-
eration of chemical wastes and potential damage to the transferred
graphene. Thus, instead of transferring CVD-graphene previously grown
on a metal catalyst, the catalyst-free synthesis of graphene on dielectric
substrates has been developed. One of the major obstacles for growing
graphene on transparent dielectric substrates such as glass, PET, and
PEN is, that these materials cannot resist the high temperature needed
for graphene growth in a CVD reactor. The high temperature is needed
for the decomposition of the carbon source vapor molecules (e.g. CH4)
and for the nucleation, and growth of graphene on the substrate surface.
The application of various types of plasma discharge enables graphene
growth at lower temperatures on a wide range of substrates including
metals, semiconductors, and dielectrics. In 2008, Malesevic and col-
leagues reported the successful synthesis of FLG on different substrates

Fig. 6. XPS analysis, with peak deconvolution, of graphene transferred by (a) the conventional PMMA method and (b) the modified PMMA method. Insets illustrate
water droplet contact angle, reproduced with a permission from ref. [115].
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Fig. 7. (a) Transmittance of fresh EVA/PET and transferred FLG/EVA/PET substrates, the inset figure is the plot of sheet resistance versus transmittance at a 600 nm
wavelength. (b) Schematic diagrams of the as-grown FLG on Ni foil and the transferred FLG/EVA/PET substrates. FE-SEM surface morphologies of the as-grown FLG
on Ni foil (c) and the transferred FLG/EVA/PET substrate (d). AFM measurements of the as-grown FLG on Ni foil (e) and the transferred FLG/EVA/PET substrate (f).
The RMS of (e) and (f) are 106 nm and 143 nm, respectively, adapted with a permission from ref. [123].
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such as Ni, Si, quartz, Pt, and stainless steel using microwave (MW)
plasma enhanced CVD at a threshold temperature of 700 ◦C without
external heating [125]. The optimization of deposition parameters, e.g.
MW power, deposition time, and the flow rate of the applied gases
resulted in the formation of vertically oriented FLG flakes above a
graphite layer that grew parallel to the substrate. Their approach paved
the way towards low-temperature and catalyst-free production of
CVD-graphene for electronics and optoelectronics applications. Lower
synthesis temperatures (550 ◦C) were also reported using radio fre-
quency (RF) from pure methane on dielectric substrates [126] and MW
surface-wave (as low as 240 ◦C) [127] PECVD from C2H2/Ar mixture on
Cu foil. However, the resulting graphene exhibited low quality,
nano-scale lateral size, and poor electrical conductivity.

In addition to plasma implementation in CVD, other strategies were
found to lower the synthesis temperature of CVD graphene. For instance,
the utilization of solid-state PMMA film coated on Cu produced high
quality graphene by thermal annealing at 800 ◦C in an Ar/H2 atmo-
sphere [128]. More progress has been reported in this aspect using liquid
(C6H6) and solid (PMMA, and Ps) precursors in a split tube furnace
(Fig. 9a) [81]. In this work, high-quality SLG was synthesized on Cu foil
at 300 ◦C when benzene was used, while with solid precursor the quality
and coverage of graphene varied significantly when deposition tem-
perature dropped from 1000 ◦C to 400 ◦C (Fig. 9).

The low-temperature synthesis for high-quality graphene in case of
C6H6 was attributed to the ring structure of benzene molecules, which
resembles the hexagonal graphene lattice. Thus, it just required dehy-
drogenation and linking of benzene rings to form graphene. This

explanation was supported by comparing the calculations of energy ki-
netics of the CVD process for C6H6 and CH4 using density functional
theory. The CVD mechanism was divided into three steps (1) collisions
of the precursor molecules leading to adsorption on the Cu (111) sur-
face, backscatter to the gas phase, or proceeding to the next step where
the molecules partly or totally dehydrogenate to form active surface
species, which finally nucleate and grow graphene sheets. The calcula-
tions revealed both precursors have low adsorption energy of 0.09 eV
and 0.02 eV for C6H6 and CH4, respectively. The higher the adsorption
energy, the more relevant the trapping-mediated reactions are. Thus,
C6H6 may show a slight tendency for graphene growth at lower tem-
perature as the activation energy of trapping-mediated reaction is
typically lower than that of the direct counterpart [129]. For the
dehydrogenation step, the activation energy for C6H6 was found to be
1.47 eV, while that for CH4 was 1.77 eV. For smaller gas molecules to
become active for nucleation, they need to lose more than one H atom
per carbon, i.e., the dehydrogenation barrier for methane is higher.
Finally, the planar ring-structure of C6H6 molecules resulted in a lower
nucleation barrier if compared to CH4. Despite the successful growth of
graphene at low temperatures with C6H6 and CH4, it should be noted
that the Cu foil had to be initially annealed at 1000 ◦C for 20 min in a
100 sccm H2 flow, and then cooled down to the desired temperature
prior to graphene synthesis. Thus, from an economical perspective, the
cost of graphene synthesis in Ref. [81] is still high. In addition, further
procedures are required to transfer the resulting graphene from Cu to the
transparent substrate for TCE applications.

Although PECVD system facilitates the growth of graphene at lower

Fig. 8. (a) Steps of the etching-free Gr transfer process based on peel-off after deposition of Gr on a Cu substrate and solidification of a PI film, adapted with a
permission from ref. [124]. (b) Schematic of the roll-based production of graphene films grown on a copper foil. The process includes adhesion of polymer supports,
copper etching (rinsing) and dry transfer-printing on a target substrate. A wet-chemical doping can be carried out using a set-up similar to that used for etching.
reproduced with a permission from ref. [110].
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temperatures, the energetic particles generated by plasma discharge can
cause structural defects within the graphene lattice [130]. The presence
of such imperfections is always indicated by the D-peak in the Raman
spectrum of graphene. Based on the Raman spectra for graphene films
deposited using MW [127] or RF [126] PECVD on different substrates
including Cu and dielectric substrates, the presence of a strong D-peak
can be noticed (Fig. 10), indicating larger structural defects. In contrast,
high-quality graphene with low defect density (minimal D-peak) was
also reported by Chan et al. using a DC plasma assisted CVD reactor at
600 ◦C on Cu foil as shown in Fig. 10d [131].

By comparing the experimental setups used in these three publica-
tions [126,127,131], it may be concluded that the low-defect structure
in case of ref. [131] is attributed to the application of plasma discharge
outside the hot zone where graphene deposition occurs. This configu-
ration may assist in reducing the bombardment and collisions between
plasma ions and active radicals with the synthesized graphene lattice in
contrast to that in Refs. [126,127], where the substrate is installed in the
center of the glowing discharge (Fig. 10e–g).

Graphene growth on glass substrates can be remarkably enhanced in
the presence of a Cu catalyst in a PECVD system. For instance, VG

nanosheets were obtained on commercial glass substrates at 500 ◦C
using Cu-assisted PECVD [132]. Similarly, direct growth of VG on
various flexible glass substrates was achieved at temperatures
(500–750 ◦C) in a Cu-foam assisted PECVD reactor [53]. However, the
resulting VG nanosheets exhibited high defect density and high sheet
resistance in both cases. The vertical orientation of graphene nanosheets
is favorable in a PECVD, while in thermal CVD only horizontal growth is
observed on different substrates such as metals [85], and dielectric
substrates [132]. The growth and the properties of VG can be controlled
and tuned by controlling the deposition parameters such as growth time,
precursor type, flow rates of the precursor and the carrier gas, substrate
type, plasma power, and deposition temperature. For TCE applications
for OPVs or other optoelectronics, three main properties of the graphene
film can determine its suitability: (1) sheet resistance, (2) optical
transmittance, and (3) surface morphology. An efficient graphene TCE
should possess low sheet resistance, high optical transmittance, and low
surface roughness. The growth of vertical graphene nanosheets can
result in a dramatic drop in the film’s transparency with significant in-
crease in film roughness. A highly rough surface of a TCE material in
OPVs increases the recombination of the photo-generated charge

Fig. 9. (a) Schematic of the CVD growth from solid carbon sources on Cu foils. Benzene derived graphene (b–d). (a) Raman spectra of graphene grown at 500 and
300 ◦C, respectively. (c and d) SEM images of graphene grown at 500 and 300 ◦C, respectively. Scale bars are 2 μm (c and d). d) [81]. PMMA derived graphene (e–l).
(e) Photograph of graphene grown at 1000 ◦C and transferred to the SiO2/Si substrate. (f) Raman spectra of graphene grown at 1000, 800, 700, and 400 ◦C,
respectively. (g) Optical transmittance spectra of graphene grown at 1000, 800, 700, and 400 ◦C, respectively. The transmittances of light at 550 nm for different
growth temperatures are also indicated in panel g. (h–l) Typical SEM images of graphene grown at 1000, 800, 700, and 400 ◦C, respectively. The inset of panel f is an
SEM image showing the sharp edge of graphene on the SiO2/Si substrate. The scale bars are 2 μm (h− l, inset of k). Images were reproduced with a permission from
ref. [81].
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carriers and reduces Rsh via increasing leakage pathways of photocur-
rent leading to a dramatic drop in the FF, VOC and PCE of the device
[133]. Therefore, the height and density of VG nanosheets should be
controlled during the synthesis of graphene on transparent substrate in a
PECVD system so that the resulting film meets the requirements for an
efficient TCE. In addition, further optimization should be conducted so
that the in-plane layer can form a high-quality graphene rather than
amorphous carbon or graphite. This can help to avoid the formation of
rough-surfaces and low-transparency graphene films.

PECVD techniques have enabled graphene synthesis at lower tem-
peratures on different substrates as discussed before. However, the high
quality PECVD graphene was grown onmetal substrates (mainly Cu) and
in some cases the Cu foil required pre-treatment at 1000 ◦C for 20 min
prior to graphene synthesis at lower temperatures [81]. In case of
low-temperature PECVD graphene on dielectric substrates such as glass
or quartz, the quality of graphene was not adequate to make it a
competing TCE candidate for OPVs. The low quality of graphene can be
due to non-uniformity, discontinuity, and the presence of defects such as
vacancies, voids, dislocations, and grain boundaries, which are

high-likely to occur in a typical low-temperature PECVD system on
dielectric substrates because of the collisions of energetic ions and
radicals with graphene film. These factors cause the properties of the
resulting films to deviate from the intrinsic properties of graphene.
Consequently, further procedures are required to enhance the properties
of the resulting PECVD graphene.

4.4. Transfer-free CVD-graphene TCEs

The following section will focus on research efforts towards efficient
transfer-free CVD-graphene TCEs. Despite all the progress achieved in
the production of high-quality CVD graphene, a few reports can be found
on the graphene TCEs produced by single-step procedures. An efficient
single-step procedure can produce a high-quality, uniform, and large-
area graphene film directly on the transparent glass or flexible sub-
strate with proper electrical and optical properties for TCE applications.
In a conventional CVD reactor, the growth of graphene sheets is ach-
ieved on the surface of the metal catalyst such as Cu or Ni then the
resulting film is transferred onto the transparent substrate, as discussed

Fig. 10. a) Raman spectra of a graphene film deposited at a substrate temperature of 400 and 500 ◦C. b) Raman spectra of a graphene film deposited at a substrate
temperature of 240, 270 and 300 ◦C, indicating the presence of 2D peak and formation of a few layers of graphene [127]. c) Raman spectra of nanographene films
grown on various substrates [126]. d) Raman spectra of graphene films that were transferred from copper foil to the SiO2/Si substrate. Samples were synthesized at
600 ◦C by plasma-assisted thermal CVD using various H2 flow rates from 5 to 20 sccm for 5 min [131]. (e–g) Schematic illustration of the PECVD setup for graphene
film growth in ref. [131] (e), ref. [127] (f), and ref. [126] (g). Images were adapted with permissions from ref. [126,127,131]
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earlier. Thus, the utilization of the metal catalyst is crucial for obtaining
a high-quality graphene film with minimum defects. One of the major
challenges for PECVD-graphene on dielectric substrates is the high
density of structural defects within graphene lattice such dislocations,
grain boundaries, voids, etc. Consequently, the directly-synthesized
PECVD-graphene exhibit a high sheet resistance which hinders its
implementation as efficient TCE candidate. Thus, the production of
efficient and scalable CVD-graphene TCEs requires innovative ap-
proaches which can result in defect- and transfer-free graphene growth.
For example, Byun et al. proposed an approach to synthesize CVD-
graphene directly on Si/SiO2 from solution-processed polymers [134].
Their strategy relied on spin coating a thin layer (10 nm) of a com-
mercial polymer such as PMMA, PS, and polyacrylonitrile (PAN) on the
Si/SiO2 substrate then depositing a thin (up to 100 nm) Ni capping layer.
Subsequently, the pyrolysis of the polymer film (carbon source) under
the metal capping at 1000 ◦C in an inert atmosphere resulted in FLG film
on the Si/SiO2 substrate (Fig. 11a& b) after etching the metal capping in
a 1 M FeCl3 aqueous solution. The metal capping layer was found to play
two crucial roles in graphene synthesis (1) it prevents the evaporation of
the carbon source, (2) it acts as a catalyst for the growth of graphene.
Despite the transfer-free growth of CVD-graphene by the approach
proposed in Ref. [134], it required high synthesis temperature. More
critically, the precipitation of carbon from Ni during cooling down
makes it difficult to get uniform graphene films as explained earlier. To
improve this approach, Zhou and co-workers used polycyclic aromatic
hydrocarbons (PAHs) as carbon source and Cu capping film [135]. They
successfully obtained large-area graphene films on dielectric substrates
such as Si/SiO2, quartz and glass at lower temperatures (600 ◦C). A thin
layer of the PAH precursor was first deposited on the dielectric substrate
via thermal evaporation, followed by the deposition a Cu layer (within
200 nm thick) on the PAH film by e-beam evaporation and then heated
(at 600–1000 ◦C) in the CVD reactor. Finally, the top Cu catalyst layer
was etched using Marble’s reagent (CuSO4/HCl/H2O = 10 g/50 ml/50
ml) (Fig. 11c). The thickness of Cu capping layer had a significant effect
on the formation and quality of the resulting graphene film as shown in
Fig. 11d. The optimum Cu thickness for graphene growth was found to
be 200 nm. Thinner Cu films (<50 nm) did not produce graphene due to

the agglomeration and partial evaporation of Cu film during the growth
process. Thicker Cu (>200 nm) films did not affect the quality of the
synthesized graphene. Oppositely, the quality of the graphene films
dropped significantly with increasing the thickness of the polymer film
from 5 to 20 nm (Fig. 11e). The graphene quality showed a remarkable
enhancement with increasing the growth temperature; however, gra-
phene films were obtained at 600 ◦C (Fig. 11f). In addition, the use of H2
gas during graphene synthesis increased the defect concentration within
the resulting graphene film (Fig. 11g) as a result of its etching impact.
The sheet resistances of the resulting graphene films ranged from 550 to
850 Ω□− 1 when the synthesis temperature dropped from 800 ◦C
(quartz) to 600 ◦C (glass). The synthesized graphene films showed a
good potential as a TCE for OLEDs.

Another promising approach to synthesize high-quality and defect-
free graphene at 150 ◦C using a two-stage CVD apparatus was devel-
oped by Park et al. [136]. They managed to prepare SLG graphene with
high optical transmittance of 97.5 % and an Rs of 618 ± 15 Ω □− 1 on
flexible substrates. Their approach was based on the introduction of a
thin layer of titanium (Ti) on the growth substrate prior to graphene
synthesis, because Ti possesses a high affinity to carbon. The process
starts with the deposition of 10-nm thick Ti film by DC sputtering under
0.4 Pa and 20 W for 3 min. Upon the exposure of the Ti-coated substrate
to ambient atmosphere, the Ti layer oxidizes into TiO2, so a reduction
step is essential prior to graphene synthesis. The TiO2-coated substrate is
annealed under H2 atmosphere for 1–4 h to restore the Ti layer (Fig. 12).
The configuration of the experimental setup used in that work consisted
of two zones; one is kept at a high temperature and the other is at lower
temperature to avoid melting of the substrate. After that, the carbon
source (CH4/H2) is allowed to enter the reaction chamber to form gra-
phene on reduced TiO2-coated substrate.

The resulting graphene films have shown defect-free structure with
their quality and area increased with increasing the reduction time as
shown in Fig. 12c–f. However, it should be noted that this method still
requires high temperatures of 750 ◦C and 1100 ◦C for TiO2 reduction and
the decomposition of CH4 for graphene growth, respectively.

In 2019, Tran and colleagues made use of the approach reported in
Ref. [136] to develop highly flexible graphene TCEs for

Fig. 11. Raman spectra for the directly synthesized CVD graphene films using different solid carbon sources (a & b) [134]. (c) A schematic illustration to the
transfer-free CVD growth of graphene reported in Ref. [135]. (d–f) Raman spectra for graphene films grown under different Cu thickness (a), polymer layer thickness
(b), temperatures (c), and H2 flow [135]. Images were adapted with permission from references [134,135]
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semi-transparent and super-flexible perovskite solar cells [54]. They
integrated the DC sputtering system (needed to deposit 10-nm Ti layer
prior to graphene synthesis) with the plasma assisted thermal CVD
(PATCVD) unit in a single apparatus as shown in Fig. 13a. The directly
synthesized graphene was compared to a PMMA-mediated transferred
graphene prepared by CVD on Cu foil at 950 ◦C as shown in Fig. 13b–f.
Consequently, the time-consuming and expensive reduction step of TiO2
can be avoided using the new setup. Graphene synthesis was conducted
following the DC sputtering of the Ti (10 nm) film on the flexible
polymer substrate; polystyrene (PES) at 150 ◦C. The sputtering was
performed at 25 W using DC power, a gas flow rate of 10/10 sccm Ar/H2
and at working pressure of 0.7 Pa for 10min at a 10 cm distance between
the PES substrate and the target. Then, graphene synthesis was carried
out using PATCVD at a temperature of 150 ◦C, a working pressure of

0.24 kPa and with gas (H2:CH4: Ar) flow rates of 3:10:12 sccm for 90
min.

A pair of plasma guns separated by 8 cm and positioned 10 cm apart
from the Ti-coated PES substrate were used for the decomposition of the
CH4 precursor at a RF power of 80 W. However, no estimation to the
temperature in the plasma discharge was provided. The transfer-free
PATCVD graphene film revealed higher electrical conductivity and op-
tical transmittance than the PMMA-transferred CVD counterpart as
shown in Fig. 13 c &d. PATCVD-graphene had an Rs of 82 Ω □− 1, much
lower than that of the transferred graphene (2011Ω □− 1), which clearly
reveals the impact of transfer procedures on the graphene properties and
highlights the need for transfer-free synthesis procedure for graphene
TCEs in optoelectronics. More crucially, the transfer-free graphene TCE-
based perovskite solar cell showed a maximum PCE of 14.18 %with a FF

Fig. 12. (a) Schematic of the CVD chamber for reduction of TiO2 to titanium at 150 ◦C. (b) Schematic of the CVD chamber for graphene synthesis at 150 ◦C on
reduced titanium-coated substrates. (c) Raman spectra of graphene synthesized at 150 ◦C on a 10 nm thick Ti layer reduced for different reduction times under
hydrogen. (d, e) I2D/IG and ID/IG intensity ratio and fwhm of 2D- and G-bands of graphene synthesized at 150 ◦C on Ti reduced for different reduction times under
hydrogen. (f) Area of graphene synthesized at 150 ◦C on Ti reduced for different reduction times under hydrogen. Images were reproduced with a permission from
ref. [136].
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of 0.73, while the device based on the transferred graphene TCE
exhibited a maximum PCE of 12.65 % and a FF of 0.65, respectively.
Although the performance of the device on transferred graphene lagged
behind that of the transfer-free graphene TCE as a result of the high Rs, it
exhibited reasonable photovoltaic parameters given the large difference
between Rs of both graphene TCEs. Furthermore, the PATCVD-graphene
based perovskite solar cell showed a great level of flexibility by retaining
more than 90 % of its initial PCE after 1000 binding cycles at 1.5 %
tensile strain with 4 mm equivalent radii (Fig. 13e and f).

In spite of the advancement achieved in terms of the economic aspect
[52,54,136], all of them required relatively long reaction times of 2–3 h
and used an environmentally-hazardous and unsustainable carbon

source (methane), and carrier gases. Furthermore, the deposition of
additional metal thin films on the transparent insulating substrate [136,
137] prior to the CVD process increases the overall expense and
complexity of the synthesis procedure. Also, in some cases [53], the
directly-synthesized graphene films exhibited high ID/IG ratios of
1.4–1.6 and hence high defect concentrations. Therefore, further pro-
cedures are necessary to enhance the properties of the as-prepared
graphene to be suitable for TCE applications. In this context, Kamel
et al. reported a rapid and transfer-free production of graphene on
commercial glass from a cheap, environmentally-friendly, and sustain-
able liquid carbon source, i.e. plant extract, using RF-PECVD [14]. This
approach facilitated a time- and cost-effective preparation of large-area

Fig. 13. (a) Schematic diagram of the PATCVD system for in-situ graphene synthesis at low temperature. Ti (10 nm)-buffer layer was deposited via dc sputter at
150 ◦C. Plasma guns for PATCVD were moved toward left and right sides for Ti-deposition via dc sputter. (b) Raman spectra of PATCVD-Gr and Trans-Gr. PATCVD-Gr
showed no defects compared with defects of Trans-Gr. (c) Transmittance of PATCVD-Gr and Trans-Gr with bare PES as a reference. (d) Sheet resistance of PATCVD-Gr
and Trans-Gr as a function of applied frequency via the Z-theta method. Sheet resistance of PATCVD-Gr is as low as ~82 Ω/□. (e) and (f) The J-V characteristics of the
PATCVD-Gr and Trans-Gr devices, respectively, as a function of bending cycle under a tensile strain of 1.5 %. Images were adapted with a permission from ref. [54].
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graphene films without carrier gas or catalyst through a 2-min reaction
at 600 ◦C. The as-synthesized films showed uniform coverage to the glass
with high optical transmittance, medium sheet resistance, and had ID/IG
ratio of 0.72. Controlling the growth of vertical nano sheets resulted in
uniform graphene films with good optical transmittance (65–81 %) and
medium sheet resistance (0.9–1.6 kΩ □− 1). Consequently, inverted ge-
ometry OPV devices based on the as-synthesized graphene TCEs have
shown a comparable photovoltaic performance to that of ITO. The
fabricated graphene-based device had higher JSC and VOC, resulting in
achieving 78 % and 80 % of the FF and PCE of the control (ITO-based)
device (Fig. 14). However, further enhancement to the electrical prop-
erties of the transfer-free graphene is needed to make it more competi-
tive to ITO. Several strategies have been proposed over the past years to

improve the features of graphene TCEs such as doping and hybridization
with silver nanowires (AgNWs), which will be discussed in the following
sections.

4.5. Doped CVD-graphene

One of the challenges of directly synthesized CVD graphene TCEs is
to achieve low levels of sheet resistance at high optical transmittance.
Consequently, doping is an effective approach to enhance the conduc-
tivity of graphene via increasing carrier density [138]. Graphene doping
can be achieved in different pathways including adsorption of molecules
and atoms [139,140], substitution of atoms within the lattice [141,142],
and functionalization [143]. The doping of graphene helps tune its work

Fig. 14. a) Raman spectra for graphene samples prepared at various RF input power levels. b) SEM images for graphene films prepared at 200 W. c) Optical
transmittance of the different graphene electrodes measured by a J. Woollam Ellipsometer. d) The variation of the sheet resistance of the synthesized graphene TCEs
with RF input power. f) Typical image to the synthesized graphene TCE. Images were reproduced with a permission from ref. [14].
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function (WF), wettability, and Rs to become more suitable TCE candi-
date for optoelectronics. Graphene doping can be achieved via a direct
growth process, which results in a doped-graphene structure (e.g.
Nitrogen-doped graphene) or through a post-treatment method.
Post-treatment methods can be divided into (1) dry, and (2) wet pro-
cesses. A dry post-treatment includes plasma, thermal treatment, elec-
trostatic field, and evaporation methods. Conversely, wet doping
post-treatment of graphene includes the usage of strong acids, metal
chlorides, and polar organic molecules via solution processing methods
such as spin and dip coating. In the following sections, a brief overview
of the main doping routes of CVD-graphene as well as the progress
achieved in device performance of doped-graphene TCEs is given.

4.5.1. Direct doping
The direct doping of CVD-graphene is achieved during the growth

process using precursors containing the hetero dopant element to be
impeded within the graphene lattice. For instance, the direct synthesis of
N-doped graphene has been widely reported using different precursors
such as carbon source and nitrogen-containing gas mixtures [141,144].
The precursor molecules decompose and recombine resulting in a doped
graphene sheet on the substrate surface. The direct doping of graphene
includes the substitution of carbon atoms by the dopant atom. The most
common forms of direct doping of graphene are nitrogen- and
boron-doped graphene leading to n-type and p-type doped graphene,
respectively. The electronic and electrical properties of the resulting
doped graphene differ from that of the pristine graphene and depend on

the level of doping, which can be controlled via adjusting the ratio of the
components within precursor mixture. The direct synthesis of N-doped
graphene was first reported by Wei et al. using CVD [141]. They used a
mixture of CH4 and NH3 to grow N-doped graphene (Fig. 15) at 800 ◦C
on a 25 nm thick Cu film coated on Si substrate. The nitrogen doping was
confirmed by XPS and Raman data. More interestingly, the doped film
revealed n-type semiconductor behaviour, which affirms the tunability
of graphene properties by direct doping.

Directly-doped graphene films grown by CVD on metal catalysts may
not be the best choice for TCE applications as they still need to be
transferred onto transparent substrates, which can result in substantial
damage to the transferred films as discussed earlier. To avoid the film
transfer, the direct growth of N-doped graphene films on dielectric
substrates such as Si/SiO2, quartz and glass was also reported by Zhou
et al. in Ref. [135]. N-doped graphene was obtained by the same method
through the N-containing carbon source. The doping percentage within
graphene films was found to depend on the N-content in the precursor.
Thus, using a proper carbon source and optimizing the deposition pa-
rameters can result in transfer-free CVD graphene with different dopant
atoms.

4.5.2. Post-treatment doping

4.5.2.1. Dry methods. The main objective of the dry post-treatment of
CVD-graphene is to tune the WF of graphene in order to make it more
suitable for device fabrication purposes. The first layer on the TCE in an

Fig. 15. (a) XPS spectra of the pristine graphene and the N-doped graphene. (b) XPS C 1s spectrum and (c) XPS N 1s spectrum of the N-doped graphene. The C 1s
peak can be split to three Lorentzian peaks at 284.8, 285.8, and 287.5 eV, which are labelled by red, green, and blue dashed lines. The N 1s peak can be split to three
Lorentzian peaks at 401.7, 400.1, and 398.2 eV, which are labelled by red, green, and blue dashed lines. (d) Schematic representation of the N-doped graphene. The
blue, red, green, and yellow spheres represent the C, “graphitic” N, “pyridinic” N, and “pyrrolic” N atoms in the N-doped graphene, respectively. Images were adapted
with a permission from ref. [141].
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organic solar cell (OSC) is a charge transport layer (ETL or HTL) and is
usually deposited by a solution processing method such as spin coating.
The hydrophobic nature of graphene hinders the formation of a uniform
coating of the charge transport layer. In addition, the lowWF of intrinsic
graphene (4.3 eV) [145,146] can lead to inefficient collection of the
photo-generated charge carriers as a result of poor alignment between
its Fermi level (Ef) and the HOMO/valence band of the HTL in regular
geometry OSCs similar to the case of PEDOT: PSS HTL. In addition, the
low WF of the TCE material can reduce the VOC of the OPV device and
hence cause a low PCE [147]. The Rs of CVD-graphene can also be
reduced via some of the dry post treatment procedures such as thermal
annealing [148]. O2 plasma treatment of graphene was found to
improve its wettability due to the formation of polar groups (C–O
bonds), but the RS increased compared to pristine graphene. Interest-
ingly, the increase in RS was found to be less as the number of layers in
graphene film increased, which confirmed that O2 plasma affects the top
layer. However, the overall performance of the OPV device based on the
O2 plasma-treated graphene was much higher than that of the pristine
graphene, which had a very poor performance as a result of graphene
hydrophobicity, which hindered the formation of a uniform PEDOT: PSS
HTL [149]. Plasma has also been widely used for nitrogen (N)-doping of
graphene [150–153]. For example, ammonia (NH3) gas was used to
fabricate N-doped graphene upon RF plasma discharge [151].
CVD-graphene films were post-treated in an RF plasma reactor in an NH3
atmosphere. The resulting N-doped graphene exhibited different elec-
tronic structure with its Ef shifted in the conduction band compared to
the pristine graphene, whose Ef lies on the top of the valence band due to
the electron donor nitrogen atoms, which makes N-graphene act as
n-type semiconductor. Similarly, plasma was used to synthesize
boron-doped graphene for a p-type doping [154]. In addition to plasma
post-doping, UV-ozone has been reported as an effective method to
produce oxygen (O)-doped graphene which was employed as a hole
interfacial layer in regular geometry OPVs [155]. The O-functionalized
CVD-graphene was synthesized by UV-Ozone treatment of the trans-
ferred CVD-graphene on top of PEDOT: PSS HTL for various time spans.
The optimum O-graphene resulted in an enhancement in the device
performance and stability under ambient conditions compared to the
control device without graphene, while that with pristine graphene
exhibited a declined performance. The improved PCE of the device
based on the optimum O-graphene was attributed to the enhanced hole
extraction and tuning of the surface energy of the O-graphene’s hydro-
philic surface. More importantly, the O-graphene layer prevented the
acidic PSS (in PEDOT: PSS) from penetrating into the photoactive layer
resulting in higher device stability. Similarly, electron-beam (EB) irra-
diation for a few seconds was reported to be an effective method to
produce O-doped graphene with improved surface wettability [156]. A
P3HT: PCBM-based OPV device built on an EB-irradiated CVD-graphene
(with 5 s irradiation time) had an improved PCE of 2.76 % due to the
enhanced FF (0.54) and JSC (8.96 mA/cm2) compared to that based on
the non-EB irradiated graphene, which had lower values for PCE (1.78
%), FF (0.41) and JSC (7.74 mA/cm2). This significant improvement was
attributed to the improved hydrophilicity of the irradiated graphene
leading to uniform coating of PEDOT: PSS HTL. Nevertheless, long
irradiation time (100 s) resulted in a decline in the device performance
due to the increased defect concentration in the graphene lattice leading
to an increased Rs value. Thermal treatment [157] and electrochemical
[158] N-doping have been also reported, but these methods produce low
N content N-graphene. In addition, thermal evaporation is an effective
way to synthesize doped graphene through the deposition of an ultrathin
metal oxide layer such as MoOx to improve the electronic band structure
and wettability of graphene [159,160]. For example, it was reported
that thermally-evaporated 2 nm thick MoO3 on top of a graphene anode
in a regular geometry P3HT: PCBM based OPV device led to a significant
increase in its PCE [147]. The performance enhancement was attributed
to the improved hydrophilicity of graphene, which led to a uniform HTL
of PEDOT: PSS and the increased WF of pristine graphene from 4.36 eV

to 5.47 eV for MoO3-coated graphene due to the high WF of MoO3
(6.1–6.6 eV) [161]. The higher WF of MoO3-graphene achieved more
efficient band alignment with the HOMO (5.2 eV) of the P3HT donor
polymer, resulting in improved hole extraction. Similar advancement
was later reported by Sung et al. for perovskite solar cells (PSCs) [94].
They found that adding a 2 nm layer of MoO3 on top SLG TCE reduced
the contact angle of PEDOT: PSS solution from 90.4◦ (with pristine SLG)
to 30◦. In addition, the sheet resistance of the 2 nm MoO3-coated SLG
dropped from >2 kΩ □− 1 to 500 Ω □− 1. The improved wettability,
electrical properties and the increased WF of the MoO3-doped SLG
resulted in a high-performance PSC with PCE >17 %, while the fabri-
cation of a functional device, with the same structure, on the as-grown
graphene was not possible, which is understandable given the high
hydrophobicity of the pristine graphene (Fig. 16).

4.5.2.2. Wet doping. Wet doping of graphene includes the post-
treatment with strong acids, polar organic components, and metal
chloride. Similar to dry doping, the wet doping of graphene facilitates
tuning the properties of graphene for specific applications. For example,
Han and colleagues reported a reduced Rs and higher WF for CVD-
graphene TCEs for OLEDs via HNO3 and AuCl3 doping [162]. Many
researchers have reported the chemical doping of graphene using inor-
ganic small molecule acids [110,162,163] such as HNO3, H2SO4, and
HCl as well as metal chlorides (FeCl3, AuCl3, etc.) [162,164–167].
However, there are some drawbacks associated with these dopants such
as environmental instability and the reduction of metal cations. In case
of inorganic acids, the sheet resistance of the doped graphene increases
with time because of the volatile nature of these molecules. For metal
chloride dopants, the reduction of metal cations results in metal parti-
cles on the surface of graphene, which can reduce its optical trans-
mittance, especially when these particles are large, and can degrade the
graphene morphology by forming protrudes that increase leakage cur-
rent of the device [162,164–167]. In order to overcome these issues,
Kown et al. [168] employed non-volatile polymeric acid (perfluorinated
polymeric sulfonic acid (PFSA)) to produce p-type doped CVD-graphene.
PFSA was spin coated on top of a 4-layer high quality CVD-graphene
leading to significant enhancement in the conductivity of the resulting
PFSA-doped graphene with outstanding chemical and thermal stability.
The PFSA-graphene exhibited a reduced Rs of 91.4 ± 30 Ω □− 1

compared to pristine graphene (352 ± 48 Ω □− 1), which, in contrast to
HNO3-doped graphene, remained extremely-stable under different
conditions including ambient air, chemical solvents, and temperature.
Moreover, the PFSA dopant increased the WF of the doped graphene by
0.71 eV compared to pristine 4-layer graphene. The optical trans-
mittance of the doped film exhibited a slight drop from 90 % (pristine
graphene) to 89 %. Despite the remarkable stability and the enhanced
properties of the PFSA-graphene, it increased the hydrophobicity of
graphene. The water contact angle (WCA) of PFSA-graphene was 96.7◦,
while the pristine 4-layer graphene had a WCA of 55.3◦, which is often
unfavourable for device fabrication as discussed earlier. Likewise, polar
organic components showed excellent potential to improve the Rs,
morphology, and the WF of CVD-graphene for optoelectronics [169,
170]. For instance, bis(trifluoromethanesulfonyl)amide (TFSA) caused
the WF of the TFSA-doped graphene to increase to 5.1 eV compared to
that of pristine graphene (4.4 eV). Since the HOMO of the most common
HTL material (PEDOT: PSS) lies at 5.2 eV [94], the TFSA-graphene
should form an appropriate band alignment with PEDOT: PSS, which
facilitates enhanced hole transport. In addition, the TFSA-5 layer gra-
phene had as low Rs as 90Ω □− 1 with high optical transmittance of 88 %
at 550 nm [169].

4.6. Graphene & AgNWs hybridization

The extraordinary electrical conductivity of graphene is mainly
attributed to its extensive carrier mobility (theoretical value of 200 000
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cm2/V.S) [171]. This outstanding behaviour is due to the ballistic
transport of charge carriers, which means that electrons travel at high
speed within the graphene lattice without being scattered off. The
presence of different kinds of structural imperfections such as voids,
vacancies, dislocations, wrinkles, ripples, folds, tears, cracks, etc. in-
creases the electron scattering within graphene and results in a dramatic
drop in its carrier mobility and electrical conductivity compared to its
intrinsic properties. Although defect-free and high-quality CVD gra-
phene has been reported for films synthesized on metal catalysts at
elevated temperatures (~1000 ◦C), structural defects are induced during
transfer processes or low-temperature PECVD of graphene growth on
dielectric substrates leading to high Rs, which limits their applicability
as TCEs for optoelectronics. The utilization of one-dimensional materials
(metal NWs) to suppress the detrimental impact of structural line defects
in transferred CVD-SLG was theoretically predicted by Jeong and col-
leagues [172]. Later, this approach was experimentally validated by
Kholmanov et al. [148], who found that transferring CVD-graphene
grown on Cu foil onto AgNWs-coated glass reduced the Rs from 1050
Ω □− 1 to 64Ω □− 1, while the AgNWs filmwas not conductive as a result
of the sub-percolation network AgNWs. This improvement in electrical
conductivity revealed that AgNWs bridge the line disruptions and line
defects and provide new pathways for charge transport.

AgNWs are also excellent TCE candidate for optoelectronics due to
their remarkable optical and electrical properties despite their chemical
and mechanical instabilities [173,174]. The transfer of graphene onto
the conducting AgNWs network was also investigated [175–177]. For
instance, CVD-SLGwas transferred onto a highly conductive AgNWs film
coated-glass for OPVs [176]. AgNWs-graphene hybrid TCE-based
inverted-geometry OPV device with PTB7: PC71BM active layer ach-
ieved competitive PCE and FF of 8.12 % and 0.69 to those of the

reference device built on ITO (8.22 % and 0.70) and higher than the
AgNWs-based counterpart (7.32 % and 0.65) as shown in Fig. 17 [176].
Adding graphene on top of AgNWs reduced the Rs of AgNWs film from
18.5 Ω □− 1 to 14.9 Ω □− 1 for hybrid AgNWs-graphene with higher
figure of merit (FoM).

Furthermore, the hybrid film had a smoother surface than the pris-
tine AgNWs, which is more favorable for device performance to avoid
short-circuits. More importantly, the chemical stability of AgNWs film
under ambient air was greatly enhanced due to the top graphene layer,
which prevented oxygen molecules from reaching AgNWs underneath,
thus increasing the stability of AgNWs under environmental conditions.
Consequently, the Rs of the AgNWs-graphene hybrid film was almost
unchanged under ambient air for two months, while that of AgNWs
increased by 80 % because of oxidation of Ag as confirmed by
morphology change (Fig. 17). Additionally, the hybrid electrode showed
a good corrosion resistance in NaOH solution (1 M) with constant Rs due
to the graphene protection layer, while the pristine AgNWs film
degraded rapidly. Similar findings were obtained for flexible OPV de-
vices based on AgNWs-graphene hybrid TCEs on PET substrate with
much higher mechanical stability for both AgNWs-hybrid and AgNWs-
based devices compared to ITO [175,177]. The graphene protective
layer did not only improve the stability of the hybrid TCE due to its
gas-barrier characteristics, but also enhanced the overall stability of the
OPV device as shown in Fig. 17f [175]. The OSC (with P3HT: PC60BM
active layer) on the hybrid AgNWs-Gr retained 61 % of its original PCE
after 480 h, while AgNWs-based OSC lost half of its initial PCE within
320 h as a result of fast degradation of JSC under ambient conditions.
This enhancement was ascribed to the minimum degradation of the
interface between the electron transport layer (ZnO) and AgNWs due to
the transferred graphene layer [178].

Fig. 16. Droplets of PEDOT: PSS on a) as-prepared graphene, b) graphene covered with 1 nm MoO3, c) graphene covered with 2 nm MoO3. (d) Relationship between
average PCE and MoO3 thickness for graphene electrodes. (e) J–V curves for best performing
G-M2. (f) UPS spectra and calculated work functions of graphene with MoO3 layers of varying thickness. Images were reproduced with a permission from ref. [94].
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AgNWs were also coupled with graphene nanosheets synthesized by
different approaches such as electrochemical exfoliation [29]. The
exfoliated graphene (EG) was spray coated on a conductive AgNWs
mesh to form hybrid AgNWs-EG TCE for rigid and flexible optoelec-
tronics. Significant improvements in the electrical conductivity,
morphology, chemical and mechanical stabilities were recorded for the
hybrid film in comparison to the pristine AgNWs counterpart as shown
in Fig. 18a–d. More interestingly, EG played a vital role in flattening
AgNWs rough surface while the pristine AgNWs based OSC exhibited

short circuit because of the high surface roughness and large heights at
the junction sites of the nanowires. Devices based on AgNWs-EG TCEs
exhibited a comparable performance to the reference ITO-counterpart,
while devices fabricated on bare AgNWs were short circuited (Fig. 18e).

Another strategy to efficiently hybridize graphene with AgNWs for
TCE applications can be realized through adding AgNWs on top of
graphene. In this approach, AgNWs also provide additional transport
channels for charge carriers and can help connect graphene domains
leading to a dramatic drop in the Rs with a little reduction in the optical

Fig. 17. (a) J-V and (c) EQE curves of the devices based on the ITO, pristine AgNWs, and AgNWs-graphene TCEs.(b) Change in sheet resistance of the pristine AgNWs
and AgNWs-graphene TCEs exposed to ambient at room temperature for 2 months. (c) Change in sheet resistance of the pristine AgNWs and AgNWs-graphene TCEs
exposed to NaOH solution (1 mol/L). SEM images of the pristine AgNWs (d) and AgNWs-graphene (e) exposed to ambient at room temperature for 2 months. Images
were adapted with a permission from ref. [176]. (f) Device performance of inverted BHJ OSCs with AgNWs and AgNWs–graphene hybrid TCEs as a function of
exposure time under ambient conditions without encapsulation. Images were reproduced with a permission from ref. [175].
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transmittance of the hybrid film [179]. Moreover, this strategy improves
the wettability of the TCE surface leading to homogeneous and uniform
coating of the charge transport layer. However, further procedures may
be needed to planarize the rough surface of AgNWs and to avoid shorts
during device fabrication [180]. Several reports on the deposition of
AgNWs onto graphene for TCEs with improved performance can be
found in literature [181–183].

In this regard, AgNWs were brush painted on top of bi-layer PMMA-
transferred CVD-graphene for flexible OPVs [184]. Compared to the
pristine transferred bi-layer graphene on PET, the graphene-AgNWs
(Gr-AgNWs) hybrid films showed lower Rs, which significantly drop-
ped with increasing the brush cycles (the number of brush paintings)
with a subsequent slight drop in their optical transmittance. The pristine

graphene and the optimum hybrid film (at 3 brush cycles) showed
excellent mechanical flexibility, but the later had much higher FoM and
improved wettability. As a result, flexible regular-geometry OSC with
P3HT: PCBM active layer developed on the hybrid Gr-AgNWs had higher
PCE (2.681 %), FF (0.5498), JSC (8.244 mA cm− 2), and VOC (0.591 V)
than that on graphene with PCE (1.681 %), FF (0.4114), JSC (7.488 mA
cm− 2), and VOC (0.5498 V), respectively. The lower VOC was attributed
to the lowerWF of pristine graphene which increased the barrier for hole
collection, while the reduced FFwas due to the non-uniform coverage of
the PEDOT: PSS HTL because of the hydrophobic nature of pristine
graphene. On the contrary, the Gr-AgNWs hybrid configuration can
cause instability issues due to the degradation of AgNWs under ambient
conditions as discussed earlier. Zhang et al. [185] reported the

Fig. 18. Rs response of AgNWs and AgNWs–EG films on PEN substrate to a) different bending cycles, b) bending angles, c) air exposure over a period of 120 days, and
d) 48 h at 85 ◦C, e) J–V curves of the OSC devices (inset: flexible AgNWs–EG OSC). Images were adapted with a permission from ref. [29].
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degradation of Gr-AgNWs films under elevated temperature of 80 ◦C and
relative humidity (RH) of 50 % over the exposure time. They found that
the Rs of the hybrid film increased by almost four times to its initial
magnitude after 7 days because of thermal oxidation of Ag. Additionally,
their hybrid film exhibited a change in Rs of more than 300 % after 3000
bending cycles at a bending radius of 5 mm. To overcome these limi-
tations, they introduced a poly vinyl alcohol (PVA) encapsulation thin
layer by spin coating to the Gr-AgNWs hybrid film, which resulted in a
significant enhancement in the film stability without sacrificing its op-
tical or electrical features. Further enhancement in the features of hybrid
Gr-AgNWs TCEs for flexible OSCs (FOSCs) has been achieved by spin
coating graphene quantum dots (GQDs) on top of the Gr-AgNWs hybrid
film [186]. The addition of GQDs improved the electrical conductivity

and light harvest and increased theWF of the hybrid TCE film, leading to
a better photovoltaic performance. In addition, the mechanical stability
of the GQDs-hybrid TCE and the associated FOSCs remarkably enhanced
compared to the control Gr-AgNWs counterpart as shown in Fig. 19.
GQDs-hybrid TCE-based FOSCs maintained 92 % of its initial PCE after
1000 bending cycles, while that without GQDs lost 60 % of its original
PCE after the same test. This finding was in a good agreement with the
change of Rs with bending due to cracks in AgNWs in case of Gr-AgNWs,
while the GQDs protected AgNWs from cracking. They also found that
bare graphene film had an excellent stability against bending. In addi-
tion, the GQDs layer was found to protect AgNWs within the hybrid film
from oxidation in ambient atmosphere and thus increased the storing
longevity of the device.

Fig. 19. (a) Optical transmittance spectra, (b) sheet resistances, and work functions of GR, Ag NWs/GR, and GQDs-mixed Ag NWs/GR TCEs. Here, the concentration
of GQDs (nG) is varied from 0.01 to 0.03 g/L. The yellow brackets in the inset of (a) show real images of the Ag NWs/GR TCEs with/without GQDs, indicating their
excellent transparency. (c) Normalized ΔRs/Rs of Ag NWs/GR TCEs as functions of bending cycle at a curvature radius of 4 mm for various nG. (d) Schematic structure
and energy band diagram of a typical FOSC containing Ag NWs/GR TCEs with/without GQDs. The inset in (a) shows a real image of the FOSC and the blue arrow
indicates the shift of Fermi level in the Ag NWs/GR TCEs. (e) Photo J-V curves of the Ag NWs/GR TCE/FOSCs for various nG. (f) Normalized PCEs of the Ag NWs/GR
TCE/FOSCs as functions of bending radius for nG = 0 and 0.02 g/L. The inset shows real images of the FOSCs at each R. (j) Normalized PCEs of the Ag NWs/GR TCE/
FOSCs as functions of bending cycle at a fixed bending radius of 4 mm for nG = 0 and 0.02 g/L. Here, the data are presented with error bars of standard deviation after
being averaged for four separate FOSCs. Images were reproduced with a permission from ref. [186].

M.S.A. Kamel et al.



Renewable and Sustainable Energy Reviews 203 (2024) 114740

26

Despite the progress achieved in improving the performance of OSCs
via the hybridization of CVD-graphene and AgNWs, graphene films
produced with such hybrid TCEs still require complex transfer proced-
ures. Therefore, more research effort is needed to develop cost and time-
effective strategies to produce scalable transfer-free graphene/AgNWs
TCEs for OPVs and other optoelectronic devices. In this context, Kamel
et al. [86] have investigated effective pathways to hybridize AgNWs
with directly synthesized graphene TCEs on glass substrates via
RF-PECVD from sustainable plant extract to avoid graphene transfer.
They reported two hybridization approaches: 1) growing graphene
directly on top of AgNWs-coated glass, 2) spin-coating AgNWs on top of
the VG synthesized on glass (Fig. 20). In the first case, the electrical
conductivity of the resulting hybrid AgNWs-graphene film and the
performance of the associated OPV device were found to improve
compared to pristine graphene at low concentration of AgNWs (<2
mg/ml). This enhancement was assigned to the reduced Rs of the
AgNWs-graphene (AgNWs-Gr) hybrid TCE because of additional con-
duction pathways provided by AgNWs. At higher concentrations (3
mg/ml) of AgNWs dispersion, the resulting AgNWs-Gr TCE had a lower
optical transmittance, high Rs and highly rough surface due to the
increased and non-uniformly distributed growth of VG nanosheets close
to and above AgNWs. More interestingly, following the second
approach, they noticed that the growth of VG nanosheets overcame the
impact of the rough surface of AgNWs, which was found to uniformly

distribute on top of graphene without large aggregations compared to
AgNWs on bare glass as confirmed by SEM images (Fig. 20 b &c).

Consequently, P3HT: PCBMOSCs fabricated on the developed hybrid
graphene-AgNWs TCEs exhibited a comparable PCE (2.18 %) and FF
(0.63) to the ITO-counterpart (2.22 % and 0.60), while devices on bare
AgNWs were short-circuited. The addition of AgNWs onto transfer-free
graphene significantly reduced the Rs of the resulting graphene-
AgNWs hybrid film. More crucially, the higher FF of OPVs based on
Gr-AgNWs TCE was attributed to the increased contact area of the
interface between the Gr-AgNWs and the active layer leading to
enhanced collection of the photo-generated charge carriers compared to
that built on ITO.

5. Comparison between graphene and other TCE candidates

In this section, a comparison between graphene and other TCE
candidates, namely ITO, CNTs, AgNWs, and PEDOT: PSS is provided.
Although ITO is the most common TCE material due to its low sheet
resistance and good optical transmittance (>80 % at 550 nm), its high
cost, scarcity of indium and poor mechanical and stabilities push re-
searchers to develop affordable and stable alternatives. In addition, ITO
is not a good choice for flexible solar cells due to its fast degradation
under mechanical bending. Since the PV parameters widely vary with
different active layers, interlayers, film thickness, preparation

Fig. 20. (a) Raman spectra for graphene films grown on AgNWs-coated glass with different concentrations of AgNWs (1–3 mg/ml). SEM images for AgNWs (3 mg/
ml) spin coated on top of (b) graphene and (c) bare glass. (d) SEM image for graphene growth on top of AgNWs (3 mg/ml) on glass which shows thick VG nanosheets.
(e) High resolution SEM image for AgNWs (1 mg/ml) on top of graphene revealing AgNWs reset among VG nanosheets. (f) Rs of transfer-free graphene, AgNWs-
graphene, and graphene-AgNWs at different concentrations of AgNWs (1–3 mg/ml). J-V curves for P3HT: PCBM OPVs developed on the hybrid graphene-
AgNWs3 compared to ITO-counterpart (e) and for the devices on pristine graphene and the AgNWs-graphene hybrid TCEs (h) at concentrations of AgNWs vary-
ing from 1 to 3 mg/ml. Images were adapted with a permission from ref. [86].
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conditions, it will be hard to give a fair comparison between devices
with different TCEs. Therefore, the PV parameters of such devices will be
compared to their ITO-counterparts, prepared in the same work, when
appropriate.

Different values of Rs and transmittance for these different TCE
candidates are reported in literature. For example, the sheet resistance
of CNTs were mentioned to vary between 100 and 10 000 Ω □− 1 at
transmittance around 80 % [187]. Thus, in Table 1, the transmittance
and sheet resistance of the particular electrode will be provided as re-
ported in each cited work rather than giving an overall range for each
category.

Several examples from literature on graphene TCEs by CVD (either
transferred or transfer-free synthesis) were provided in Table 1 to
highlight its excellent potential to replace ITO. However, the goal of this
review is to pave the way towards cost- and time-effective transfer-free
production of graphene TCEs for OPVs.

6. Limitations and outlooks

OPVs have shown a promising potential to replace their inorganic
counterparts due to their low fabrication cost, solution processability,
abundance and tunability of materials. In addition, the mechanical
flexibility and lightweight of OPVs make them perfect candidates for
wearable and portable applications. Solution processability of OPVs
enables their cost-effective and scalable printing via R2R production.
The innovation of new donor polymers and non-fullerene acceptors as
well as the progress in device engineering has revolutionized the field of
OPVs and increased its feasibility towards large-scale commercializa-
tion. The PCE of OPVs has recently achieved new records with single-
junction and tandem devices approaching and exceeding 20 %, respec-
tively. However, many issues need to be addressed before OPVs can be
commercialized.

One of the major challenges for OPVs is developing efficient TCE that
can overcome the issues offered by the benchmark ITO such as high
costs, mechanical brittleness, and scarcity of indium. Several alterna-
tives have been proposed including conducting polymers, graphene,
metal nanowires, thin metal films, and carbon nanotube. Among those
materials, graphene with its sp2 hybridized hexagonal carbon structure
of single atom thickness has received the greatest research interest due
to its outstanding and tunable optical, electrical, and mechanical prop-
erties. Various methods have been developed to synthesize graphene for
a wide range of applications.

CVD is an excellent bottom-up approach to synthesize large-area
graphene films. CVD has been the most extensively investigated
method for developing graphene TCEs for OPVs due to its scalability,
and potential to produce high-quality graphene. In brief, CVD of gra-
phene includes the flow of vaporized molecules of a carbon source (e.g.,
CH4) through a metal (e.g., Cu, Ni) catalyst surface at high temperature
(~1000 ◦C) in the presence of carrier gas/es (H2, Ar). The precursor
molecules thermally decompose into dehydrogenated species, which
then adsorb onto the substrate surface and nucleate before the growth of
graphene sheets. The resulting CVD-graphene film is later transferred
from the metal catalyst onto a target transparent substrate such as glass,
PET, PEN, etc. To be used as TCE. Thus, the quality of CVD-graphene
TCEs critically depends on the deposition parameters and the transfer
procedures.

Although thermal CVD can produce SLG or FLG films with low or
minimum structural defects, it has several limitations that need to be
overcome prior to its wide use for optoelectronics. These drawbacks
include the high cost, time-consumption, use of environmentally haz-
ardous and unsustainable carbon sources, and the complexity of the
procedure. More importantly, the expensive, multi-step and complicated
transfer processes can induce structural defects in the graphene films
and hence deteriorate their electrical and optical characteristics.
Intensive research interest has focused on the development of efficient
CVD-graphene TCEs for OPVs and other optoelectronics including

perovskite and dye sensitized solar cells, and organic light emitting di-
odes. Great progress has been made in CVD-graphene TCEs including
R2R production (on Cu foils) and R2R transfer of CVD-graphene. The
development of time- and cost-effective, large-scale, and damage-free
transfer methods of CVD-graphene is an effective strategy towards
commercial CVD-graphene TCEs. Nonetheless, the high temperature and
complexity of the overall production of CVD-graphene TCEs make it less
competitive to ITO.

The transfer-free production of CVD-graphene TCEs represents the
ideal approach for scientists and researchers towards ITO-free future
optoelectronics. The employment of various types of plasma in CVD
resulted in a reduction in the temperature needed for the decomposition
of precursor molecules and for the nucleation and growth of graphene.
Consequently, PECVD facilitated the direct synthesis of graphene on a
wide range of dielectric substrates including different types of glass.
However, the directly synthesized PECVD-graphene on dielectric sub-
strates has exhibited several limitations such as high concentration of
structural defects (because of energetic particles in plasma), small
grains, and discontinuity, which increase its sheet resistance. More
interestingly, PECVD-graphene films consist of vertically oriented gra-
phene (VG) nanosheets on top of a horizontal carbon buffer layer in
contrast to the in-plane graphene films in traditional thermal CVD. This
in-plane buffer layer can be amorphous carbon, graphite, or graphene
depending on the deposition parameters. The vertical growth of gra-
phene nanosheets makes the surface of the resulting PECVD-graphene
rough, which is not favorable for device fabrication because of the
increased carrier recombination and leakage current [87].

Advances have been made over the past decade to improve the
electrical properties of the directly synthesized CVD/PECVD-graphene
without deteriorating its optical transmittance. This included several
strategies such as optimizing the deposition parameters, doping, post-
treatment, deposition of metal catalyst ultrathin films on the dielectric
substrate prior to graphene synthesis, and the hybridization with one
dimensional materials mainly silver nanowires (AgNWs). The optimi-
zation of the deposition parameters of PECVD control growth of VG
nanosheets for an optimum trade-off between the sheet resistance and
optical transmittance. Graphene doping can be realized by direct syn-
thesis or post-treatment methods. Different dopants such as strong acids,
metal oxides, organic polar components, and metal chlorides can
improve the electrical conductivity, morphology, and wettability of
graphene films. Furthermore, doping can increase the work function of
graphene, which is essential for efficient energy band alignment with
many common charge transport layers such as PEDOT: PSS.

Post-treatment procedures such thermal and vacuum annealing as
well as low power and short-time plasma treatment can also reduce the
sheet resistance and hydrophobicity of graphene, respectively. The pre-
deposition of thin layer of a metal catalyst on the transparent dielectric
substrate has been reported to facilitate the production of high-quality
SLG and FLG TCEs on PET substrates at 150 ◦C in a dc sputtering
–integrated PECVD reactor [54] and a split thermal CVD setup [136].
AgNWs have been widely used with CVD-graphene for optoelectronics.
The AgNWs-graphene hybrid TCEs offer excellent optical and electrical
properties. Moreover, the addition of graphene on top of AgNWs reduces
the surface roughness and increases the stability of AgNWs due to its
barrier properties. However, this approach necessitates graphene
transfer procedures. Instead, AgNWs can be coated on top of graphene,
which greatly enhances its electrical properties, but this configuration
has low stability due to oxidation of Ag within the exposed AgNWs. More
importantly, further procedures such as hot-rolling are needed to modify
the rough surface of AgNWs to avoid shorts during device fabrication.

Based on the different aspects discussed in this review, some per-
spectives for future research towards efficient and scalable production of
CVD-graphene for OPVs and other optoelectronics can be proposed. The
use of environmentally friendly carbon sources such as volatile and
carbon-rich plant extracts of essential oils makes graphene synthesis
sustainable and eco-friendly process. Liquid carbon sources (e.g.

M.S.A. Kamel et al.



Renewable and Sustainable Energy Reviews 203 (2024) 114740

28

Table 1
Summarizes the PV parameters and electrode properties for some OPV and perovskite solar cell devices based on different TCE materials and compared to the state-of-
the-art ITO under identical conditions. The advantages and challenges of each TCE candidates are also listed.

TCE Rs (Ω □− 1) T (%) Active layer PCE (%) FF JSC (mA/cm2) VOC (V)

PEDOT: PSS [188] – – PBDB-T: IT-M 10.6 0.72 16.01 0.925
ITO – – 11.01 0.77 16.08 0.93
Flex-PEDOT:PSS Ca. 40 Ca. 86 10.12 0.703 15.49 0.93
Flex-ITO – Ca. 81 7.93 0.65 13.56 0.905
PEDOT: PSS [189] Ca. 250 Ca. 76 P3HT: PCBM Ca. 2.6 0.52 8.5 0.58
ITO 12 Ca. 80 Ca. 3.4 0.62 Ca. 9 Ca. 0.59

Flex-AgNWs [190] 24.4 83.2 PBDB-T-2F:IT-4F 11.6 0.72 19.6 0.82
ITO – 85.7 12.3 0.73 20.50 0.82
Flex-AgNWs 24.4 83.2 PTB7-Th:IEICO-4F 10.3 0.67 22.69 0.68
Flex-AgNWs 24.4 83.2 PBDB-T: ITIC 9.3 0.67 15.72 0.88
Flex-AgNWs [17] 10 92 PTB7-Th: PC71BM 9.82 0.702 17.43 0.802
ITO (glass) – – 10.12 0.704 18 0.799
Flex-AgNWs 10 92 Tandem device 16.55 0.71 14.22 1.64

SW-CNTs [191] 101 90 P3HT: PCBM 2.43 0.46 8.84 0.59
ITO – – 2.83 0.50 9.42 0.60
SW-CNTs 28.5 65 % PTP7:PCBM 6.04 0.61 13.7 0.72
ITO – – 7.31 0.64 15.5 0.74
Pristine DW-CNTs [192] 150 Ca. 80 Perovskite 15.6 0.725 21.4 1.01
HNO3-doped CNTs 125 Ca. 80 16.7 0.742 20.7 1.04
TFMS-doped CNTs 110 Ca. 80 17.2 0.771 21.4 1.05
ITO 12 Ca. 88 19 0.779 22.9 1.06
Pristine SW-CNTs [193] 250 Ca. 75 Perovskite 12.8 0.76 17.5 0.96
HNO3-CNTs 51 ± 10 – 15.3 0.78 19.9 0.98
ITO – – 17.8 0.83 21.6 0.99
CNTs (flexible) – – 11 0.65 18.8 0.90
ITO – – 16 0.83 20.1 0.96

Graphene [193] 625 ± 107 90 Perovskite 14.2 0.70 21.2 0.96
ITO – – 17.8 0.83 21.6 0.99
Cu/Graphene [194] 9.6 94.9 PTB7-Th:PC71BM 8.5 0.65 16.3 0.80
ITO – 92.5 8.4 0.67 15.6 0.80
Flex-Graphene [195] 83 92.2 PM6: Y6 15.2 0.702 25.8 0.84
PET-ITO – – 14.8 0.726 24.6 0.83
Flex-transfer-free Gr [196] 81 ± 6.5 Ca. 85 Perovskite 14.18 0.73 20.9 0.93
Flex-transferred-Gr (2 ± 0.12) k Ca. 82 11.65 0.65 19.7 0.91
Graphene [92] 286 ± 12 90.3 PTB7-Th: PC71BM 8.38 0.656 16.5 0.773
ITO – – 9.22 0.68 17.12 0.788
Flex-Gr – – 7.53 0.62 16.01 0.757
Graphene [197] 73.6 87.5 P3HT:PCBM 2.07 0.48 7.62 0.57
ITO 15 – 2.86 0.62 8.07 0.577
Transfer-free Gr [89] Ca 1.3 k 67 P3HT:PC71BM 1.27 0.45 5.14 0.56
ITO – Ca. 81 1.58 0.55 4.95 0.55
Transfer-free Gr [86] 1.92 k 73.3 P3HT: PCBM 1.41 0.47 5.32 0.56
ITO – – 2.22 0.60 6.58 0.56
Graphene [198] 300 – PDTP: PCBM 4.7 0.52 12.8 0.71
ITO – – 4.8 0.52 13.1 0.71
Flex-Graphene – – 4.1 0.46 12.5 0.71
Flex-ITO – – 4.5 0.53 12.3 0.70
Trans-free Gr-AgNW [86] 103 66 P3HT: PCBM 2.18 0.63 6.15 0.56
ITO – – 2.22 0.60 6.58 0.56
Trans-free Gr-AgNW 103 66 P3HT: PC71BM 2.33 0.61 7.0 0.55
ITO – – 2.33 0.57 7.11 0.57
Trans-free Gr-AgNW 103 66 PM6: Y6 9.75 0.59 21.4 0.77
ITO – – 10.3 0.59 22.5 0.78
Graphene [94] >2k– 0.5 k 97 Perovskite 16.1 0.72 21.9 1.03
ITO 9.5 89 18.2 0.83 22.6 0.97

Comparison between different TCEs

PEDOT: PSS CNTs AgNWs CVD-graphene ITO

Pros Solution processability Optical transmittance High conductivity High optical transmittance Good optical
transmittance

Mechanical flexibility
Scalable

Solution processible
High mechanical stability
Scalable

Excellent optical transmittance
Solution-processable
Excellent mechanical stability

High electrical
conductivity
Excellent mechanical
flexibility
Excellent chemical
stability

High electrical
conductivity

Cons Relatively low conductivity
Low transmittance at long
wavelengths

Random network increases surface
roughness.
Low conductivity due to poor contact at
junctions

High surface roughness
Degradation under ambient
conditions
Weak adhesion to the substrate

Energy-consuming
deposition
Time-ineffectiveness
Hazardous precursors
Complex transfer
procedures

Poor mechanical
stability
Low chemical stability
High cost
Scarcity of indium
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benzene) have shown great potential to synthesize graphene at low
temperature on Cu foil, but more research in this area is needed to
synthesize graphene on glass and polymer substrates. Transfer-free
AgNWs-graphene hybridization can produce efficient TCEs at lower
expenses and with minimum damage. Controlling the size and height of
VG nanosheets can be exploited to suppress the impact of the rough
surface of AgNWs above graphene without additional procedures (e.g.,
hot-rolling) [180]. This should increase the area of interface between
the TCE and the photoactive area of the device for better carrier
collection. Finally, more effort should be devoted to the pre-treatment of
the dielectric substrate prior to graphene synthesis as this can have a
significant impact on the graphene quality.

7. Conclusion

This work presents a comprehensive overview of CVD-graphene TCE
for OPVs. The progress made in the implementation of CVD-graphene
TCEs in OPVs has been thoroughly reviewed. The fundamentals of
graphene growth by CVD and plasma enhanced CVD (PE-CVD) on
different substrates were discussed in detail. In addition, a discussion of
the relevant characterization methods needed for the assessment of
graphene TCEs for OPVs and how the graphene features can impact the
device performance was systematically given. The advancement in dry
and wet transfer methods of CVD-graphene from metal substrates (e.g.
Cu foil) onto transparent target substrates (e.g. glass, PET, PEN, etc.) was
presented. Moreover, the scalable transfer methods compatible with
R2R fabrication of large-area OPVs were covered. Besides, different
strategies such as post-treatment and doping for the enhancement of
graphene properties for TCE applications were discussed. The recent
achievements in transfer-free CVD/PECVD graphene TCEs for OPVs and
perovskite solar cells were discussed in detail. The use of CVD reactors
with split heating zones showed emerging potential to enable the growth
of defect-free graphene onto transparent flexible polymer substrates pre-
coated with ultrathin layers of metals with high affinity to carbon (e.g.
Ti). Sustainable plant extracts of essential oils are carbon-rich and eco-
friendly precursors that can replace traditional hazardous carbon sour-
ces such as methane and have been recently reported in transfer-free
PECVD graphene TCEs. A detailed comparison between CVD-graphene
and other TCE candidates including CNTs, AgNWs, and PEDOT: PSS
and ITO, in terms of the device performance, sheet resistance, optical
transmittance, pros and cons of each category was provided. The current
limitations and potential research directions were also presented to help
researchers develop single-step, and green synthesis approaches for
scalable CVD/PECVD-graphene TCEs for OPVs and other optoelectronic
devices.
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