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A
s one of the solar energy harvest-
ing platforms, polymer-based or-
ganic photovoltaic (OPV) devices

have attracted increasing attention in both
scientific and industrial communities due to
their unique characteristics, such as low
cost, solution-based process, light weight,
and compatibility with flexible
substrates.1�3 Great progress on OPV de-
vices has been achieved since the report
published by Tang et al.4 The improvement
of device structures and fabrication tech-
niques has enabled an overall power con-
version efficiency as high as �7%, obtained
in the OPV devices with the bulk hetero-
junction (BHJ)-based active layers.5�12 In
these devices, the transparent conductive
electrode, used to couple photons into the
active layers, is extensively the indium tin
oxide (ITO). However, the use of such metal
oxides seems to be increasingly problem-
atic due to the limited indium source, their
susceptibility to ion diffusion into polymer
layers, their instability in acid or base, and
the brittle nature of metal oxide.13�17

The two-dimensional (2D) single-layer
honeycomb-latticed carbon material,
graphene, has emerged as a rising star in
the field of materials. Owing to its unique
electrical, chemical, and mechanical proper-
ties, graphene has been developed for vari-
ous applications in field-effect transistors
(FETs),18�21 sensors,22�27 memories,28�32

biology,33,34 electrochemistry,35,36 and
optoelectronics,37,38 Meanwhile, many stud-
ies on graphene-based photovoltaic appli-
cations have been carried out, in which
graphene was used as active layer
materials,39�41 electron transport
bridges,42�44 and transparent
electrodes.45�52 Particularly, owing to its
flexibility, graphene has been reported to

be sustainable within a certain range of ten-
sion/compression force.53�56 Therefore, it is
important to explore the flexible behavior
of graphene in photovoltaics. Unfortu-
nately, to date, there are rare studies that re-
port the use of flexible graphene films on
the polyethylene terephthalate (PET) sub-
strates as transparent electrodes in the pho-
tovoltaic devices. For example, Arco et al.
transferred the chemical vapor deposition
(CVD)-grown graphene onto the PET sub-
strate for OPV applications.45 However, the
preparation of graphene through CVD and
active layers through thermal evaporation
results in the high cost in the device
fabrication.

In this contribution, the highly conduc-
tive, chemically reduced graphene oxide
(rGO) film was transferred onto a PET sub-
strate, referred to as rGO/PET, which was
then used as a transparent electrode for the
OPV devices. The active layer of the device
was prepared by a simple and low-cost
spin-coating method. As observed, the de-
vice performance is dependent on the
charge transport efficiency from the active
layer to rGO electrode, and it is not sensitive
to transmittance of rGO electrode (if �65%).
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ABSTRACT The chemically reduced graphene oxide (rGO) was transferred onto polyethylene terephthalate

(PET) substrates and then used as transparent and conductive electrodes for flexible organic photovoltaic (OPV)

devices. The performance of the OPV devices mainly depends on the charge transport efficiency through rGO

electrodes when the optical transmittance of rGO is above 65%. However, if the transmittance of rGO is less than

65%, the performance of the OPV device is dominated by the light transmission efficiency, that is, the transparency

of rGO films. After the tensile strain (�2.9%) was applied on the fabricated OPV device, it can sustain a thousand

cycles of bending. Our work demonstrates the highly flexible property of rGO films, which provide the potential

applications in flexible optoelectronics.
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As a result, lowering the rGO sheet resistance via in-

creasing the rGO thickness notably enhances the cur-

rent density of devices and thus the overall power con-

version efficiency (�), even if the transmittance of rGO

film decreases. The highest � obtained in the flexible

rGO/PET-based OPV devices is 0.78%. These devices

show an excellent stability after applying the bending-

induced tension stress, and their performance can be

well maintained even after bending a thousand times.

RESULTS AND DISCUSSION
Preparation and Characterization of rGO Films on PET. With

some modification of the previously reported method,

which was used to transfer rGO films from SiO2/Si to PET

substrates,55,57 we prepared the flexible, transparent

rGO/PET electrodes. The detailed process is given in the

Materials and Methods. Figure 1A shows the photo-

graph of the made flexible rGO/PET, which could be

bent to a certain angle. The atomic force microscope

(AFM) image of a typical rGO/PET is shown in Figure 1B.

The obtained root-mean-square (rms) roughness of 3

� 3 �m2 rGO film is �3 nm. Thickness of rGO film can
be measured by AFM (e.g., 16 nm as shown in Figure
1C). The correlation of sheet resistance (RSR) and trans-
mittance (T) at 550 nm of rGO film to its thickness is
plotted in Figure 1D. The obtained lowest RSR is 720
�/sq for the 28 nm thick rGO, whose transmittance is
�40%. The highest optical transmittance, 88%, was ob-
tained in the 4 nm thick rGO, but the sheet resistance
dramatically increased to 16.0 k�/sq. These results are
similar to the previous report.57

Performance of rGO/PET-Based OPV Devices. All of the OPV
devices were fabricated on the flexible, transparent,
and conductive rGO/PET electrodes. The layered struc-
ture of the device and the corresponding energy level
diagram are schematically shown in Figure 2A, and B,
respectively. In all devices, the blend of poly(3-
hexylthiophene) (P3HT) and phenyl-C61-butyric acid
methyl ester (PCBM)-based bulk heterojunction (BHJ)
was used as the active layer (100 nm). In order to en-
hance the hole transport efficiency from the highest oc-
cupied molecular orbital (HOMO) level of P3HT to the
rGO anode by blocking the electrons and then reduc-
ing the recombination of electrons and holes at the in-
terface, a 10 nm thick hole transport layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) was sandwiched between the rGO elec-
trode and BHJ active layer. Similarly, to block the holes
and increase the electron transport from the lowest un-
occupied molecular orbital (LUMO) of PCBM to the Al
electrode, a thin layer of TiO2 nanoparticles was sand-
wiched between the BHJ active layer and Al electrode.

In order to study the effect of rGO thickness on the
performance of OPV devices, rGO films with different
thickness were prepared on PET for OPV devices, for ex-
ample, 4 nm (device 1), 10 nm (device 2), 16 nm (de-
vice 3), and 21 nm (device 4). The measured J�V curves
of the fabricated four OPV devices are shown in Figure
3. The photovoltaic performance of these devices has
been summarized in Table 1. The four devices with dif-
ferent thickness of rGO films give the comparable open-
circuit voltages (Voc) of �0.56 V, which is reasonable be-
cause Voc is governed by the energetic relationship
between the donor and acceptor in the BHJ-based OPV
devices.3,58,59 In this work, the active layer of the four de-
vices is composed of P3HT:PCBM (donor:acceptor) BHJ
fabricated in the same conditions. The fill factor (FF) of
our devices shows a slight increase from device 1 (30%)
to device 4 (32%), which is due to the reduction of
sheet resistance when the thickness of rGO film in-
creases. However, from device 1 to device 3, with an in-
crease of the rGO thickness, the current density, Jsc, ob-
viously increases from 1.74 to 4.39 mA/cm2, directly
resulting in a great enhancement of � from 0.28 to
0.78%, as shown in Table 1. It is worth noting that Jsc

and � do not increase further even if the rGO thickness
continuously increases (from device 3 to device 4).
Therefore, there is an optimal rGO thickness to the

Figure 1. (A) Photograph of rGO/PET. (B) AFM topographic im-
age (3 � 3 �m2) of rGO/PET. (C) AFM image and section analy-
sis of 16 nm thick rGO film on PET; i.e., rGO/PET in panel B. (D)
Sheet resistance (RSR) and transmittance (T) of rGO film as a func-
tion of its thickness.

Figure 2. Schematic representation of (A) the layer structure and (B)
energy level for the OPV device, i.e., rGO/PEDOT:PSS/P3HT:PCBM/TiO2/
Al, with rGO as the transparent electrode.
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OPV performance. The overall power conversion effi-
ciency in device 3 reaches 0.78%, which is still lower
than 1.18% from the CVD-graphene/PET-based OPV de-
vices, which is due to the lower sheet resistance and
higher optical transmittance of the CVD-grown
graphene,45 compared with our chemically derived
rGO film. The relation of device performance to rGO
electrode as observed in this study is determined by
two factors, that is, the sheet resistance of rGO elec-
trode (determining the carrier transport efficiency) and
the transparency of rGO (determining the light trans-
mission efficiency). At the high transmittance of rGO
film (e.g., �65%), Jsc is no longer sensitive to rGO trans-
mittance. Instead, it becomes more dependent on the
sheet resistance of rGO; that is, Jsc increases with a de-
crease of sheet resistance (from device 1 to device 3 in
Table 1). The smaller sheet resistance of rGO film ben-
efits the carriers being pumped out from the device’s
BHJ active layer to rGO electrode. In terms of rGO-based
devices, it is believed that the hole pumping-out effi-
ciency from the HOMO level of P3HT to the rGO anode
primarily determines the device overall performance.
This is because the cathodes of the devices is alumi-
num, which has several orders lower sheet resistance
(�0.4 �/sq for 70 nm thick Al electrode) than rGO film.
The dependence of device performance on charge
transport capacity from active layer to electrode, in-
stead of how much efficiency of light coupling into de-
vice active layer, was also observed in the CVD-
graphene-based OPV devices.45 On the other hand,
when the rGO film becomes too thick (e.g., device 4),
too low optical transmittance weakens the light trans-
mission efficiency through the thick rGO film. This re-
duces the light-excited electron�hole pairs in the BHJ
active layer and lowers the supply of electron/hole car-
riers for the external circuit, thus suppressing the device
performance improvement from device 3 to device 4
(Table 1). Therefore, an optimal experimental condition
must be made between the carrier pumping-out (deter-
mined by rGO sheet resistance) and light coupling-in
(determined by rGO transparency) efficiency in the de-
sign of OPV devices, in order to maximize the perfor-
mance of the devices with rGO transparent electrodes.

Bending Effect on Performance of rGO/PET-Based OPV Devices.
The effect of mechanical property of rGO films on the
performance of OPV devices was studied by monitor-
ing the performance after applying tensile stress on the
devices. The bending�relaxing experiments are shown
in the insets of Figure 4A. In each cycle, the OPV de-
vice was first bent around a solid column (radius � 5
mm) and then fully relaxed immediately. Multiple cycles
can be applied through the repetition of the bending
and relaxing steps. The tensile strain is determined by
the relatively extended length of rGO film under bend-
ing the underlying supporting PET substrate.56 For the
bending curvature with radius of 5 mm in our experi-
ment, the tensile strain is calculated to be 2.9%. In this

study, devices with two different rGO thicknesses (i.e.,

devices 1 and 3 shown in Figure 3 and Table 1) were

chosen for the bending�relaxing experiments. The J�V

curves of the devices after a number of bending cycles

are recorded. The typical J�V characteristics for device

1 after bending 400, 800, and 1200 times and device 3

after bending 800, 1200, and 1600 times are shown in

Figure 4A, and B, respectively. As observed, the

bending-induced variation of open-circuit voltages

(Voc) is negligible, and only a slight decrease of fill fac-

tor was observed after multiple bending (see Figure S1

in Supporting Information). This slight reduction of FF is

probably induced by the degradation of interlayer con-

tacts of the device. A significant decrease in Jsc and �

was observed after certain bending cycles, which is de-

pendent on the thickness of rGO film as discussed

below.

The plots of Jsc, �, and RSR of the rGO electrodes as

a function of bending cycles for devices 1 and 3 are

shown in Figure 4C, and D, respectively. The value of

Jsc remains constant for certain bending cycles followed

by a sudden drop after that. The same trend is also ob-

served for the value of � of the devices. Note that the

critical number of bending cycles to trigger the degra-

dation of device performance in devices 1 and 3 is dif-

ferent. In device 1, fabricated on a 4 nm thick rGO elec-

trode, Jsc and � start to drop after around 600 bends,

Figure 3. J�V curves of OPV devices on rGO/PET under 100 mW/cm2

AM 1.5G simulated globe sun illumination with rGO film thickness of
(A) 4 nm (device 1), (B) 10 nm (device 2), (C) 16 nm (device 3), and (D)
21 nm (device 4).

TABLE 1. Summary of the Performance of OPV Devices
1�4 Shown in Figure 3: The Thickness (d), Sheet
Resistance (RSR), and Transmittance (T) of rGO Electrodes
Are Also Listed

Device (d, RSR, T of rGO) Jsc (mA/cm2) Voc (V) FF � (%)

1 (4 nm, 16.0 k�/sq, 88%) 1.74 0.557 0.30 0.28
2 (10 nm, 6.6 k�/sq, 78%) 3.31 0.560 0.31 0.61
3 (16 nm, 3.2 k�/sq, 65%) 4.39 0.561 0.32 0.78
4 (21 nm, 1.6 k�/sq, 55%) 4.24 0.557 0.32 0.77
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while device 3, with 16 nm thick rGO film, starts to
show the drop of Jsc and � at more than 1000 bending
cycles. This indicates the OPV device subjected to the
tensile stress performs more stably when the rGO elec-
trode is relatively thicker. The rGO film is composed of
randomly stacked single-layer rGO sheets, which has
good mechanic flexibility and can recover immediately
after the strain relaxation.56 However, the parallel over-
lapping/contacts between the 2D rGO sheets play a
critical role in the rGO resistance. Frequent bending in-
duces thermal effect, which results in the loosening of
the overlapping/contacts between rGO sheets, thus in-
creasing the sheet�sheet contact resistance and then
the whole resistance of rGO films. In the thicker rGO film
with more stacked rGO sheets, the probability to main-
tain the initial good sheet�sheet contacts and sheet re-
sistance is higher, which enables it to withstand higher
tensile stress. In order to confirm this point, the varia-
tion of sheet resistance has also been monitored for the
pure rGO/PET under the same bending condition. The
transmittance values were observed to be nearly con-

stant for all rGO films before and after bending (Figure

S2 in Supporting Information). However, the sheet resis-

tance increased from 16.0 to 18.0 k�/sq and 3.2 to 3.5

k�/sq, respectively, for the 4 and 16 nm rGO films be-

fore and after 1600 bending cycles (Figure 4C,D). It indi-

cates that the increase in RSR value of rGO films after cer-

tain bending cycles gives the direct impairment on the

device performance. This further demonstrates the de-

pendence of the stability of device performance under

tensile stress on the mechanic stability of the rGO film.

For comparison, the OPV devices were also fabricated in

the same conditions on the commercial ITO-coated

PET wafers (bought from Sigma-Aldrich, measured RSR

� 120 �/sq), referred to as ITO/PET. However, the brittle

nature of the ITO electrode leads to the obvious crack-

ing of ITO film upon bending (see Figure S4D in the

Supporting Information). This directly increased the RSR

value of ITO/PET, thus degrading the device perfor-

mance dramatically, which was observed from the J�V

curves in Figure S4A and the values of RSR, Jsc, and � as

the function of bending cycles in Figure S4B. Therefore,

it is worth noting that the fact that 16 nm rGO-film-

based OPV devices are able to sustain a thousand bend-

ing cycles (2.9% tensile strain) indicates the highly me-

chanical flexibility of chemically derived rGO films.

CONCLUSIONS
Flexible, chemically derived rGO film was success-

fully transferred onto PET and thus used as the transpar-

ent, conductive electrode for OPV devices. A high de-

pendence of device performance on the sheet

resistance of rGO film, which determines the charge

transport efficiency, was observed if the optical trans-

mittance of rGO film was above 65%. In the low opti-

cal transmittance of rGO film (	65%), the transparency

of rGO film, which determines the light transmission ef-

ficiency, dominates the device performance. Upon ap-

plication of the external tensile stress, the rGO-film-

based OPV devices can sustain a thousand cycles of

bending. This demonstrates the highly mechanical flex-

ibility of chemically derived rGO thin films. Importantly,

our study paves a way to develop rGO films for wide ap-

plications in future flexible organic optoelectronics.

MATERIALS AND METHODS
Preparation of rGO Films on PET Substrates. Graphene oxide (GO) in

methanol was synthesized from graphite powder by a modified
Hummers method.60,61 A 0.2 mg/mL graphene oxide (GO) solu-
tion in methanol was spin-coated at 4000 rpm onto a precleaned
SiO2/Si substrate (Bonda Tech, Singapore) to form GO film. The
thickness of obtained GO film can be controlled by the spin-
coating conditions. Subsequently, thermal annealing in Ar/H2

(v/v � 1:1) at 1000 °C for 2 h was applied to reduce the GO film,
and the reduced graphene oxide (rGO) film on SiO2/Si (i.e., rGO/
SiO2/Si) was obtained. Then, �300 nm thick polymethyl meth-
acrylate (PMMA, Sigma-Aldrich) was coated on rGO/SiO2/Si fol-

lowed by annealing at 170 °C for 2 h to dry the PMMA film.
Successively, SiO2 was etched away in 2 M NaOH solution at 70
°C, and the PMMA-supported rGO film (i.e., PMMA/rGO film) was
obtained. After the 0.3 mm thick PET substrate (3M, USA) was
cleaned in ethanol and Milli-Q water (18.2 M� · cm) followed by
the O2 plasma treatment to create the hydrophilic surface, the
PMMA/rGO film was transferred onto PET and then carefully
dried with N2 gas. The hydrophilic PET surface benefits to make
the PMMA/rGO film smooth during drying with N2. The PMMA/
rGO/PET was dried at 80 °C for 1 h before the top PMMA film was
etched with acetone. Finally, the obtained flexible, transparent
rGO/PET electrode was baked at 150 °C for 2 h before it was used
for the OPV device fabrication.

Figure 4. J�V curves of (A) device 1 (see Figure 3A) after applying (i)
400, (ii) 800, and (iii) 1200 cycles of bending, and (B) device 3 (see Fig-
ure 3C) after applying (I) 800, (II) 1200, and (III) 1600 cycles of bend-
ing. Note that the J�V curves of unbent device 1 and device 3 are not
plotted because they are almost the same as curve i in (A) and curve I
in (B), respectively. The short-circuit current density (Jsc), overall power
conversion efficiency (�), and the sheet resistance (RSR) of device 1
and device 3 are plotted as a function of bending cycles in (C) and (D),
respectively. Inset in (A): photograph of the bending�relaxing experi-
ments of the OPV device.
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AFM images were obtained using Dimension 3100 (Veeco,
CA) in tapping mode with a Si tip (Veeco, resonant frequency,
320 kHz; spring constant, 42 N m�1) under ambient conditions
with a scanning rate of 1 Hz and scanning line of 512.

Fabrication of OPV Devices on rGO/PET. First, the prepared rGO/PET
was treated with O2 plasma to generate the hydrophilic surface
of rGO. The PEDOT:PSS (Sigma-Aldrich) solution (filtered through
a 0.45 �m PVDF filter) was spin-coated onto the plasma-treated
rGO/PET at 3000 rpm for 60 s. The resulting PEDOT:PSS/rGO/PET
was transferred into a N2-purged glovebox and then baked at
140 °C for 10 min. The following steps for device fabrication were
all processed in the glovebox. P3HT (Rieke Metals, 4002-EE highly
regioregular) and PCBM were dissolved in 1,2-dichlorobenzene
(o-DCB), that is, 10 mg of P3HT and 8 mg of PCBM dissolved 1 mL
of o-DCB, to obtain the P3HT:PCBM mixed solution, which was
spin-coated at 700 rpm on the top of PEDOT:PSS/rGO/PET to
form the BHJ active layer. The obtained film was dried at room
temperature for 45 min. Then the �200 �L of homemade TiO2

nanoparticle ethanolic solution was spin-coated onto the BHJ
layer at 2000 rpm for 60 s to form the TiO2 layer. The prepara-
tion of TiO2 nanoparticles follows a previous report.62 The TiO2

sol was prepared by hydrolysis of titanium isopropoxide in a mix-
ture of ethanol and HCl. After 10-fold dilution with ethanol, the
obtained 3 mM TiO2 sol was heated in an autoclave at 160 °C for
16 h to form the TiO2 nanoparticles with the size of �10 nm
(see Figure S3 in Supporting Information). To complete the de-
vice fabrication, Al electrode was deposited onto the TiO2 layer
through thermal evaporation. Finally, 20 min annealing at 150 °C
was applied to all devices before the characterization. All of the
measurements of current density versus voltage (J�V) were car-
ried out at ambient conditions, and the illuminated light inten-
sity used during the measurements is kept at 100 mW/cm2.
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