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P
olymer solar cells have attracted consid-
erable interest for fabricating low-cost,
large-area, and mechanically flexible

photovoltaic devices,1�3 though the effi-
ciency is still low compared to that of con-
ventional inorganic counterparts. Another
inherent advantage of polymer solar cells is
the possibility to realize semitransparent
photovoltaic device structures, which can be
utilized in novel applications such as power-
generated windows for buildings and auto-
mobiles4 andmultijunction solar cells formed
by stacking two or more devices with differ-
ent spectral responses.5 Several semitrans-
parent organic photovoltaic devices have
been demonstrated using various types of
transparent electrodes, such as indium tin
oxide (ITO),6 conducting polymer,7 and nano-
wire meshes8 on top of the photoactive
layers. Graphene, which consists of a single-
atom-thick plane of carbon atoms arranged
in a honeycomb lattice, has demonstrated
excellent carrier transport arising from a
unique two-dimensional (2D) energy dis-
persion.9 In addition, graphene also exhibits
a high transparency, with a transmittance of
97.6% from single-layer graphene,10 mak-
ing it a promising candidate for transparent
electrode applications. One critical issue in
the fabrication of semitransparent organic
solar cells is that the electrode must be
deposited on top of the cell without dama-
ging the underlying organic photoactive
layer to establish a good electrode contact.
Although several studies have reported on
the graphene-based electrode for replacing
the ITO bottom electrode in organic photo-
voltaic devices,11�13 until now, the use of
the graphene top electrode in organic photo-
voltaics is still very limited. In this article, we

demonstrate a simple lamination process
for depositing the graphene electrode on
top of a polymer photovoltaic device, result-
ing in a semitransparent polymer solar cell
with a power conversion efficiency of over
75% of that of the standard opaque device
using an Agmetal electrode. The lamination
process involves the simultaneous thermal
releasing deposition of the graphene top
electrode during thermal annealing of the
photoactive layers and can be fully inte-
grated with the roll-to-roll fabrication pro-
cedures of polymer solar cells.
The conventional polymer solar cells

usually consist of a device structure of ITO/
PEDOT:PSS/photoactive layer/Al. Promising
power-conversion efficiencies (PCEs) of 4�5%
have been achieved using a blend consist-
ing of a poly(3-hexylthiophene) (P3HT) and
a fullerene derivative, [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM).14 However,
the rapid oxidation of the Al top electrode
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ABSTRACT In this article, we demonstrate a semitransparent inverted-type polymer solar cell

using a top laminated graphene electrode without damaging the underlying organic photoactive

layer. The lamination process involves the simultaneous thermal releasing deposition of the

graphene top electrode during thermal annealing of the photoactive layer. The resulting

semitransparent polymer solar cell exhibits a promising power conversion efficiency of approxi-

mately 76% of that of the standard opaque device using an Ag metal electrode. The asymmetric

photovoltaic performances of the semitransparent solar cell while illuminated from two respective

sides were further analyzed using optical simulation and photocarrier recombination measurement.

The devices consisting of the top laminated transparent graphene electrode enable the feasible roll-

to-roll manufacturing of low-cost semitransparent polymer solar cells and can be utilized in new

applications such as power-generated windows or multijunction or bifacial photovoltaic devices.
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usually causes instability and degradation of device
performance. An alternative type of so-called inverted
device architecture, where the anode and cathode are
reversed, was found to overcome this problem by
using an air-stable, high-workfunction metal such as
Ag or Au as the top electrode.15 Here, we will utilize the
laminated graphene electrode to replace the topmetal
electrode for fabricating a semitransparent inverted
polymer solar cell with a device structure consisting of
ITO/ZnO/P3HT:PCBM/graphene oxide (GO)/graphene
top electrode, as shown in Figure 1. For the fabrication
of an inverted-type device, a thin ZnO layer was first
deposited on top of the ITO electrode to act as the
electron-selective layer to block hole transporting.16

The P3HT:PCBM hybrid photoactive layer was depos-
ited on top of the thin ZnO layer with a typical
thickness of 250 nm. In our previous work, we demon-
strated that graphene oxide (GO), which is a graphene
sheet functionalized with oxygen groups and contain-
ing a large fraction of sp3-hybridized carbon atoms, is a
promising candidate for replacing the conventional
PEDOT:PSS to act as a hole transporting layer.17 The GO
thin film with an average thickness of∼2 nm was thus
deposited from neutral solutions on top of the P3HT:
PCBM hybrid photoactive layer (step A, Figure 2a). The
thin GO film consists of many individual GO flakes with
lateral dimensions ranging from 5 to 10 μm.17,18 The
device consisting of the structure ITO/ZnO/P3HT:
PCBM/GO was thus kept in the glovebox for further
deposition of the top electrode.
For the preparation of the graphene top electrode,

we synthesized a graphene film grown on copper foil
using chemical vapor deposition (CVD) processes.19

After growth, the surface of the graphene film with
copper foil was attached to thermal release tape (Nitto
Denko). Then, the copper foil was etched by immersing
the sample into an iron nitrate solution (0.4 g/mL) (step
B, Figure 2a). The graphene film with thermal release
tape was rinsed with deionized water to remove the
residual etchant and then dried by N2 flow. Because a
single layer of graphene does not have sufficiently high
sheet conductivity, multilayer stacking of the graphene
films is usually required to obtain higher sheet con-
ductance. In this work, we modified the roll-to-roll pro-
duction method that was reported by S. Bae et al.20 to
transfer the graphene film. Instead of using thermal
release tape while transferring each layer of graphene,
we used only the first layer of graphene with thermal
release tape to be attached onto the second layer of
graphene on copper foil (step C, Figure 2a), which was
subsequently rolled by the roller. After etching the
copper foil, the two-layer graphene film with thermal
release tape was further attached to another graphene
on copper foil to obtain a three-layer graphene, which
canminimize the possible contamination from a residual
organic impurity between the graphene layers during
film transfer.11 Here, we used amaximum of four layers

of graphenewith one thermal release tape during each
transfer to other substrates or devices, followed by the
removal of the top thermal release tape. The procedures
were repeated to obtain a graphene electrode with
optimal conductance and transparency. The crystalline
quality of thegraphenefilms consistingof different layers
as transferred onto the glass substrate was first ana-
lyzed by Raman spectroscopy, as shown in Figure 2b.
The G peak (∼1583 cm�1) of the graphene Raman
spectrum corresponds to the E2g phonon at the Bril-
louin zone center, whereas the D peak (∼1320 cm�1) is
caused by the breathingmode of sp2 atoms and is acti-
vated by the existence of defects.21 Because the width
and shape of a 2D peak (∼2642 cm�1) are highly related
to the layer number and stacking order, no obvious
change in the intensity ratios of I2D/IG suggests that the
sequentially transferred graphene layers were of ran-
dom stacking order.22 In addition, a low-defect-related
D-band peak was observed, indicating that the as-grown
graphene films are of high crystalline quality. The trans-
mittance of the graphene film is reduced about 2�3%
as each layer of graphene was added, as shown in
Figure 2c, and the sheet resistance of the graphene film
decreases with increasing number of layers, as shown
in Figure 2d. For the deposition of the top graphene
electrode, the graphene film with thermal release tape
was thus placed on top of the ITO/ZnO/P3HT:PCBM/GO
device followedby the removal process (Figure 2a, stepD).
In the fabrication of polymer solar cells, thermal an-
nealing is a widely used approach for improving the
power conversion efficiency of devices by controlling
the nanoscaled morphology of a P3HT:PCBM blend.14

The removal of thermal release tape from the gra-
phene film was thus simultaneously conducted during
thermal annealing treatment, where the entire device
of ITO/ZnO/P3HT:PCBM/GO/graphene film with ther-
mal release tape was heated on a hot plate at 120 �C,
and the total annealing/releasing time of the device
was controlled to be 10 min. All simultaneous thermal
annealing/releasing procedures were conducted in the

Figure 1. Semitransparent inverted polymer solar cell with
a structure of ITO/ZnO/P3HT:PCBM/graphene oxide (GO)/
graphene top electrode.
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glovebox. The cross-sectional SEM image of the semi-
transparent solar cell consisting of a device structure of
ITO/ZnO/P3HT:PCBM/GO/graphene top electrode (six
layers) is shown in Figure 3a, and the morphological
image of the top laminated graphene electrode revealed

by atomic force microscopy (AFM) is also shown in
Figure 3b. The semitransparent polymer solar cell with
both cathode (ITO) and anode (graphene) being trans-
parent is shown in the inset of Figure 3c. The area of
each device is about 10 mm2. The transmittance
spectrum of the semitransparent solar cell is shown
in Figure 3b, and a high transparencywithwavelengths
beyond 700 nm was obtained where P3HT/PCBM has
no absorption, whichmakes the graphene-based semi-
transparent solar cells a promising candidate for the
applications of power-generated windows or multi-
junction solar cells.
Figure 4a,b plots the current�voltage characteristics

of the semitransparent polymer solar cells consisting of
the top laminated graphene electrodes with various
number of graphene layers with light shining from the
ITO side or the graphene side, respectively (A.M. 1.5
illumination, 100 mW cm�2). For comparison, the device
performance of a standard opaque inverted device
consisting of the Ag top electrode with a structure of
ITO/ZnO/P3HT:PCBM/GO/Ag is also shown, exhibiting
a short circuit current (Jsc) of 11.5 mA/cm2, an open
circuit voltage (Voc) of 0.52 V, and a fill factor (FF) of
0.55, yielding a power conversion efficiency of 3.30%.
Table 1 summarizes the photovoltaic performances of
these devices. All the semitransparent devices show a
similar Voc of 0.54 V, regardless of whether the light was

Figure 2. (a) Fabrication of the ITO/ZnO/P3HT:PCBM/GO device before depositing the top electrode (step A). Top lamination
processes of graphene electrodes by the graphene film transferring (steps B, C) and thermal annealing/releasing processes
(step D). (b) Raman spectroscopy of the graphene films consisting of one, two, and three layers on a glass substrate. (c and d)
Transmittance and sheet resistance of the graphene films on a glass substrate consisting of various numbers of layers.

Figure 3. (a) Cross-sectional SEM image and (b) morpholo-
gical AFM image of the device structure of the ITO/ZnO/
P3HT:PCBM/GO/graphene top electrode (six layers). (c)
Transmittance of this semitransparent polymer solar cell. A
picture of the semitransparent device is shown in the inset.
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incident from the ITO or graphene side. The semitran-
sparent devices through illumination from the ITO side
exhibit larger Jsc and higher PCEs compared to devices
illuminated from the graphene side. As illuminated
from the ITO side, the semitransparent device achieves
a best PCE of 2.50% when the device consists of a top
electrode with 10 layers of graphene, corresponding to
76% of that of the standard opaque cell. Further
increase in the layer number of the graphene electrode
does not cause a remarkable change in the PCE as
illuminated from the ITO side. By contrast, while illu-
minated from the graphene side, the semitransparent
device consisting of eight layers of graphene exhibits
an optimal PCE of 2.04%, which is approximately 62%
of that of the standard cell. Figure 4c shows the current�
voltage characteristics of the standard cell and semi-
transparent cell consisting of eight layers of graphene
as the top electrode under illumination from the ITO
side or the graphene side, respectively. The correspond-
ing external quantumefficiencies (EQEs) of these devices

are also shown in Figure 4d. Interestingly, when both
sides of the semitransparent device were simulta-
neously illuminated under the same light source (100
mW cm�2) at an incident angle of 45� to both electro-
des of the device using a reflectedmirror set (Supporting
Information), the Jsc and Voc of the device were in-
creased to 14.8mA cm�2 and 0.55 V, respectively, while
the FF slightly decreased to a value of 0.41, suggesting
the potential application of the graphene-based semi-
transparent solar cells in the bifacial photovoltaic
devices.23

Figure 5a exhibits the dark current�voltage char-
acteristics of the semitransparent (eight layers of
graphene) and standard devices on a semilogarithmic
scale. Although the semitransparent solar cell with the
graphene top electrode exhibits good diode behavior
with a rectification ratio of approximately 3 orders in
magnitude at biases (1 V, the device is much more
resistive in the forward bias region with a higher serial
resistance (8.62 Ω cm2) compared to that of the
standard cell (2.33Ω cm2). The higher serial resistance
of the semitransparent device is mainly attributed to a
larger sheet resistance of the graphene electrode and
also a larger contact resistance between the polymer
blend and the anode. In addition, the asymmetric
photovoltaic performances of the semitransparent
device as illuminated from two respective sides with
a larger difference in Jsc (∼30%) accompanied by diffe-
rent shapes of EQE spectra were also observed. To
further clarify this effect, we performed the transient
photovoltage (TPV) measurement to probe the photo-
carrier recombination behaviors of the semitransparent

Figure 4. (a and b) Current�voltage characteristics of the semitransparent polymer solar cells consisting of various number
of top graphene layers with light shining from the ITO side or the graphene side, respectively (A.M. 1.5 illumination, 100mW/
cm2). (c and d) Device performances and EQEs of the standard cell and semitransparent cell consisting of eight layers of
graphene as illuminated from the ITO side and the graphene side. The device performance of the semitransparent cell under
simultaneous illumination from both sides is also shown in (c).

TABLE 1. Summary of the Device Performances of the

Semitransparent Polymer Solar Cells under Illumination

(A.M. 1.5, 100 mW/cm2) from the ITO Side and the

Graphene Side (parentheses) and the Device

Performance of the Reference Standard Opaque Device

ITO (graphene) Voc (V) Jsc (mA/cm
2) FF PCE (%)

10 layers 0.54(0.54) 10.50(7.35) 0.44(0.47) 2.50(1.88)
8 layers 0.54(0.54) 10.10(7.70) 0.44(0.49) 2.40(2.04)
6 layers 0.54(0.54) 8.62(5.71) 0.39(0.44) 1.82(1.36)
3 layers 0.54(0.54) 4.05(3.19) 0.32(0.33) 0.69(0.57)
standard cell (Ag electrode) 0.52 11.5 0.55 3.30
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solar cell with different illuminating directions, as shown
in Figure 5b. The details of the TPV measurement have
been described elsewhere.24 Briefly, devices were illu-
minated by white light and operated at the steady-
state Voc condition. A small perturbed short laser pulse
was used to generate extra photocarriers having a
recombination lifetime of τ, as indicated by the tran-
sient decay of the photovoltage. The recombination
rate krec of the device is therefore proportional to 1/τ.
The recombination lifetime τ in the semitransparent
device was found to be longer as illuminated from the
ITO side (35.7 μs) than that from the graphene side
(18.6 μs). Because the same device was used for two
respective measurements, the lower recombination
rate of the device illuminated from the ITO side is mainly
attributed to the higher carrier collection efficiency as a
result of lower sheet resistance of ITO. The standard
opaque cell exhibits an even longer recombination time
(66.3 μs) than the semitransparent device, indicating a
more efficient carrier collection.
Finally, we examined the power flux distribution of

incident light inside the semitransparent device as
illuminated from two respective sides using the three-
dimensional finite difference time domain (3D-FDTD)
simulation (Fullwave, RSoftDesignGroup). For comparison,
the transmittancesof the ITO/glass andgraphene/graphene

oxide electrodes within the whole solar light spectrum
are shown in the Supporting Information. The FDTD
method discretized Maxwell's equations by the central
difference in time and space and numerically solved
the equations to provide insight into the near-field
optical behaviors. The quantity of power flux gives the
time-average magnitude of the Poynting vector, re-
presenting the energy flow in the near field. The
simulated structure was based on themultilayer device
model of ITO(150 nm)/ZnO(10 nm)/P3HT:PCBM(250 nm)/
GO(2 nm)/graphene(8 nm), and all the simulated op-
tical parameters of refractive indices were obtained
from the values reported in the literature.25�29 The
details of the simulation parameters are also included
in the Supporting Information. The incident light with a
wavelength of 550 nm at which P3HT has a larger
absorption coefficient was used in the simulation. The
thin graphene electrode has about 15% light absorp-
tion, and the light-harvesting efficiency of the P3HT:
PCBM active layer is slightly lower (∼5%) as illuminated
from the graphene side than that as illuminated from
the ITO side, as shown in Figure 6. Because the active
layer of the semitransparent device is comparably thick
(∼250 nm), a higher density of excited carriers is close
to the incident electrodes, regardless of whether
the light was incident from the ITO or graphene side.

Figure 5. (a) Dark current�voltage characteristics of the standard cell and the semitransparent cell (eight layers) on a
semilogarithmic scale. (b) Transient photovoltage (TPV) decay curves of the standard cell and the semitransparent cell
measured from two different illuminating directions. Devices were illuminated by white light with a power intensity of 50
mW/cm2.

Figure 6. Powerflux distributions of incident light inside the semitransparent device as illuminated from two respective sides
using the 3D-FDTD simulation.
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The power flux in the middle of the active layer was re-
duced to about 10%, and very low transmitted power
reached the other side. Since the concentrations of
photogenerated carriers of electrons and holes de-
crease exponentially with absorption depths, the device
performance is expected to depend strongly on the
collection efficiency of the incident electrode, giving
asymmetric photovoltaic behavior of the graphene-
based semitransparent solar cell. The effect of the
asymmetric photovoltaic performance on the incident
electrodes is expected to be stronger when the inci-
dent light has a shorter penetration depth. This can
explain the larger EQE difference under the illumina-
tions from the two different sides (ΔEQE(λ)) at the

wavelengths with higher absorption of the active layer,
as shown in Figure 4d.
In this work, we demonstrate a semitransparent

organic photovoltaic device that uses a top laminated
graphene electrode on an inverted-type polymer solar
cell using a simultaneous thermal releasing/annealing
technique. The deposition of the top graphene elec-
trode is fully compatible with the roll-to-roll manufac-
turing in the future market integration of low-cost
plastic solar cells. Further optimization in the conduc-
tivity of the graphene electrode by chemical doping or
defect reduction is the next step for improving the
performance of graphene-based semitransparent solar
cells.

EXPERIMENTAL SECTION

Preparation of Graphene and Graphene Oxide. A polycrystalline Cu
foil, purchased from Nilaco, was placed on a hot wall furnace
consisting of a 1.5 in. fused silica tube. The furnace was then
heated to 950 �C. Typically, a reduction process was conducted
in H2 flow for∼30 min prior to the introduction of CH4. With H2

flow, CH4 was then introduced for graphene growth with a flow
rate of 50 and 10 sccm for H2. After a growth time of 15min, CH4

was then shut off and the systemwas cooled in a H2 or Ar flow to
reach room temperature. The whole procedure was conducted
at low pressure (typically∼500mTorr during the growth stage).
Graphene oxide was obtained from purified natural graphite
powder (SP-1, Bay Carbon) using the modified Hummers meth-
od as reported in ref 18. As-synthesized GO was dispersed in
deionized water with a concentration of 8 mg/mL and then
diluted by IPA (isopropyl alcohol) with a 1:1 volume ratio for
deposition of GO thin films.

Device Fabrication. A semitransparent solar cell was fabricated
with a standard inverted structure replacing the PEDOT:
PSS hole transporting layer by GO and the top metal electrode
by the laminated graphene film. The resulting device structure
was ITO/ZnO/P3HT:PCBM/GO/graphene. ITO substrates were
etched and cleaned with solvents. The substrates were further
treated with oxygen plasma for 5 min before the deposition of
the ZnO layer, which was prepared by the sol�gel method,
acting as an electron-selective layer. Zinc acetate dihydrate
(Zn(CH3COO)2 3 2H2O) was dissolved in a mixture of 1-propanol
(CH3CH2CH2OH) and ethanolamine (NH2CH2CH2OH) solution
under stirring at 60 �C for 1 h for the hydrolysis reaction. The
molar ratio of ethanolamine to zinc acetatewasmaintained at 1,
and the concentration of zinc acetate was 0.02 M. The as-
prepared ZnOprecursor was then spin-coated on ITO substrates
and air annealed at 200 �C for 1 h. The photoactive layer was
deposited on top of the ZnO layer by spin coating using a 1:1
weight ratio blend consisting of P3HT (Rieke Metal) and PCBM
(Nano-C) dissolved in chlorobenzene (20 mgmL�1) followed by
the deposition of GO. Finally the devices were completed with
laminated graphene as a top electrode and thermal evaporation
of Ag (100 nm) for a standard cell.

Materials and Device Characterizations. UV�visible absorption
spectra were obtained using a Jasco V-570 UV/vis/NIR spectro-
photometer. The Raman measurement was conducted using a
633 nm laser excitation. Current�voltage characteristics
(Keithley 2410 source meter) were obtained by using a solar
simulator (Newport Inc.) with the A.M. 1.5 filter under an
irradiation intensity of 100 mW/cm2. For the transient photo-
voltage decay measurement, the devices were measured at
open-circuit conditions under illumination from the solar simu-
lator with adjustable intensities. A small perturbation generated
by a pulse from a frequency-doubled Nd:YAG pulsed laser

(λ = 532 nm, repetition rate = 10 Hz, duration ∼5 ns) was used.
The transient decay signals were recorded by a digital oscillo-
scope (Tetronix TDS5052B).
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