
LIU ET AL . VOL. 6 ’ NO. 1 ’ 810–818 ’ 2012

www.acsnano.org

810

December 11, 2011

C 2011 American Chemical Society

The Application of Highly Doped
Single-Layer Graphene as the Top
Electrodes of Semitransparent Organic
Solar Cells
Zhike Liu, Jinhua Li, Zhen-Hua Sun, Guoan Tai, Shu-Ping Lau, and Feng Yan*

Department of Applied Physics and Materials Research Centre, The Hong Kong Polytechnic University, Hong Kong, China

G
raphene has attracted much atten-
tion recently for its fascinating physi-
cal properties, including Dirac Fermi

behavior,1,2 high carriermobility,3,4 excellent
mechanical flexibility and transparency,3

etc. Since indium tin oxide (ITO) becomes
more expensive due to limited resources of
indium, graphene has been recognized as
an important material for transparent elec-
trodes in optoelectronic devices in the fu-
ture, including solar cells,5�9 light emission
diodes, photo sensors,10 and transparent
thin film transistors.11 In addition, graphene
shows much better mechanical flexibility
than ITO and metal electrodes. Therefore it
is suitable for the applications inflexible elec-
tronics.5 Recently, graphene has been used
as transparent electrodes for both organic
and dye-sensitized solar cells in many re-
search groups. However, the research is still
at the early stage and the performance of
such devices has not been as good as that of
the devices with ITO electrodes since the
conductivities of graphene electrodes are
relatively low.12�15 For example, Arco et al.
reported a flexible organic solar cell with a
0.75mm2grapheneelectrode,which showed
a power convention efficiency (PCE) up to
1.3%.5 Park et al. reported organic solar
cells with Au-doped graphene electrodes
(1.21 mm2), and the maximum PCE of such
device was 1.63%.7 Wang et al. reported an
organic solar cell using a lay-by-layer stac-
ked graphene anode (4 mm2) with a PCE of
2.5%.9 Nevertheless, we can find that the
device performance has been improved by
various approaches, such as using stacked
multilayer graphene or chemically doped
graphene films,7,9,12 indicating that graphene
is a promising material for transparent elec-
trodes of organic solar cells. It is notable that
all of the graphene electrodes used in the

aforementioned devices were multilayer
graphene films. To be a transparent elec-
trode, single-layer graphene is preferred for
its better transparency, which will be stu-
died in this paper. Another drawback of the
reported organic solar cells with graphene
electrodes is the small active area. The big-
gest area of such devices is only 10 mm2,
which may lead to an overestimation of the
PCE due to edge effect.16 It is reasonable to
expect that large area organic solar cells
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ABSTRACT

A single-layer graphene film with high conductance and transparency was realized by effective

chemical doping. The conductance of single-layer graphene was increased for more than 400%

when it was doped with Au nanoparticles and poly(3,4-ethylenedioxythiophene): poly(styrene

sulfonic acid). Then semitransparent organic solar cells based on poly(3-hexylthiophene)

(P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) were fabricated with single-layer

graphene and indium tin oxide (ITO) as the top and bottom electrodes, respectively. The

performance of the devices was optimized by tuning the active layer thickness and doping the

single-layer graphene electrodes. The maximum efficiency of 2.7% was observed in the devices

with the area of 20 mm2 illuminated from graphene electrode under the AM1.5 solar

simulator. It is notable that all of the devices showed higher efficiency from the graphene than

ITO side, which was attributed to the better transmittance of the graphene electrodes. In

addition, the influence of the active area of the organic solar cell on its photovoltaic

performance was studied. We found that, when the active areas increased from 6 to 50 mm2,

the power conversion efficiencies decreased from 3% to 2.3% because of the increased series

resistances and the decreased edge effect of the devices.

KEYWORDS: organic solar cell . graphene . PEDOT:PSS . doping . conductance .
field effect transistor

A
RTIC

LE



LIU ET AL . VOL. 6 ’ NO. 1 ’ 810–818 ’ 2012

www.acsnano.org

811

with single layer graphene can be fabricated more
conveniently compared with the ones with multilayer
graphene that needs to be transferred and stacked for
many times.9

Besides its use as the bottom electrode for organic
solar cells, we find that graphene is an excellent
candidate for the top electrode of a semitransparent
organic solar cell since large area graphene films can
be easily transferred to the top of various substrates by
a solution process at room temperature.17 Semitran-
sparent solar cells are very useful in some special appli-
cations, such as power-generating tinted thin films
coated on electrical appliances, windows, foldable cur-
tains, buildings, and clothes, etc.18 In such a semitran-
sparent solar cell, transparent electrodes will be used
as both cathode and anode. Therefore the device can
absorb light from both sides and can be integrated
with other solar cells to form tandem devices.19 How-
ever, the efficiency of a semitransparent solar cell is
relatively low because the light absorption is lower
than that in a normal device which contains a metal
electrode that is able to reflect light and increase the
light absorption of the active layer. For example, Lunt
et al. reported a semitransparent organic solar cell with
a PCE of 1.3%.20 Ameri et al. showed semitransparent
solar cells by using an ITO layer as cathode and a Ag
grid as anode, which can be illuminated on both sides
with PCE up to 2%.18 Xia et al. reported a infrared tran-
sparent polymer solar cell by using carbon nanotube

electrodes, and an efficiency up to 2.5%was realized.21

Huang et al. reported a semitransparent solar cell by a
laminating process with two ITO electrodes, and the
maximum power efficiency of 3.2% was obtained.22

In this paper, we report the fabrication of a semi-
transparent organic solar cell based on poly(3-hexyl-
thiophene) (P3HT) and phenyl-C61-butyric acidmethyl
ester (PCBM) with a single-layer graphene as top
electrode. The devices have been optimized by tuning
the active layer thickness and changing the conduc-
tance and the work function of single-layer graphene
by doping Au nanoparticles and poly(3,4-ethylenedio-
xythiophene)/poly(styrene sulfonic acid) (PEDOT:PSS)
solution. The maximum PCE of the semitransparent
solar cell with the active area of 20 mm2 illuminated
from graphene electrode is 2.7%. Then the influence of
the active area on the device performance is studied.
We find that the PCE of the device decreases from 3%
to 2.3% with the increase of the size from 6 to 50 mm2,
which can be attributed to both the increased series
resistance and the decreased edge effect of the device.

RESULTS AND DISCUSSION

Large-area single-layer graphene films were synthe-
sized on copper foils with the chemical vapor deposi-
tion (CVD) method.17 Then the graphene films were
transferred onto various substrates by coating PMMA
layers on the top.23 A single-layer graphene film after
the transfer has been characterized under Raman

Figure 1. (a) TEM picture of a single-layer graphene film doped with Au nanoparticles. Inset: Diffraction pattern of the Au-
doped graphene film. Red and blue circles present the diffraction patterns of graphene and Au, respectively. (b) Light
transmittance of single-layer graphene before and after Au doping, Au-doped graphene/PEDOT:PSS, and ZnO/ITO films on
glass substrates. (c) Sheet resistance of a single-layer graphene as a function of treatment time inHAuCl4 solution. (d) Transfer
characteristics (IDS vs VG) of graphene transistors with different chemical doping. VDS = 0.5 V.
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spectroscopy (see Supporting Information, Figure S1).17

To increase the conductances of the graphene films,
we put the films in HAuCl4 solution for a certain period
of time (i.e., treatment time) before they were trans-
ferred onto substrates.12 Figure 1a shows the TEM
image of a single layer graphene film after the treat-
ment of HAuCl4. The diffraction pattern in the inset
shows that the graphene film is polycrystalline.24 Lots
of Au nanoparticles with the average diameter of
30 nmcan beobserved on the graphene after the treat-
ment, which has been regarded as p-type doping due
to the higher surface potential of Au than that of gra-
phene (i.e., Auparticle receiveelectrons fromgraphene).12

Figure 1b shows the transmittance of a graphene on
glass substrate before and after the treatment. An ab-
sorption peak with a height of about 5% can be ob-
served at the wavelengths around 540 nm, which is
due to the surface plasmon resonance absorption of
Au nanoparticles.25 Figure 1c shows the sheet resis-
tance of graphene film as a function of treatment time.
One can find that the sheet resistance is decreased by
43%after a treatment longer than 30min. Further treat-
ment cannot decrease the resistance anymore.
To better understand the doping effect in graphene

films, graphene transistors have been fabricated on
nþSi/SiO2 substrates. Graphene films with or without
Au-doping have been transferred on the substrates
followedby thedeposition of Au source/drain electrodes.
The nþSi substrates were used as the gate electrodes of
the transistors. Figure 1d shows the transfer character-
istics (IDS versus VG, VDS = 0.5 V) of the devices fabricated

at different conditions, where IDS is the channel current,
VDS is the drain voltage, and VG is the gate voltage. For
the device with a pristine graphene film, the Dirac
point is at the gate voltage of about 25 V, indicating
p-type doping behavior of the graphene probably due
to the absorbed water.1 The device with Au-doped
graphene shows the Dirac point at about 80 V, which
means that the graphene with Au nanoparticles re-
ceives heavier p-type doping. Here, the doping time of
the graphene film in HAuCl4 is 30 min. It is notable that
the channel current at zero gate voltage is increased
for more than 100% after Au-doping, which corre-
sponds to the decrease of the sheet resistance of
graphene for about 50%, being consistent with the
results shown in Figure 1c.
To further increase the conductance of the graphene

film, we coated a thin PEDOT:PSS layer (∼30 nm) on top
of the Au-doped graphene film followed by thermal
annealing at 120 �C for 20min in a glovebox. Because a
PEDOT:PSS film is p-doped and has a work function
(about 5 eV) higher than that of graphene (about
4.6 eV),12,26,27 electrons will transfer from graphene
to PEDOT:PSS film after the coating and thus the gra-
phene filmwill be dopedwith holes (i.e., p-type doping).
The transfer characteristic of the transistor shows an
obvious p-type doping effect by PEDOT:PSS, as shown
in Figure 1d. The Dirac point is moved to the gate
voltage higher than 100 V, which is out of the detect-
able range of the device. The channel current is in-
creased for more than 3 times at zero gate voltage
compared with that of the pristine device, indicating

Figure 2. (a) Schematic diagramof a semitransparent organic solar cell with the structure glass/ITO/ZnO/P3HT:PCBM/PEDOT:
PSS/graphene; (b) band structure of the organic solar cell;28,29 (c) semitransparent solar cell with graphene top electrode. The
edges of the graphene electrode are indicated by black lines; (d) work functions of graphene/PEDOT:PSS electrodes prepared
at different processing conditions.
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that the sheet resistance of the film is decreased for
more than 75% after the coating. The contribution of
the PEDOT:PSS layer in the conductance of the gra-
phene film is estimated to be less than 3%. Therefore
the decrease of the resistance of the graphene film is
mainly due to the p-type doping by PEDOT:PSS solution.
To use the p-doped graphene in organic solar cells

as top electrodes, we can fabricate the devices with the
inverted structure: glass/ITO/ZnO/P3HT:PCBM/PEDOT:
PSS/graphene,22 as shown in Figure 2a. Here, ZnO and
PEDOT:PSS act as electron and hole transport layers,
respectively.28 Figure 2b shows the cascaded band
structure of the inverted solar cell,29,30 which is favor-
able for exciton dissociation and charge transfer to
both electrodes.31 For example, electrons (holes) gen-
erated in the active layer can easily move to the ITO
cathode (graphene anode) for decreased energy at
each interface along this direction. Figure 2c shows a
semitransparent organic solar cell with graphene an-
ode on the top. The size of the active area of the solar
cell is 5 mm � 4 mm, which is much bigger than the
active areas of previously reported organic solar cells
with graphene electrodes.9 It is notable that there are
two gold electrodes deposited on both sides of the
solar cell, which are used to characterize the sheet re-
sistance of the graphene electrode in the device pre-
pared at different processing conditions.
The organic solar cells were fabricated with solution

process as reported before.31�34 It is notable that
graphene electrodes only can be transferred in air. So
all of the devices fabricated in air need to have post-
annealing at 120 �C for 20 min in the glovebox to
remove oxygen and moisture in the active layer, as
explained in our previous paper.32 For each fabrication
condition, three identical devices were fabricated and
the average PCE was calculated. The device perfor-
mance was optimized in the following three steps: (1)
optimize the thickness of the P3HT:PCBM active layer;
(2) dope the graphene electrode with Au; (3) dope the
graphene electrodewith PEDOT:PSS solution. The ideal
thickness of the active layer of an organic solar cell with
a metal electrode is about 200 nm, which is a compro-
misebetween light absorption and charge transport.14,32

However, a semitransparent solar cell shows lower
light absorption than a normal device and a thicker
active layer is thus needed. P3HT:PCBM was dissolved
in chlorobenzene with three different concentrations
(20:16, 25:20, 30:25 mg/mL) and coated on ITO/ZnO
substrates with different thicknesses (200, 308, and
410 nm). Then a PEDOT:PSS layer was coated on the
active layer followed by graphene transfer on the
PEDOT:PSS film as the top electrode.20

The sheet resistance of PEDOT:PSS layer before
graphene transfer was measured to be higher than
3 kΩ/0. After graphene transfer, the graphene/PEDOT:
PSS electrode has a sheet resistance of 550 Ω/0. After
thermal annealing at 120 �C for 20 min, the sheet

resistance is decreased to 470Ω/0. This effect may be
due to the improved adhesion of graphene on PEDOT:
PSS film that leads to p-type doping in graphene. The
sheet resistance is slightly increased to 486 Ω/0 after
the device is packaged and taken out of the glovebox
for measurements. It is notable that the doping effect
of PEDOT:PSS on graphene is much weaker when the
graphene layer is transferred on solid PEDOT:PSS film
compared with the case when the graphene layer is
coatedwith PEDOT:PSS aqueous solution, which is pro-
bably due to the poor adhesion of graphene on the
PEDOT:PSS layer in the former case.
In addition, the surface potential of the graphene

electrodes doped with different conditions have been
characterized using scanning Kelvin probemicroscopy
(SKPM).35 In each sample, a Au electrode was evapora-
tedongraphenefilmand thepotential differencebetween
graphene and Au film was characterized for three
times. Since the work function of Au is 5.0 eV, the work

Figure 3. (a) J�V characteristics (photocurrent density as a
function of voltage) measured from two sides of semitran-
sparent organic solar cells with graphene top electrodes
and different active layer thicknesses. (b) J�V characteris-
tics of an organic solar cell with PEDOT:PSS top electrode.
The thickness of active layer is 410 nm. (c) External quantum
efficiency (EQE) measured from both sides of organic solar
cells with graphene top electrodes and different active layer
thicknesses. The open and solid symbols correspond to
the results characterized from ITO and graphene sides,
respectively.
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functions of the graphene electrodes prepared at dif-
ferent conditions can be decided as shown in Figure 2d.
It is notable that the graphene codoped with Au and
PEDOT:PSS shows the highest work function.
Figure 3a shows the photocurrent densities as func-

tions of bias voltage (J�V) of the organic solar cells with
different active layer thicknesses. The devices were illu-
minated on each side under an AM1.5 solar simulator
with the intensity of 100 mW/cm2. The efficiencies of
the devices increase with the increase of active layer
thickness due to higher light absorption (see Support-
ing Information, Figure S2). The maximum efficiency is
about 1.4%, corresponding to the thickness of about
410 nm, as shown in Table 1. But the fabrication of a
uniform and thicker active layer is technically difficult.
Therefore all of the devices in the following experi-
ments have active layer thicknesses of about 410 nm. A
control experiment showed that the device with only a
PEDOT:PSS top electrodewithout a graphene layer had
an efficiency of ∼0.016%, as shown in Figure 3b and
Table 1. Therefore the graphene top electrode is the
essential part for the organic solar cell. It is notable that
all of the devices showed higher efficiency when they
were illuminated from graphene than from an ITO
electrode. Figure 3c shows external quantumefficiency
(EQE) of the devices. One can find that the quantum
efficiency of the device illuminated from the ITO side is
higher than that from graphene side at the wave-
lengths around 500 nm. However, it is a different case
at shortwavelength regionbelow450nm. This behavior
canbe attributed to the lower transmittance of graphene/
PEDOT:PSS electrode at around 500 nm while higher
transmittance at short wavelengths than that of ITO/
ZnO electrode, as shown in Figure 1b. Since the photon
energy in the short wavelength region (<400 nm) has
the portion of∼6.4% in solar spectrum,36 higher EQE of
the device in this region can induce an evident increase
of PCE. Therefore the different efficiencies of the device
illuminated on two sides can be attributed to the
different light transmittance of front electrodes.
The second step is to improve the conductance of

graphene electrode with chemical doping. Graphene
film was treated with HAuCl4 solution for 30 min. Then

Au-doped graphene film was transferred on PEDOT:
PSS layer of organic solar cell and the sheet resistance
of the electrode characterized afterward is 305 Ω/0.
The resistance is decreased to 284Ω/0 after a thermal
annealing at 120 �C for 20 min and then increased to
293 Ω/0 after packaging. The J�V characteristics and
EQE of the device with Au-doped graphene electrode
are shown in Figure 3. All of the parameters, including
short circuit current (ISC), open circuit voltage (VOC) and
fill factor (FF) are improved, as shown in Table 1. The
PCEs of the device illuminated from graphene and ITO
sides are 1.98% and 1.95%, respectively. The open cir-
cuit voltage is about 40 mV higher than those of the
devices without Au-doping, which can be attributed to
the increase of the work function of the graphene
electrode doped with Au, as shown in Figure 2d.
The third step is to dope graphene film with PEDOT:

PSS aqueous solution in the organic solar cell to de-
crease the sheet resistance of the graphene electrode.
Figure 4a shows the fabrication of the devices with two
approaches. The first is to transfer graphene on PEDOT:
PSS film as described above. The second approach is to
transfer graphene on the P3HT:PCBM active layer of a
device and then doped with PEDOT:PSS aqueous solu-
tion. It is noteworthy that a thinpoly(methylmethacrylate)
(PMMA) layer (thickness: ∼0.5 μm) is spin-coated on
top of the single-layer graphene film before the trans-
fer process. So it is the graphene/PMMA film that is
actually transferred on the active layer of an organic
solar cell and graphene is in contact with the active
layer.17 Then PEDOT:PSS aqueous solution is dropped
on the P3HT:PCBM film beside graphene/PMMA film.
Since graphene is hydrophobic while P3HT:PCBM is
hydrophilic after certain treatment, PEDOT:PSS solu-
tion will be adsorbed on the P3HT:PCBM layer and float
graphene/PMMA film on the top. Then the device is
spun on a spin coater to obtain a very thin PEDOT:PSS
interfacial layer. We find that the graphene/PMMA film
does not show obvious degradation of conductance
after the spin-coating process even at the speed of
8000 rpm. Both graphene electrodes with and without
Au-doping are used in this step. The detailed proces-
sing conditions are shown in the experimental part.

TABLE 1. Photovoltaic Parameters of Semitransparent Organic Solar Cells with Different Active Layer Thicknesses

Characterized from Two Sides

anode active layer thickness illumination side JSC (mA/cm
2) VOC (V) Rs (Ωcm2) FF (%) η (%)

graphene 200 nm ITO 6.27 0.515 59.33 28.1 0.91 ( 0.2
graphene 6.52 0.520 59.42 28.3 0.96 ( 0.2

graphene 308 nm ITO 7.80 0.540 48.85 28.7 1.21 ( 0.1
graphene 7.91 0.542 44.36 29.0 1.25 ( 0.2

graphene 410 nm ITO 8.78 0.539 39.12 28.9 1.34 ( 0.1
graphene 9.07 0.542 39.59 28.5 1.40 ( 0.2

Au-doped graphene 410 nm ITO 10.14 0.578 28.60 33.3 1.95 ( 0.1
Au-doped graphene 10.40 0.581 27.44 32.8 1.98 ( 0.1

PEDOT:PSS 410 nm PEDOT:PSS 0.123 0.49 4624 26.5 0.016
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The sheet resistances of the graphene/PEDOT:PSS
electrodes prepared with the two approaches are then
characterized (see Supporting Information Table S1).
The Au and PEDOT:PSS codoped graphene electrode
shows the resistanceof 152 and 96Ω/0before and after
thermal annealing at 120 �C for 20min, respectively. The
sheet resistance is increased slightly to 105 Ω/0 after
the device packaging. Compared with the pristine
graphene transferred on the dry PEDOT:PSS layer, the
Au and PEDOT:PSS codoped graphene electrode has
the sheet resistance decreased for 80%, corresponding
to the increase of the conductance for 400%, which is
similar to the results observed in the graphene tran-
sistors as shown in Figure 1d. In addition, the transpar-
ency of the graphene/PEDOT:PSS electrode is up to
92% in the visible region shown in Figure 1b, which is
better than multilayer graphene films used in organic
solar cells before.5,9

The J�V characteristics and EQEs of the devices pre-
paredby the secondapproach are shown in Figure 4b,c.

The two devices with graphene or a Au-doped gra-
phene electrode were characterized under a solar sim-
ulator from both sides. It is noteworthy that all of the
photovoltaic parameters of the devices, as shown in
Table 2, are dramatically improved after the PEDOT:PSS
doping. The device with the Au and PEDOT:PSS co-
doped graphene electrode shows the maximum PCE
(2.7%) when it is illuminated from the graphene side,
which is much higher than the value from the ITO side
(2.2%). The different efficienciesmeasured from the two
sides can be attributed to the different transparency
spectra of the two electrodes as shown in Figure 1b.
The fill factor is improved to 43.3% due to the de-
creased sheet resistance of the graphene electrode. In
addition, we can find that the open circuit voltage is
increased for about 20mV on average after PEDOT:PSS
doping, which can be attributed to the increase of the
work function of the graphene electrode, as shown in
Figure 2d. The organic solar cell is very stable after it
was packaged (see Supporting Information, Figure S3).

Figure 4. (a) Schematic diagram of the two approaches for the fabrication of graphene/PEDOT:PSS top electrodes in organic
solar cells. (b) J�V characteristics measured from both sides of semitransparent organic solar cells with pristine or Au-doped
graphene top electrode under solar simulator. Dark currents of the devices are presented aswell. (c) EQEmeasured fromboth
sides of the organic solar cell with Au-doped graphene/PEDOT:PSS top electrode. The open and solid symbols correspond to
the results characterized from ITO and graphene sides, respectively.

TABLE2. Photovoltaic Parameters of SemitransparentOrganic Solar CellswithDifferentGrapheneAnodes andSame ITO

Cathodes

anode illumination side JSC (mA/cm
2) VOC (V) Rs (Ωcm2) FF (%) PCE η (%) average PCEa η (%)

graphene/PEDOT:PSS ITO 8.15 0.53 21.81 37.7 1.63 1.60 ( 0.18
graphene 9.08 0.56 21.81 39.6 2.02 2.01 ( 0.25

Au�graphene/PEDOT:PSS ITO 9.79 0.58 12.21 39.1 2.22 2.12 ( 0.22
graphene 10.58 0.59 12.21 43.3 2.70 2.60 ( 0.15

Au�graphene/PEDOT:PSS (after 6 months) ITO 9.01 0.590 13.53 38.2 2.03
graphene 9.66 0.612 13.53 44.15 2.61

a Average PCE is calculated from three devices fabricated at identical condition.
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As shown in Table 2, the device shows very little change
in efficiency after 6 months. Although JSC is decreased
for about several percent, VOC and FF are increased a
little bit.
The areas of the reported organic solar cells with

graphene electrodes are relatively small (e10 mm2),
which will induce the overestimation of PCE due to the
edge effect.16 Therefore we fabricated the devices with
different active areas, including 6, 10, 20, and 50 mm2.
Figure 5 panels a�c show the J�V characteristics of the
devices with different sizes. Figure 5 panels d and e
show the short circuit current (JSC), fill factor (FF), series
resistance (Rs) and PCE (η) of the devices. We can find
that all photovoltaic parameters degrade with the
increase of device area. The decrease of JSC can be
attributed to the less edge effect of the device with
bigger size.16 So the edge effect is negligible when the
device size is bigger than 20 mm2, which is consistent
with conclusions in literatures.16 On the other hand,
the decrease of the fill factor with the increase of the
device size is due to the increase of the electrode resis-
tance and series resistance of the devices, as shown in

Figure 5d and Table 3. So a graphene electrode with
better conductance is needed if we want to fabricate
high-efficiency organic solar cells with bigger size.
The efficiency of the device would be further impro-

ved if a graphene layerwith a better qualitywas used in
the devices. Bae et al. reported roll-to-roll production of
single-layer CVD graphene film with the resistance of
only 125 Ω/0.37 It is expected that the resistance can

Figure 5. J�V characteristics of semitransparent organic solar cells measured under solar simulator from both sides with
different active areas: (a) 6, (b) 10, (c) 50 mm2. Dark currents of the devices are presented as well. (d,e) Photovoltaic
parameters, including fill factor (FF), series resistance (Rs), short circuit current (JSC) and PCE (η) of the organic solar cells with
different active areas illuminated from graphene electrodes.

TABLE 3. Photovoltaic Parameters of Semitransparent

Organic Solar Cells with Different Active Areas

active area

(mmxmm)

illumination

side JSC (mA/cm
2) VOC (V)

Rs

(Ωcm2) FF (%) η (%)

2 � 3 ITO 10.46 0.55 10.12 42.1 2.42
graphene 11.97 0.56 10.04 45.4 3.04

2 � 5 ITO 9.93 0.56 10.98 39.4 2.19
graphene 10.98 0.57 10.69 44.7 2.80

4 � 5 ITO 9.79 0.58 12.21 39.1 2.22
graphene 10.58 0.59 12.21 43.3 2.70

4 � 12.5 ITO 8.33 0.58 25.50 35.6 1.72
graphene 10.39 0.59 23.70 37.5 2.30
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be decreased to a much lower value after the treatment
of HAuCl4 and PEDOT:PSS solution as shown in this
paper. On the other hand, organic solar cells have been
developed very fast and a PCE up to 7.4% has been
reported recently.38 Therefore semitransparent or-
ganic solar cells are expected to have much higher
efficiency when some novel organic semiconductors
and high quality graphene used in the devices.

SUMMARY AND CONCLUSION

Semitransparent inverted organic solar cells based
on P3HT:PCBM were fabricated with single-layer gra-
phene as the top electrode. The conductance of the
graphene electrode was improved by doping the
graphene film with Au nanoparticles and PEDOT:PSS,
which resulted in an increase of conductance for more
than 400%. The performance of the organic solar cell

was optimized by using the doped graphene electrode
and the efficiency up to 2.7% was obtained in the
devices with the area of 20 mm2. Both the efficiency
and the active area of the devices aremuch better than
the reported results for the organic solar cells with
graphene electrodes. Then the effect of active area on
the device performance was studied. We found that
the efficiency decreased with the increase of the active
area due to the increased series resistance and the
decreased edge effect in the device. In addition, it is
interesting to find that the semitransparent organic
solar cell showed higher efficiency illuminated from
graphene than from ITO side due to better transmit-
tance of the graphene electrode. It is expected that
organic solar cells with higher efficiency can be rea-
lized by using single-layer graphenewith better quality
and at more optimized processing conditions.

METHODS
Graphene Treatment. Graphene films were fabricated in a

thermal CVD furnace using copper foils as substrates.16 A thin
layer (300 nm) of poly(methyl methacrylate) (PMMA) was spin-
coated on the Cu foil and then the foil was annealed at 100 �C
for about 30 min. Subsequently, the foil was put in an aqueous
solution of iron chloride at room temperature. After 2 h, Cu
underneath the graphene/PMMA was etched away and a visi-
ble thin film was floated on the surface of the solution. The
graphene/PMMA film was then transferred to distilled water.
Next, a substrate was placed in the water underneath the float-
ing thin film to get the PMMA/graphene layer adhered to the
surface of the substrate. Then the samplewas taken out ofwater
and dried for several minutes followed by the treatment of
acetone to remove the PMMA on top of the graphene film. For
Au doping process, graphene/PMMA film in distilled water was
transferred to 2mMHAuCl4 aqueous solution at 80 �C for certain
period of time. After that, the film was transferred back to dis-
tilled water and then to a substrate.

Graphene films were characterized using transmission elec-
tron microscopy (TEM, JEOL JEM-2010) and Raman spectrosco-
py (HORIBA JOBIN YVON, HR800). The surface potential of
graphene films treated at different conditions was character-
ized by using scanning Kelvin probe microscopy (SKPM, Nano-
Scope IV, Digital Instruments). A thin Au electrode was eva-
porated on part of each graphene film through a shadow mask
to provide a reference of work function in the measurement.
Then the surface potential of the filmwas scanned continuously
from graphene to Au film by SKPM. Due to the different surface
potentials of Au and graphene film, a potential step can be
observed across the edge of the Au electrode. Since the work
function of Au is 5 eV in any sample, the surface potential of
graphene treated at different conditions can be calculated.

The sheet resistance of graphene film was characterized by
measuring the resistance between two parallel Au electrodes in
contact with graphene film, as shown in Figure 2 panels a and c.
The distance between the two Au electrodes is L and the width
of the graphene film is W. The resistance of the graphene film
between the two parallel Au electrodes is: R = RsheetL/W. So the
sheet resistance can be calculated by: Rsheet= RW/L.

Device Fabrication and Characterization. The organic solar cells
were fabricated on patterned ITO/glass substrates with sheet
resistance of 15Ω/0. The precleaned ITO substrates were trea-
ted with plasma prior to the spin-coating of ZnO precursor
solution consisting of 0.5M zinc acetate dehydrate in 2-methoxy-
ethanol at 3000 rpm for 30 s. Then the samples were annealed
on hot plate at 200 �C for 30 min in ambient air. P3HT:PCBM
(weight ratio 1:0.8) dissolved in chlorobenzene with certain

concentration was spin-coated onto the ZnO layer. Then the
samples were annealed at 130 �C for 10 min in a N2-filled
glovebox. Au (thickness, 100 nm) films were then evaporated
beside the ITO electrodes, where P3HT:PCBM filmwaswiped off.
It is notable that the Au films were helpful in graphene transfer
and device characterization. Then the graphene top electrodes
were transferred on the active layer. For graphene transfer, the
following two approaches were used:

(1) PEDOT:PSSwas spun onto the active layer and annealed
at 120 �C for 10 min. A graphene/PMMA film was picked
up on the PEDOT:PSS layer and annealed in the glove-
box at 120 �C for 20min to evaporatewater and improve
the contact between PEDOT:PSS and graphene.32

(2) A graphene/PMMA film was transferred on the active
layer, then PEDOT:PSS solution was dropped on the
active layer beside graphene/PMMA to float the gra-
phene film followed by spin-coating at the 3000 rpm for
30 s. After that, the device was annealed in the glovebox
at 120 �C for 20min to evaporatewater and enhance the
contact between PEDOT:PSS and graphene.32In the end,
all devices were encapsulated by glass caps and epoxy
in the glovebox for measurements.

The transmittance spectra of ZnO/ITO and graphene/PED-
OT:PSS electrodes and semitransparent solar cells weremeasured
by using a UV�vis spectrophotometer (UV-2550, Shimadzu,
Japan). The J�V characteristics of the organic solar cells were
measured by using a Keithley 2400 source meter under illumi-
nation of 100 mW/cm2 (Newport 91160, 300 W, solar simulator
equipped with an AM 1.5 filter). The light intensity was cali-
brated with a standard silicon solar cell. The external quantum
efficiency (EQE) of the devices were measured with a standard
systemequippedwitha xenon lamp (Oriel 66902, 300W), amono-
chromator (Newport 66902), a Si detector (Oriel 76175_71580),
and a dual channel power meter (Newport 2931_C).

The graphene transistors were fabricated on nþSi/SiO2

substrates. The thickness of SiO2 was 300 nm. The channel
width and length are 2.0 mm and 0.2 mm, respectively. The
transfer characteristics of the graphene transistors were mea-
sured in a glovebox with a semiconductor parameter analyzer
(Agilent 4156C).
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