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We demonstrate the fabrication of inverted-structure organic solar cells �OSCs� with graphene
cathodes. The graphene film used in this work was work-function-engineered with an interfacial
dipole layer to reduce the work function of graphene, which resulted in an increase in the built-in
potential and enhancement of the charge extraction, thereby enhancing the overall device
performance. Our demonstration of inverted-structure OSCs with work-function-engineering of
graphene electrodes will foster the fabrication of more advanced structure OSCs with higher
efficiency. © 2010 American Institute of Physics. �doi:10.1063/1.3514551�

Graphene is a promising next-generation conducting ma-
terial with the potential to replace traditional electrode mate-
rials such as indium tin oxide �ITO� in optoelectronic de-
vices. It combines several advantageous characteristics
including low sheet resistance, high optical transparency, and
excellent mechanical properties.1,2 Recent research has coin-
cided with increased interest in the applications of graphene
in displays,3 light-emitting diodes,4 and solar cells.5–7 Until
recently, only a few approaches had reported the use of
graphene films as anodes in organic solar cells �OSCs� with
conventional device structures.5–10 However, the power con-
version efficiency �PCE� of these cells was lower than the
PCE of conventional ITO electrode-based OSCs. PCE im-
provement in graphene electrode-based OSCs can be per-
formed through several methods; �1� improvement of
graphene quality, �2� development of advanced structure
OSC, and �3� interface control between the active layer and
the graphene electrode.

In this letter, we demonstrate the application of graphene
films as cathodes in inverted structure OSCs, which is re-
quired to increase design flexibility in building tandem or
stacked OSCs that utilize solar energy more efficiently.11,12

For effective implementation of such devices, we used the
work-function-engineered graphene films with an interfacial
dipole layer to increase the built-in potential and to improve
charge extraction, thereby enhancing the overall device
performance.11,13–17

Figure 1�a� shows the structure of poly��9,9-
bis��6�-�N,N,N-trimethylammonium� hexyl�-2,7-fluorene�-
alt - �9,9-bis �2 - �2-�2-methoxyethoxy� ethoxy� ethyl� - 9-
fluorene�� dibromide �denoted as WPF-6-oxy-F�, which has
been reported in detail elsewhere.18

This synthesized polymer was used as an interfacial
layer to efficiently control the work function of the graphene

film because of its ionic or polar groups that effectively form
interface dipoles.18 Multilayer graphene �MLG� film was
grown through chemical vapor deposition �CVD� on nickel
films, which has been reported in detail elsewhere.5 Figures
1�b� and 1�c� show optical and transmission electron micro-
scope �TEM� images, respectively, of the CVD-synthesized
MLG film. A high-resolution TEM image of an MLG region
containing a ripple �upper inset of Fig. 1�c�� shows the num-
ber of graphene layers in the film as well as the interlayer
distance. The interlayer spacing was measured as
3.45�0.09 Å. Fig. 1�d� shows the Raman spectra of the
CVD-synthesized graphene films grown on Ni and trans-
ferred onto Si /SiO2 substrates. The graphene films exhibited
small D-band peaks near 1350 cm−1, which indicated the
high quality of the graphene structures.

The work-function-engineered MLG film was tested us-
ing an inverted-structure OSC, as shown in Fig. 2�a�. The
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FIG. 1. �Color online� �a� Molecular structure of WPF-6-oxy-F. �b� Optical
image of an MLG film. �c� TEM image of an MLG film. The insets show a
high-resolution TEM image of the rippled region �upper� and the electron
diffraction pattern �lower� of an MLG film. �d� Raman spectra of the MLG
films grown on Ni substrate by CVD. The excitation wavelength is 514 nm.
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synthesized MLG film was transferred to the glass substrate,
and one of the following three types of interfacial dipole
layers was spin-coated onto the MLG film: 0.1 wt % solution
of poly�ethylene oxide� �PEO� in methanol, 0.2 wt % solu-
tion of Cs2CO3 in 2-ethoxyethanol, or 0.2 wt % solution of
WPF-6-oxy-F in methanol. Then, a solution of 30 mg of
poly�3-hexylthiophene� �P3HT, Rieke Metal� and 15 mg of
1-�3-methoxycarbonyl�-propyl-1-phenyl-�6,6�C61 �PCBM,
Nano-C� in 2 ml of chlorobenzene was spin-coated onto
the interfacial layer �thickness �90 nm� and subsequently
annealed at 110 °C for 10 min under N2. Poly�3,4-
ethylenedioxythiophene�:poly�styrenesulfonate� �PEDOT:
PSS, Baytron P VPAI 4083� diluted in isopropanol and pre-
heated at 90 °C was spin-coated onto the P3HT:PCBM layer
followed by annealing at 120 °C for 10 min under N2, which
produced a �30 nm thick layer. Fabrication of the devices
was completed by thermal evaporation of an Al anode �100
nm� through a shadow mask at a pressure of 10−6 Torr. The
photoactive area was defined by the shadow mask
�4.66 mm2�. For comparison, devices without any interfacial
layers were also fabricated using identical experimental pro-
cedures. Finally, photocurrent-voltage �J-V� measurements
were performed using a Keithley 4200 instrument under
100 mA /cm2 illumination from a 1-KW Oriel solar simula-
tor with an AM 1.5 G filter in an N2-filled glove box. A
calibrated silicon reference solar cell with a KG5 filter certi-
fied by the National Renewable Energy Laboratory was used
to confirm the measurement conditions. All of the device
performance data presented in this paper represents the av-
erage of at least 20 devices.

It is well known that the work functions of the cathode
and the lowest unoccupied molecular orbital �LUMO� of the
PCBM must be well-matched to form an Ohmic contact and
to increase the built-in potential.13–17 Graphene electrodes
coated with a high-work-function layer such as PEDOT:PSS,
which forms an Ohmic contact with p-type polymer donor
materials, are used for hole extraction �i.e., as anodes� in
conventional-structure OSCs.11 In contrast, we tuned the
work function of our graphene electrodes for their use as
cathodes in inverted-structure OSCs. To collect electrons at

the cathode effectively, the graphene work function was low-
ered using an interfacial layer.

To find an appropriate interfacial layer material, we used
a Kelvin probe measurement system �KP 6500 Digital
Kelvin probe, McAllister Technical Services Co.� to compare
the shifts in the work functions of the MLG films after the
films made contact with several interfacial layers.18 Figure
2�b� shows a comparison of the changes in the effective work
functions induced by different interfacial layers. The work
function of the untreated MLG film was 4.58�0.08 eV,
which is close to the work function of highly ordered pyro-
lytic graphite �HOPG, 4.5 eV�.7 The work function of the
MLG film was reduced by the following amounts when the
corresponding interfacial dipole layers were used:
0.05�0.03 eV with PEO, 0.22�0.05 eV with Cs2CO3, and
0.33�0.03 eV with WPF-6-oxy-F. As illustrated in Fig.
2�b�, these interfacial layers formed interfacial dipoles that
pointed away from the MLG surface, thereby decreasing the
MLG work function. By using different materials, the work
function of MLG could be appropriately tuned. For our cath-
ode application, WPF-6-oxy-F was found as the best material
because it reduces the effective work function of MLG to a
value that is close to the LUMO of PCBM.

Figure 2�c� shows the energy levels of the individual
layers and illustrates the operation mechanism of our photo-
voltaic cell. The work function of pristine MLG �4.58 eV�
was reduced to 4.25 eV using a WPF-6-oxy-F interfacial
dipole layer. The work function tuning improved the match-
ing between the work functions of MLG and the LUMO of
PCBM �4.2 eV�, and it increased the built-in potential and
charge collection. Figure 2�d� shows the current density-
voltage �J-V� data from OSCs fabricated with pristine MLG
and work-function-engineered MLG electrodes. In the in-
verted OSCs with pristine MLG �black symbol�, no photo-
voltaic effect was observed. In this case, the energy level
difference between the anode and the cathode, which pro-
vides the driving force for the transfer of holes and electrons
toward the electrodes, was in reverse alignment.15 Our re-
sults indicate that the work function of the MLG cathode
requires changing to produce the necessary charge transfer
and collection.16,17 As the work function of the MLG elec-
trode was reduced further, the solar efficiency improved si-
multaneously, which demonstrates the importance of engi-
neering the work function of the MLG cathode. The
characteristic parameters of all types of OSCs are summa-
rized in Table I. The best performance parameters were ob-
tained with WPF-6-oxy-F as the interfacial layer: short-
circuit current density �JSC� of 6.61 mA /cm2, open circuit
voltage �VOC� of 0.57 V, and fill factor �FF� of 0.33. These
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FIG. 2. �Color online� �a� Schematics of an inverted-structure OSC with the
work-function-engineered MLG electrode. �b� Changes to the effective work
functions ���� of MLG films with interfacial dipole layers. �c� Energy level
diagram of the inverted structure OSC with MLG cathode. �d� J-V charac-
teristics of the inverted structure OSCs under illumination with and without
the various interfacial layers.

TABLE I. Changes in the effective work functions of MLG films and ITO
films with interfacial dipole layers, and the performance parameters of the
OSCs with all types of electrodes.

��

�eV�
�p

�%�
Jsc

�mA /cm2�
Voc

�V� FF

MLG ¯ 0 0.12 0.01 0
MLG/PEO 0.05�0.03 0.03 0.92 0.14 0.21
MLG/Cs2CO3 0.22�0.05 0.89 5.72 0.53 0.30
MLG/WPF-6-oxy-F 0.33�0.03 1.23 6.61 0.57 0.33
ITO ¯ 0.48 5.27 0.32 0.27
ITO/WPF-6-oxy-F 0.43�0.04 2.23 8.37 0.60 0.44
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values yielded a PCE=JSCVOCFF /Pinc �where Pinc is the
power intensity of the incident light� of 1.23%.

Figure 3�a� shows the transmittance spectra of MLG
films measured before and after the formation of the WPF-
6-oxy-F layer in the visible wavelength range. The inset
shows the photograph of glass substrate �left�, MLG film on
glass �middle�, and MLG film coated with WPF-6-oxy-F on
glass �right�. We found that noncovalent functionalization by
WPF-6-oxy-F had a negligible effect on the optical absorp-
tion properties of the MLG film in the visible wavelengths,
which is expected because the energy gap of WPF-6-oxy-F
lies in the UV wavelength range.8 The absorbance spectra of
the MLG based-OSCs with and without the interfacial layers
are shown in Fig. 3�b�. All of the devices exhibited very
similar absorbance spectra. This result indicates that the in-
terfacial layers in the MLG based-OSCs did not significantly
increase optical loss, whereas they enhanced the PCE.

Finally, the photovoltaic J-V characteristics of a control
device made with a WPF-6-oxy-F functionalized ITO cath-
ode are shown in Fig. 3�c� in comparison with MLG based-
devices. The ITO cathode device parameters were JSC
=8.37 mA /cm2, VOC=0.60 V, FF=0.44%, and PCE
=2.23%. The PCE of the solar cells with WPF-6-oxy-F func-
tionalized MLG cathodes was 55% of the PCE of cells with
WPF-6-oxy-F functionalized ITO electrodes, which may
partly be due to the lower sheet resistance of ITO film com-
pared to MLG film. The performance of the OSCs with MLG
electrodes is expected to depend strongly on the quality and
properties of the MLG film used. Our CVD-synthesized
MLG films exhibited high sheet resistance in the range of
850 to 520 � /sq while the transmittance changed from 90%
to 85% at a wavelength of 450 nm �Fig. 3�d��. However, the
conductivity of the graphene films can be improved further
by several efficient methods for synthesis, transfer, and dop-
ing of them.6,19,20 For example, Bae et al. recently developed
a highly conductive graphene film with a sheet resistance of
�30 � /sq at �90% transmittance through layer-by-layer

stacking and chemical doping methods.20 Furthermore, one
of the crucial points needed for practical device applications
of OSCs is the stability in ambient condition because conju-
gated polymers used in our experiments are known to be
rather unstable in air, which can be possible by introducing
encapsulations, functional layers, and modified devices
structures.21 The importance of our findings will be further
strengthened with such improvements and stability.

In conclusion, we engineered the work function of MLG
films using thin interfacial dipole layers. Graphene films with
tuned work functions were used as cathodes in inverted-
structure OSCs, which showed improved efficiency. Our
demonstration of inverted-structure OSCs with work-
function-engineered graphene electrodes will lead to the de-
velopment of advanced device structures with higher effi-
ciency.
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FIG. 3. �Color online� �a� Transmittance spectra of MLG films before and
after coating with WPF-6-oxy-F. The inset shows photographs of glass
�left�, MLG film on glass �middle�, and WPF-6-oxy-F-coated MLG film on
glass �right�. �b� Absorbance spectra of MLG based-OSCs with and without
the interfacial layers. �c� J-V characteristics of the inverted OSCs with pris-
tine MLG �open squares�, WPF-6-oxy-F functionalized MLG �filled
squares�, ITO �open circles�, and WPF-6-oxy-F functionalized ITO �filled
circles�. �d� Transmittance vs sheet resistance of MLG films.
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