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A laminated single-layer graphene is demonstrated as a cathode for organic photovoltaic devices.
The measured properties indicate that graphene offers two potential advantages over conventional
photovoltaic electrode materials; work function matching via contact doping, and increased power
conversion efficiency due to transparency. These findings indicate that flexible, light-weight all
carbon solar cells can be constructed using graphene as the cathode material. © 2011 American
Institute of Physics. �doi:10.1063/1.3569601�

Graphene, a two-dimensional crystalline form of carbon,
was first isolated by Novoselov et al. in 2004.1,2 The high
transparency,3 conductivity,4–8 flexibility,9–11 and elemental
abundance of graphene indicate that it is an excellent re-
placement for transparent conducting oxide electrodes.
Graphene11 and graphene oxide12–14 have been previously
considered as anode materials in organic photovoltaic de-
vices �OPVs�. Here, we describe OPV devices with single-
layer chemical vapor deposition �CVD� grown graphene as a
cathode.

While several studies have demonstrated that graphene
can serve as an anode material, there is only a single study
that has utilized graphene as a cathode material.15 In this
work, multilayer graphene modified with a dipole layer
served as the cathode in poly�3-hexylthiophene�/�6,6�-
phenyl-C61-butyric acid methyl ester �P3HT/PCBM� OPVs;
interestingly, a photoresponse was observed for devices from
dipole layer treated graphene, but not for devices from bare
graphene. To understand this effect, it is important to note
that as a result of graphene’s small density of states around
the Dirac point, single-layer graphene exhibits a highly tun-
able work function that shifts when it contacts other
materials.16–18 Furthermore, in PCBM:P3HT bulk hetero-
junctions, the P3HT segregates at electrode surfaces.19

Therefore, when bare graphene comes into contact with an
electron donor �P3HT� charge transfer will “contact dope”
the cathode or raise its work function. This effect would not
be expected for graphene treated with a dipole layer.

To demonstrate the utility of contact doping, we fabri-
cated OPVs with laminated graphene cathodes �the device
architecture and corresponding band diagram are shown in
Figs. 1�a� and 1�b�. Prepatterned indium–tin–oxide �ITO�
substrates �Luminescence Technology Corporation� were sol-
vent cleaned, exposed to UV-ozone �Jelight UVO cleaner�
for 10 min, and coated with PEDOT �HC Starck� at 3000
rpm for 60 s. The samples were baked at 120 °C for 45 min
and then transferred into a nitrogen glove box-coupled
vacuum deposition system �Angstrom Engineering� for de-
vice fabrication. 40 nm of copper phthalocyanine �CuPC�, 40
nm of C60, and 10 nm of 1,3,5-tri�phenyl-2-benzimidazole�-

benzene �TPBi� �Refs. 20 and 21� were evaporated in suc-
cession to form the device stack.

To complete the devices, the electrodes were fabricated
as follows. For the graphene devices, graphene was grown
via CVD and transferred to a polydimethylsiloxane �PDMS,
Sylgard 184� substrate as previously described.10,22–25 This
graphene/PDMS “stamp” was used to laminate the graphene
cathode, yielding an active area of 0.4 cm2 �Figs. 1�c� and
1�d��. For the aluminum control devices, 60 nm of Al was
evaporated as a cathode, yielding an active area of 0.16 cm2.
I-V measurements were performed under AM 1.5 solar simu-
lated illumination in a nitrogen environment and under vari-
ous monochromatic �620 nm� LED intensities �using the Lu-
minus Devices Phlat Light PT-120-R� in ambient.

Figure 2 shows typical I-V curves for graphene and Al
devices �100 mW /cm2�, which clearly indicate that these
graphene cathode devices function as solar cells in the ab-
sence of chemical doping or work function matching. The
graphene devices exhibit a power efficiency of 0.02% and
the aluminum controls exhibit a power conversion efficiency
of 0.41%. The open circuit voltage �VOC� for both types of
devices is approximately 0.45 V. This large efficiency dispar-

a�Electronic mail: mpc2139@columbia.edu.

FIG. 1. �Color online� �a� Schematic illustration of the device architecture.
�b� The HOMO and LUMO energy level diagram of the device with values
equal to the energy below the vacuum level. �c� Image of a graphene device
which shows the vertical ITO anode strip and the graphene cathode
�graphene edges are indicated by arrows�. �d� Image of a graphene device
illustrating its high transparency.
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ity in conjunction with similar VOC’s indicates that parasitic
series resistances dominate the characteristics of the
graphene devices. To quantify the differences between alu-
minum and graphene cathode devices, both data sets were fit
to the ideal diode equation. The fit yielded a series resistance
of 700 � and a shunt resistance of 10 k� in the control
devices versus a series resistance 10.5 k� and shunt resis-
tance of 3.5 k� for the graphene cathode devices. The large
parasitic resistances of the graphene devices directly induces
lower efficiencies due to poor fill-factors under solar illumi-
nation. This observation is analogous to the series resistance/
fill factor degradation found in few-layer graphene anode
devices.12,14,26

To minimize the influence of the parasitic series resis-
tance we probed the devices under low-intensity monochro-
matic illumination �Fig. 3�. At an incident power of
4.6 mW /cm2, the graphene device exhibits a power conver-
sion efficiency of 0.22% and a VOC of 0.38 V, while the
aluminum cathode device exhibits a power conversion effi-
ciency of 1.19% and a VOC of 0.38 V. At an incident power
of 6.6 mW /cm2, the graphene device exhibits a power con-
version efficiency of 0.24% and a VOC of 0.40 V, while the
aluminum device exhibits a power conversion efficiency of
1.84% and a VOC of 0.43 V. Given the 0.3 eV difference
between the work functions of graphene and aluminum, the
nearly identical VOC values can only be the result of
graphene undergoing contact doping and adjusting its work

function upon contact with a strong electron acceptor �TPBi�.
The optical transparency of graphene also enabled us to

compare device performance with both anode and cathode-
side illumination �Fig. 1�d��. The power conversion effi-
ciency was 0.01% for anode-side solar illumination and
0.03% for cathode-side solar illumination. In addition, the
power conversion efficiency was 0.24% for anode-side
monochromatic illumination �6.57 mW /cm2� and 0.41% for
cathode-side monochromatic illumination �6.57 mW /cm2�.
These differences in device performance were due to an in-
crease in the short-circuit current density for cathode-side
illumination. We attribute this difference to the strong absor-
bance of CuPC. Anode side illumination results in the ma-
jority of excitons being formed at the PEDOT/CuPC junc-
tion, which is not within an exciton diffusion length of the
power producing CuPC /C60 interface. Cathode side illumi-
nation results in the majority of excitons being produced at
the energy producing CuPC /C60 heterojunction. This leads to
an increase in efficiency for cathode-side illumination rela-
tive to anode-side illumination.

We have demonstrated that single-layer graphene under-
goes contact doping and can serve as cathodes in OPVs. The
power conversion efficiencies of graphene devices were lim-
ited by their series resistance, indicating that the preparation
of graphene samples with lower sheet resistances could im-
prove device performance. The VOC’s of our devices indi-
cated that the work functions of graphene sheets shift when
placed in contact with electron-donating material. This type
of contact doping is a potentially valuable characteristic. The
transparency of graphene also enabled us to demonstrate a
simple strategy for doubling the efficiency of OPVs. The
demonstration of a functioning graphene cathode device al-
lows for the fabrication of all-graphene electrode devices.
These findings favorably indicate the possibility of fabricat-
ing metal free, truly organic solar cells with graphene as a
cathode and anode.
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FIG. 2. �Color online� I-V characteristics for graphene and aluminum cath-
ode devices under 100 mW /cm2 solar simulated illumination.
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FIG. 3. �Color online� Graphene and aluminum control devices were ana-
lyzed under different illumination intensities to investigate fill factor and
VOC as a function of incident power.
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