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We have fabricated efficient heterojunction organic photovoltaic �OPV� cells based on
pentacene-doped copper�II� phthalocyanine �CuPc� layer as donor and fullerene �C60� layer as
acceptor. The power conversion efficiency of 4% pentacene-doped CuPc/C60 OPV cell �3.06%� is
increased by 77% compared with that of the standard CuPc/C60 OPV cell �1.73%�. The efficiency
improvement can be attributed to the higher carrier mobility instead of the stronger photon
absorption of the pentacene-doped CuPc layer. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2806195�

External quantum efficiency ��EQE� of organic photovol-
taic �OPV� cells is defined as �EQE=�A��ED��CC. Here,
�A ,�ED, and �CC are absorption efficiency, exciton diffusion
efficiency, and charge collection efficiency at the device elec-
trodes, respectively.1–3 Absorption efficiency of incident pho-
tons primarily relates to the thickness of photoactive layers,4

and exciton diffusion efficiency is decided by both exciton
diffusion length and the thickness of photoactive layers. Ex-
citon diffusion length limits the thickness of the photoactive
layer.5,6 The fraction of photogenerated excitons that reaches
the donor/acceptor interface before recombining can dissoci-
ate into free charge carriers with a high yield.1 To date, much
attention has been focused on increasing �A and �ED to im-
prove the external quantum efficiency and power conversion
efficiency ��P�. Recently, many smart device configurations
have been invented to improve the �P of OPV cells. Bulk
heterojunction �HJ� structure is a useful means to increase
the exciton diffusion efficiency.7–9 �P above 5% was
achieved in tandem10,11 and rubrene-doped OPV cells.4

Usually, it is assumed that �CC is about 100% under
short-circuit conditions in the common HJ OPV structure.12

In fact, �CC depends on the carrier mobility and hardly ap-
proaches 100%. Generally, the carrier mobility of organic
materials is lower than that of silicon. Copper�II� phthalocya-
nine �CuPc� and fullerene �C60� are widely used in OPV cells
as donor and acceptor, respectively. However, the carrier mo-
bility of CuPc ��10−3cm2/V s� �Ref. 13� is much lower than
that of C60 ��0.5 cm2/V s� at room temperature.14 This im-
balance of carrier mobility between acceptor and donor can
seriously affect the carrier collection efficiency.

Doping technology is widely used in OPV cells to im-
prove their performance.15,16 In this study, considering the
imbalance of carrier mobility between CuPc and C60, we
doped pentacene into CuPc to improve the carrier mobility of
CuPc and thus the performance of OPV cells. Pentacene is
one of few organic semiconductors, which has high field-
effect carrier mobility in thin film comparable to amorphous

silicon.17 Doping a high carrier mobility material in the OPV
cell is expected to balance the carrier mobility of the accep-
tor and donor and thus improve the carrier collection effi-
ciency. In this work, by doping pentacene into CuPc, both
short-circuit current density �JSC� and fill factor �FF� of the
OPV cell were increased, resulting in a high �P of 3.06%.

The HJ OPV cells were fabricated on precleaned glass
substrates precoated with a �1500-Å-thick transparent, con-
ducting patterned indium tin oxide �ITO� anode with a sheet
resistance of 40 � / sq. After solvent cleaning, the substrates
were treated in an ultraviolet-ozone chamber. All organic and
metal layers were grown at room temperature in high
vacuum ��5�10−6 Torr�. The mixed layers were deposited
by coevaporation from two separately controlled sources. A
layer of bathocuproine �BCP� was deposited after the active
layers as an exciton blocking layer.18 Finally, an Al cathode
was deposited by thermal evaporation through a shadow
mask with an active device area of 0.0867 cm2. Deposition
rates were monitored with a quartz oscillating crystal and
controlled to be 0.1–0.2 nm/s for both organic and metal
layers. The OPV cells were fabricated with structures as
follows:

�1� Standard OPV cell: ITO/CuPc �20 nm� /C60 �60 nm� /
BCP �8 nm� /Al �80 nm�.

�2� Pentacene-doped CuPc OPV cell: ITO/pentacene: CuPc
�20 nm� /C60 �60 nm� /BCP �8 nm� /Al �80 nm�.

All organic materials were used as purchased. The com-
position of mixed layers was based on molar ratio of penta-
cene versus pentacene and CuPc �pentacene/ �pentacene
+CuPc��. Current density–voltage �J-V� characteristics were
measured in the dark and under AM 1.5 solar illumination at
an intensity of 100 mW/cm2 with an Oriel 150 W solar
simulator using a programmable Oriel mode 69907 power
source. The light intensity was measured with an Oriel radi-
ant power meter. Absorption spectra of the mixed layers on
ITO glass substrates were measured with a Perkin-Elmer
Lambda 19 UV/vis spectrophotometer. The morphology of
the mixed layers deposited on Si wafer was inspected by a
LEO1530 scanning electron microscope instrument. On the
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other hand, for the sake of the mobility measurement, the
organic field-effect transistors were made on Si wafer with a
100-nm-thick SiO2 layer. 50 nm thickness organic layer was
deposited by thermal evaporation at room temperature in
high vacuum ��5�10−6 Torr�. The output and transfer char-
acteristics of the devices were measured inside a N2 glove-
box �Mbraun MB20G� equipped with a probe station con-
nected to a semiconductor parameter analyzer �Keithley
4200 SCS�. The field-effect charge mobility � was estimated
from the output characteristics in the saturation region where
both drain voltage �Vds� and gate voltage �Vg� were −40 V,
according to the equation Ids= �W /2L�Ci��Vg−Vt�2 �where
W=channel width, L=channel length, Ci=capacitance of
insulating SiO2 layer, and Vt=threshold voltage�.

The schematic photovoltaic cell structure and a used or-
ganic materials energy levels diagram are shown in Fig. 1.
Organic material energy levels are extracted from the
literatures.18,19 The photovoltaic response for the pentacene-
doped CuPc OPV cell as a function of pentacene concentra-
tion in the mixed layer is depicted in Fig. 2. Under illumina-
tion, the standard device has a JSC of 7.75 mA/cm2, open-
circuit voltage �VOC� of 0.52 V, FF of 0.43, and �P of 1.73%.
JSC, FF, and �P rapidly increase with pentacene concentra-
tion at low concentration. For the 4% pentacene-doped CuPc
OPV cell, JSC, VOC, FF and �P reach up to 12.93 mA/cm2,
0.52 V, 46%, and 3.06%, respectively. Its J-V characteristic
in the dark and under AM 1.5 solar illumination is shown in
Fig. 2�c�. The reported field-effect carrier mobilities for
CuPc, C60, and pentacene are 7�10−3, 0.5, and 1.5 cm2/V s,
respectively.13,14,20 In this work, we found that the carrier
mobility of bottom-contact thin-film transistor with active
layer of pure CuPc, pentacene and C60 films, and 4%
pentacene-doped CuPc film were 2.4�10−4, 0.35, 8.5
�10−2, and 2.8�10−3 cm2/V s, respectively. The mobility
of the 4% pentacene-doped CuPc film is closer to C60 than
that of CuPc. Therefore, the doping technology can effec-
tively improve the carriers �electron and hole� mobility bal-
ance and thus the photovoltaic performance.

Figures 3�a�–3�c� show the surface morphology of three
different active layers grown on the Si substrate at the same
conditions. Obviously, pure pentacene has good crystal and
bigger crystal grains than pure CuPc, thus higher holes mo-
bility. For the mixture layer with 4% pentacene, pentacene
doping results in bigger CuPc crystal grains compared with
pure CuPc, which leads to an improvement in mobility.21

Moreover, Fig. 3�a� shows that wormlike pentacene crystals
randomly distribute in the CuPc mixture layer. The length of
the pentacene crystals is about 200 nm, much longer than
the mixture thickness �20 nm�. They can create lots of new
percolation paths through pentacene crystals to electrodes,

similar to what has been tried using blends of carbon nano-
tubes or nanowaires.22 As the mobility of pentacene is higher
than that of CuPc, the percolation paths can effectively im-
prove holes mobility in CuPc mixture layer and result in a
better mobility balance between the CuPc mixture layer and
the C60 layer, thus improving the device photovoltaic perfor-
mance. This improvement mechanism is different from the
reported work,4 where Chan et al. found that the photovoltaic
performance could be remarkably improved by rubrene dop-
ing because rubrene had complementary absorption in the
450–550 nm range, but CuPc and C60 did not absorb. Fur-
ther evidence can be seen from Fig. 4, where the absorption
spectrum of 4% pentacene-doped CuPc layer is essentially
similar to that of the pure CuPc layer, indicating that the
photogenerated excitons are primarily produced by CuPc in
the mixture. When the pentacene concentration is increased
up to 40%, the influence of pentacene on photon absorption
becomes remarkable. As the pentacene has little contribution
to photon absorption at a low concentration of 4%, we at-

FIG. 1. Schematic structure �left� and energy level diagram �right, dash lines
represent the energy levels of pentacene� of pentacene-doped CuPc OPV
cell.

FIG. 2. Photovoltaic response of pentacene-doped CuPc OPV cell with
different pentacene concentrations, �a� VOC and FF vs different pentacene
concenerations, �b� JSC and efficiency vs different pentacene concentrations,
and �c� J-V characteristic of the doped CuPc OPV cell with 4% pentacene
concentration.
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tribute the photovoltaic improvement to the higher carrier
mobility rather than the stronger photon absorption of the
pentacene-doped CuPc layer. JSC and FF decrease at high
pentacene concentration, presumably due to the damage of
CuPc crystal structure at high pentacene concentration.

As shown in Fig. 2�a�, the VOC of pentacene-doped CuPc
OPV cells monotonically decreases with increasing penta-
cene concentration. The VOC of bulk heterojunctions strongly

depends on the lowest unoccupied molecular orbital
�LUMO� of the acceptor and the highest occupied molecular
orbital �HOMO� of the donor.23,24 This decrease might be
reasonably explained by the smaller energy gap between the
HOMO of pentacene and LUMO of C60 than that between
CuPc and C60 from Fig. 1.

In summary, we have demonstrated that the use of
pentacene doping in CuPc OPV cell would lead to its per-
formance improvement. The power conversion efficiency is
optimized and can be up to 3.06% for 4% pentacene-doped
CuPc OPV cell, much better than that of the standard CuPc
OPV cell. Since pentacene has relatively high carrier mobil-
ity, we attribute this improvement to the higher carrier mo-
bility rather than the stronger photon absorption of the
pentacene-doped CuPc layer.
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FIG. 3. Surface morphology of active layer grown on Si wafer, �a� 4%
pentacene-doped CuPc film, �b� pure pentacene, and �c� pure CuPc.

FIG. 4. Absorbance spectra of pure CuPc, 4%, 40% pentacene-doped CuPc,
and pure pentacene film.
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