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We report fabrication and measurement of bulk heterojunction solar cells utilizing a
poly�3-hexylthiophene� �P3HT�, phenyl-C61-butyric acid methyl ester �PCBM� composite loaded
with different concentrations of niobium doped zinc oxide �Nb/ZnO� nanoparticles produced by
flame spray pyrolysis. Nanoparticles with different niobium concentrations were compared, along
with devices without Nb/ZnO nanoparticles and with undoped ZnO nanoparticles. It was found that
niobium doping leads to a slight increase in open circuit voltage and an increase in short circuit
current that scales with niobium concentration. Additional comparison was made between the
nanoparticles with 3% niobium by weight to unloaded devices. These also showed a similar open
circuit voltage increase and an increase in current that scales with Nb/ZnO nanoparticle
concentration to 30% by volume and drops off at 33% Nb/ZnO by volume. Possible mechanisms for
these improvements are discussed. © 2010 American Institute of Physics. �doi:10.1063/1.3465866�

Polymer solar cells are attractive sources of electrical
energy because they combine flexibility with low-cost fabri-
cation. The most efficient devices to date have been devel-
oped based on bulk-heterojunction �BHJ� systems, con-
structed by blending p-type conjugated polymers with n-type
conjugated polymers,1–3 fullerenes,4,5 or inorganic semicon-
ductor nanoparticles �NPs�, such as TiO2, ZnO, CdSe, and
C60.

6–10 Zinc oxide is a very promising metal oxide wide-
band gap semiconductor for use in solar cells because of its
abundance and low cost, nontoxicity, high electron mobility,
low crystallization temperature, and ease of NP fabrication.

It was shown recently that ZnO can be used as an elec-
tron acceptor to dissociate excitons formed in conjugated
polymers, thus combining the advantages of organic semi-
conductors �flexibility, solutions processing� with those of
inorganic semiconductors �stability, high mobility�. Band gap
engineering of ZnO has been demonstrated as an efficient
way to increase open-circuit voltage and solar cell efficiency.
Olson et al.11 have demonstrated the beneficial effect of band
gap tuning with MgxZn1−xO in the case of hybrid solar cells
using poly�3-hexylthiophene� �P3HT� as the p-type light ab-
sorber. So far, the highest efficiencies have been obtained in
the BHJ configuration, because that yields the highest inter-
face area between the ZnO and conjugated polymer.

Unfortunately, the power conversion efficiencies of such
hybrid polymer solar cells are too low, �2.0% for inorganic/
organic hybrid cells, for practical applications. Janssen and
co-workers12 have demonstrated 1.6% efficient BHJ struc-
tures by blending 5 nm diameter ZnO NPs with MEH-PPV
and 0.9% efficient solar cells in blends of ZnO and P3HT.
Many research groups have developed solar cells based on
P3HT and conjugated fullerene composites.4,5,13 Although
much progress has been achieved, with several reported
polymer solar cell devices providing power conversion effi-

ciencies of 3%–6%, there remains room for improvement.
Doping Nb into ZnO is quite attractive because there is a

valence difference of three between Nb5+ and Zn2+, thus each
Nb atom can contribute more than one electron to the elec-
trical conductivity.14 To study the device efficiency as a func-
tion of the formulation and amount of niobium doped ZnO
�Nb/ZnO� NP and find the optimal loading percentages for
each, we synthesized highly crystalline NPs of pure ZnO and
ZnO doped with 0.5, 1, and 3 mol % niobium by flame spray
pyrolysis �FSP� technique, see Ref. 15 for specific methods
of production of the NPs and photovoltaic devices. It is well
known that the surface characteristics of ZnO, determined by
the different fabrication processes, will influence the optical
properties as well as the final degradation efficiency.16 FSP is
a very promising technique for synthesis of high purity nano-
sized materials with controlled size and crystallinity. The
method has been applied to prepare metal oxide-supported
particles and heterogeneous catalysts. Niobium is a versatile

a�Electronic mail: carroldl@wfu.edu.

FIG. 1. �Color online� Device structure and energy level diagram of the
components. �a� Schematic device structure for P3HT:PCBM BHJ solar cell
with ZnO NPs. �b� Energy level diagram of the components of the device
�relative to vacuum level�.
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dopant and is widely applied as catalytic metal oxide.17

The device structure and energy levels of the materials
used in this work are shown in Fig. 1. Excitons are formed
when P3HT absorbs photons. These excitons can be disasso-
ciated at the phenyl-C61-butyric acid methyl ester �PCBM�
and/or Nb/ZnO interfaces. ZnO and PCBM both can act as
electron acceptor for P3HT. ZnO has a high electron
mobility,18,19 which can help charge-carrier collection and
transport. The electrons at the lowest unoccupied molecular
orbital level of PCBM ��3.7 eV� can be easily transferred to
the conduction band of ZnO ��4.4 eV� �Fig. 1�.

We investigated the effect of niobium doping on both the
ZnO NPs and on composite solar cells made using the Nb/
ZnO NPs. As shown in the supplementary methods, increas-
ing the amount of niobium used when synthesizing the ZnO
NPs resulted in smaller particles with more surface area. The
P3HT:PCBM solution was doped with 31% by volume of
Nb/ZnO in 1-butanol as well as ZnO NPs without niobium
doping. As the niobium doping percentage is increased, there
was an increase in the filling factor �FF� over a standard
P3HT:PCBM device. There was also increase in short-circuit
current density �Jsc�. The J-V �current-voltage� measure-
ments and the EQE measurements are shown in Fig. 2.

Nb/ZnO particles synthesized with 3 mol % concentra-
tion of niobium were then used to investigate the effect of
different loadings of NPs on the photovoltaic characteristics
of devices �illuminated at 120 mW cm−2�. Again, there is a
small increase in open circuit voltage �Voc� for Nb/ZnO
doped devices. The Nb/ZnO solution-blended P3HT:PCBM
films exhibited higher values of Jsc with the maximum value
13.9 mA cm−2 obtained for the 30 vol % Nb/ZnO system
�11.5 mA cm−2 for the unmodified device�, although this
started to decrease at the 33 vol % loading. The increased Jsc
and Voc lead to enhanced power conversion efficiency. This
power conversion efficiency was a 21% improvement from
the standard cell to the most efficient loading �from 2.85% to
3.62%�. The FF of all devices are within what would be

expected for standard devices made with this P3HT and an-
nealed for 3 min. The EQE measurements show an increase
in photon collection, and thus photocurrent, across all wave-
lengths absorbed as seen in Fig. 3. There is a prominent
increase at 375 nm, corresponding to the probable band gap
of the Nb/ZnO particles.

One possible explanation is that the Nb/ZnO particles act
as scatterers within the active layer of the device. This scat-
tering effect could lead to better absorption via optical con-
finement within the device. Competing scattering effects
�scattering within the active layer and scattering out of the
active layer� could explain the current drop off from 30 to 33
vol % devices, with reflection out of the device beginning to
dominate. Charge transport could also be changed signifi-
cantly with high NP content, leading to suboptimal device
characteristics �improved or degraded charge carrier mobility
can affect the overall charge balance of the device�. This
could also be the reason that niobium doped particles have a
positive effect on the device as opposed to the negative effect
evidenced by the ZnO particles as the niobium could have an
effect on how the NPs integrate into the BHJ film �via band
structure changes�. The slight increase in Voc can be attrib-
uted to the change in band alignment caused by the introduc-
tion of the Nb/ZnO NPs, a similar effect is seen with un-
doped ZnO NPs. Scattering effects could be enhanced by the
smaller particle sizes that are created by increased niobium
doping �effectively increasing the scattering cross section�.

In conclusion, we have demonstrated that doping
P3HT:PCBM BHJ solar cells with certain amounts of nio-
bium doped ZnO NPs resulted in efficiency increases via
increases in primary photon conversion. Possible sources for
this increase have been suggested. Further research will fo-
cus on optical measurements to determine changes in the
index of refraction due to Nb/ZnO doping. Devices con-
structed without PCBM will also be researched.

FIG. 2. �Color online� The effects of Nb/ZnO loading
with different Nb concentrations on device perfor-
mance. �a� EQE spectra and �b� J-V curves under
120 mW /cm2 white light illumination.

FIG. 3. �Color online� The effects of the 3 mol % Nb/
ZnO concentration on device performance. �a� EQE
spectra of the device fabricated using BHJ films with
3 mol % Nb/ZnO concentration of 24, 27, 30, and 33
vol %. The inset shows absorption spectra of
P3HT:PCBM:Nb/ZnO films at various concentrations
of Nb/ZnO solution blended into the P3HT:PCBM ac-
tive layer. �b� The J-V curves of P3HT:PCBM:Nb/ZnO
solar cells measured in the ambient atmosphere with
120 mW cm−2 white-light irradiation.
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