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We report here an improved efficiency, up to 4.8% with a high fill factor of �63% under AM 1.5G
spectral illumination and 100 mW /cm2 intensity, for poly�3-hexylthiophene� and �6,6�-phenyl C61

butyric acid methyl ester bulk heterojunction photovoltaic �PV� devices with a 1:0.8 weight ratio
using surface modifications to the indium tin oxide �ITO� anodes through plasma oxidized silver.
Here, an enhanced short-circuit current density was achieved without significant loss in the
open-circuit voltage ��0.6 V� nor the fill factor ��63% �, leading to an efficiency jump from 4.4%
in the control devices to 4.8% with the surface modified ITO anode. The enhanced short-circuit
density is attributed to an interface energy step between the ITO and the polymer hole transporting
layer. It has been theorized that the introduction of an interface energy step could alter the charge
collection efficiency, resulting in an improved overall efficiency in PV devices. In our study, the
current density–voltage characteristics under darkness clearly show an increased current density,
especially under forward bias, for the anode treated cell, suggesting the presence of an interface
energy step between the ITO and the hole transporting layer with surface modified ITO anodes.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2830619�

Organic photovoltaic �PV� devices are of tremendous in-
terest now for their potential societal benefits and the oppor-
tunity for relatively low cost production on flexible sub-
strates. Since high performance organic PV devices have
been introduced,1–3 significant effort has been made toward
improving the performance of organic PV devices. A key
component among this organic PV work is interface engi-
neering at the electrodes to improve the power conversion
efficiency ��eff� by an optimization of the short-circuit cur-
rent density �Jsc�, the open-circuit voltage �Voc�, and the fill
factor �FF�.4–12

Comparatively, surface modifications to the ITO anode
has been widely implemented for organic light emitting di-
odes �OLEDs� to improve their device performance by cre-
ating an interface energy step between the ITO and the HTL,
thereby enhancing hole injection by effectively lowering the
hole injection barrier and, therefore, leading to higher elec-
troluminescent external quantum efficiencies.13,14

However, similar surface modifications of ITO anodes
have demonstrated improved �eff for organic PV devices.15

The overall physical mechanisms behind this improvement
are not clearly understood. Nevertheless, it has been pro-
posed that the creation of an interface energy step could im-
prove the charge collection efficiency in organic PV devices,
leading to the increase of the �eff by improving the Jsc.

16,17

Here, we report on an improved �eff for polymer-fullerene
bulk heterojunction PV devices using surface modification of
ITO through plasma oxidation of thin noncontinuous silver
deposited atop an ITO substrate.

A nominally 1 nm thick film of AgOx was then added
atop the ITO-coated glass substrate by the following two

steps. First, a 1 nm thick Ag metal was electron beam evapo-
rated at a low pressure range ��10−7 Torr� atop the ITO.
Next, the Ag metal was oxidized using an inductively
coupled plasma reactive ion etching system with an oxygen
plasma at a rf power of 100 W for 1 min at room tempera-
ture. After the 1 nm thick AgOx film was formed on the
ITO-coated glass substrate, the sheet resistance monitored
using four-point probe measurement was slightly increased
from 11.9+0.4 to 12.4±0.6 � /�. The substrates were next
spin cast using poly�3, 4-ethylenedioxythiophene� poly�sty-
renesulfonate� �PEDOT:PSS� �H.C. Stark�, then annealed at
140 °C for 10 min in air.

The mixed solution consisting of poly�3-hexylthiophene�
�P3HT� and �6,6�-phenyl C61 butyric acid methyl ester
�PCBM� in chlorobenzene was then spin cast on the top of
the PEDOT:PSS layer. The mixed solution had a
P3HT:PCBM weight ratio of 1:0.8 with a concentration of
10 mg /ml �P3HT�. The P3HT �Merck� with 94.5% regio-
regularity and PCBM �Nano-C� were used without further
purification. After spin casting the photoactive layer, the de-
vices were pumped down in vacuum ��10−7 Torr� and then
the multilayer stack was completed by the shadow mask
evaporation of a LiF /Al cathode. The final composite device
structure is ITO /AgOx /PEDOT:PSS /P3HT:PCBM /
LiF /Al. Postproduction thermal annealing was then per-
formed by directly placing the completed device on a digi-
tally controlled hot plate at 160 °C for 30 min in an inert
glove box. After annealing, the devices were cooled down to
room temperature prior to subsequent measurements.

In our experiments, control devices �ITO /PEDOT:
PSS /P3HT:PCBM /LiF /Al� were also fabricated and tested
without any surface modification of ITO anodes. In order to
minimize variation in the results that might arise due to dif-
ferent processing conditions, both sets of PV devices �control
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and experiment� with different anode structures were fabri-
cated during the same batch processing.

The actual device area was determined with an XL30
environmental scanning electron microscope �Philips� in or-
der to overcome shadow effects that could result in an error
in calculated current-density values.18 The active area of the
devices was 0.47 mm2, which is slightly larger than the area
�0.42 mm2� defined by the shadow mask. Electrical measure-
ments were performed with a semiconductor characterization
system �Keithley 4200� at room temperature in air without
any device encapsulation under the spectral output from a
150 W solar simulator �Newport� using an AM 1.5G filter.
The light intensity was precisely calibrated to a silicon-
germanium solar cell that was calibrated by the National Re-
newable Energy Laboratory.

Figure 1�a� shows the current density–voltage �J-V�
characteristics under AM 1.5G filtered illuminations for a
calibrated solar simulator with an overall intensity of
100 mW /cm2. The control device �ITO /PEDOT:PSS /
P3HT:PCBM /LiF /Al� exhibited an �eff of 4.4% with a very
high FF of 66%. The Voc and the Jsc of the control devices
were 0.61 V and 10.8 mA /cm2, respectively. For the experi-
mental devices incorporating a 1 nm thick AgOx layer be-
tween the ITO and the PEDOT:PSS, an �eff of 4.8% with
Voc=0.60 V, Jsc=12.7 mA /cm2, and FF=63% was mea-
sured. For both sets of devices, the series resistance �Rs�,
defined by the slope of the J-V curve at J=0 mA /cm2 was
estimated to be about �6.9 � cm2. Despite similar series
resistances, the FF in the devices with modified anodes
slightly decreased to 63% compared with 66% for the control
devices because of an elevated shunt resistance, indicated by
the higher slope for the J-V curves near 0 V while under
illumination.

As expected, Voc remains almost the same within
�100 mV or less, for both devices since the fabrication con-
ditions for both the P3HT:PCBM blend film and cathode
deposition were held constant.19 The sole differential was the
AgOx treatment, which significantly enhances Jsc, where Jsc
increased from 10.8 mA /cm2 for the bare ITO to
12.8 mA /cm2 for the AgOx / ITO anodes. As a result, the �eff
of the devices with surface modified anodes was increased
from 4.4% for the control devices up to 4.8%.

Figure 1�b� shows the J-V characteristics for both de-
vices under darkness. Under darkness, both devices exhibit
high current rectification ratios of �4.6�103 for the devices
with modified anode and �7.5�103 for the control devices
at ±2 V, indicating that the surface modifications on the ITO
anodes did not significantly short the electrical junction be-
tween the anode and the cathode. The combination of el-
evated reverse saturation current and forward biased current
for the experimental samples �Fig. 1�b��, while simulta-
neously exhibiting a similar ideality factor ��1.6� in the
+0.5 V exponential region as determined from the J-V slope,
suggests that the energy barrier between the ITO and the
polymer has been lowered, while not introducing recombina-
tion centers. Indeed, a pronounced higher level of injected
current is measured for the AgOx treated sample for modest
forward biases, below +0.4 V, where a reduced potential en-
ergy barrier between the anode and the polymer should more
dramatically enhance injected hole diffusion current. The
higher leakage current density in the devices with the
AgOx / ITO anode �V�0.5 V� results in the slightly de-
creased FF measured.

From the AFM tapping mode images �5�5 �m2� for
ITO and AgOx / ITO substrates �not shown here�, the root
mean square �rms� roughness of a bare ITO surface was
�2.6 nm with �16 nm for the maximum peak-to-peak
height. After depositing 1 nm of AgOx on ITO, the rms
roughness of the ITO surface was increased to 4.9 nm with a
40 nm maximum peak-to-peak height recorded.

Figure 2 shows the optical transmittance of both anodes
over the visible range �400–700 nm�. For this range, the
averaged transmittance of the AgOx / ITO-coated glass sub-
strate over this range remains identical to a bare ITO-glass
substrate, about 86%. The inset of Fig. 2 shows the UV-
visisible spectra of annealed P3HT:PCBM �1:0.8� blend
films used in this study. For the blend films �1:0.8� studied
here, the absorption coefficient peak was observed at

FIG. 1. �Color online� �a� J-V characteristics of polymer-fullerene bulk
heterojunction photovoltaic devices �ITO /AgOx /PEDOT:PSS /P3HT:
PCBM /LiF /Al� under AM 1.5G filtered spectral illumination at an incident
intensity of 100 mW /cm2. �b� The corresponding J-V characteristics in
darkness.

FIG. 2. �Color online� Optical transmittance of the AgOx modified ITO
anode with respect to the AM1.5G spectra. The inset shows the absorption
of the P3HT:PCBM �1:0.8� blended film after annealing 160 °C for 30 min.
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�522 nm. AgOx surface modifications did not measurably
affect the overall transmittance, specifically at the absorption
peak of blend film, which showed transmittances of both
anode configurations at about �90.4%.

However, in spite of the identical absorption spectra of
the blend layers from both sets of devices, an increased Jsc
was measured for the devices with AgOx / ITO anodes versus
the control devices. Since the coverage of AgOx on ITO is
very low with small island formation, it is unlikely that the
difference of optical-field distribution for both devices could
explain the measured Jsc differences. Moreover, the optical
transmittance for both anodes was the same at the visible
range as well as at the absorption peak of the active blend
film, indicating almost no loss of incident light delivered to
the active region when under illumination.

Without significant variation to the series resistance, the
physical mechanisms behind the enhanced Jsc under illumi-
nation are not clearly understood. However, it has been sug-
gested in the literature that the insertion of an interface en-
ergy step could alter charge collection efficiency.15–17

Khodabakhsh et al.15 investigated the performance of an or-
ganic solar cell through surface modifications of ITO anode
using self-assembled monolayers �SAMs�, which similarly
enhanced Jsc without any significant change to Voc. By intro-
ducing the interfacial energy step, it was shown that the Jsc in
the device with SAM-modified ITO anode was �4.6 times
greater than that of devices with bare ITO, while Voc re-
mained nearly the same.

For the devices with AgOx / ITO anodes, the presence of
an interfacial energy step between the ITO and the PEDOT-
:PSS is indicated from the forward bias J-V characteristics
under darkness, as shown in Fig. 3, where current injection is
dramatically enhanced. It is observed that the dark current
density was increased at a given voltage upon insertion of
AgOx between ITO and PEDOT:PSS layers in agreement
with previous studies, which reported that modified silver
oxide, either Ag2O or AgOx between an anode and the HTL
in OLEDs, resulted in enhanced hole injection by creating an
interfacial energy step.20–22 Generally, it is known that silver
oxides are p-type semiconductors with their work function
ranging from 4.8 to 5.1 eV, depending on the processing
condition.23 The inset of Fig. 3 shows a proposed energy
band diagram for the composite device with AgOx / ITO an-
ode, showing a proposed interface energy step by AgOx

��5.0 eV� between the ITO ��4.7 eV� and the PEDOT:PSS
��5.2 eV�. In these devices, the LiF /Al cathode is consid-
ered to be an Ohmic contact.24

In conclusion, we have shown an improved �eff for
polymer-fullerene bulk heterojunction PV devices, mainly
due to the enhanced Jsc, through the usage of a thin islanded
AgOx film atop ITO anodes. Considering the enhanced hole
injection from their J-V curves under darkness with forma-
tion of AgOx on ITO surface, the measured increased Jsc
without significant changes to Voc, FF, and the Rs suggest the
improved charge collection efficiency occurs by creating in-
terfacial energy step between ITO anode and PEDOT:PSS.
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FIG. 3. �Color online� Forward biased J-V characteristics of both polymer-
fullerene bulk heterojunction PV cells under darkness. The inset is the pro-
posed energy level diagram indicating the interfacial energy barrier created
by the AgOx treatment.
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