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ABSTRACT: The role of electron selective interfaces on the performance and
lifetime of polymer solar cells were compared and analyzed. Bilayer interfaces
consisting of metal oxide films with cationic polymer modification namely poly
ethylenimine ethoxylated (PEIE) were found to enhance device lifetime
compared to bare metal oxide films when used as an electron selective cathode
interface. Devices utilizing surface-modified metal oxide layers showed
enhanced lifetimes, retaining up to 85% of their original efficiency when
stored in ambient atmosphere for 180 days without any encapsulation. The
work function and surface potential of zinc oxide (ZnO) and ZnO/PEIE
interlayers were evaluated using Kelvin probe and Kelvin probe force
microscopy (KPFM) respectively. Kelvin probe measurements showed a
smaller reduction in work function of ZnO/PEIE films compared to bare ZnO
films when aged in atmospheric conditions. KPFM measurements showed that
the surface potential of the ZnO surface drastically reduces when stored in
ambient air for 7 days because of surface oxidation. Surface oxidation of the interface led to a substantial decrease in the
performance in aged devices. The enhancement in the lifetime of devices with a bilayer interface was correlated to the suppressed
surface oxidation of the metal oxide layers. The PEIE passivated surface retained a lower Fermi level when aged, which led to
lower trap-assisted recombination at the polymer−cathode interface. Further photocharge extraction by linearly increasing
voltage (Photo-CELIV) measurements were performed on fresh and aged samples to evaluate the field required to extract
maximum charges. Fresh devices with a bare ZnO cathode interlayer required a lower field than devices with ZnO/PEIE cathode
interface. However, aged devices with ZnO required a much higher field to extract charges while aged devices with ZnO/PEIE
showed a minor increase compared to the fresh devices. Results indicate that surface modification can act as a suitable passivation
layer to suppress oxidation in metal oxide thin films for enhanced lifetime in inverted organic solar cells.
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■ INTRODUCTION

Organic photovoltaics have become a strong focus of study
because of the inherent flexibility and ability for mass
production without requiring vacuum processing.1,2 There are
also a large range of film deposition techniques that can be
applied to manufacturing organic photovoltaic devices, further
increasing the versatility of the technology.3−5 The primary
factors limiting large-scale production of organic photovoltaic
devices include the efficiency and lifetime, both of which are
lower than inorganic-based solar cells. In the case of polymer
cells, degradation predominantly occurs due to exposure to
atmospheric oxygen or water, ultraviolet light and when
subjected to higher temperatures.6−8 Conventional organic
solar cells employ PEDOT:PSS as hole transport layer and low
work function metals such as calcium and aluminum as
cathodes. These cells show reduced lifetime due to use of low
work function metal cathodes that oxidize in air and also due to
the acidic and hygroscopic nature of PEDOT:PSS.9,10 Inverted
solar cells, which consist of a transparent electrode as a cathode
and high work function metal films as an anode have shown

higher device performance and longer lifetime due to preferred
vertical phase segregation in the active layer and improved
stability of metal anodes, respectively.11,12 In inverted devices,
metal oxide layers such as zinc oxide,13 titanium oxide14 and
other transition metal oxides15,16 shows n-type behavior, which
are typically used as electron selective interfaces over the
transparent cathode. Zhou et al.17 reported surface modification
of conductive electrodes using an ultrathin layer of amine based
polymers which served as electron selective layers for inverted
polymer solar cells. Recently several papers18−22 have shown
enhancement in device performance using polymer surface
modifier on electron selective metal oxide layers. However, the
reason behind efficiency enhancement is still not clear and they
also have not addressed the stability of the polymer solar cells
with different interfacial layers.
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Lower lifetime in organic solar cells could be attributed to
degradation of several layers of the device which includes the
active layer, electron and hole blocking layers, and electrodes.
Oxygen adsorption and diffusion within the polymer−fullerene
layer, in the case of the polythiophenes such as P3HT, leads to
p-type doping, which induces limited mobility and poor charge
transport because of the increase in trapped states. These
trapped states are also present in the oxygen-induced doping of
fullerenes such as Phenyl-C61-butyric acid methyl ester
(PC61BM), where an oxygenated PC61BM molecule shows
decreased LUMO energy levels in comparison to pristine
PC61BM molecules.23 These doped molecules within the
PC61BM domains of the active layer establish additional
trapped states, inhibiting free electron movement thus also
leading to decreased mobility and poor charge transport. To
overcome degradation of active layer morphology, we can tailor
control and utilize novel polymers with higher HOMO levels
and use of cross-linkers. Oxygen-induced degradation can occur
in the metal oxide buffer layer as well because of polymers’
relatively high gas permeability, which allows for atmospheric
oxygen to diffuse through seemingly solid layers within the
device.7,24 Oxygen adsorption and photoinduced doping in the
metal oxide buffer layers25 such as zinc oxide, can also lead to
poor device performance because of an increase in series
resistance of the device. Oxygen adsorption in metal oxides also
leads to low mobility, poor charge transport, and an increased
amount of trapped states; all of which adversely affects device
performance by increasing the probability of recombination
within the device because of an introduction of defects and
impurities.25,26 With an increased recombination rate, the
amount of free electrons and holes found at their respective
electrodes decreases, lowering the power output of the device.
Hence, passivation or enhancing the chemical resistance of
metal oxide layers is crucial to attain higher lifetime in inverted
polymer solar cells.
This work focuses on increasing the stability of organic

photovoltaic devices and studying the effects of surface
passivation on the hole blocking layer in an inverted structure
device. Surface modification using thin cationic polymer layer
reduced the reactivity of the metal oxide with adsorbed oxygen
from the ambient atmosphere. This surface passivation prevents
recombination and poor charge transport due to the reduction
of trapped states formed at the polymer−metal oxide interface.
Organic solar cells fabricated with such modified electron
selective interface exhibited enhanced lifetime and showed
minimal degradation over 180 days when stored in atmospheric
conditions without any encapsulation. This work provides an
economical approach to significantly enhance the stability of
organic solar cells when exposed to ambient conditions without
need for encapsulation.

■ EXPERIMENTAL SECTION
Zinc oxide (ZnO) sol−gel was synthesized according to the reported
procedures.27,28 The procedure involved stirring a solution overnight
comprised of zinc acetate dihydrate (1 g) dissolved in 2-
methoxyethanol (10 mL) with ethanolamine (0.28 g) as a stabilizer.
Aluminum-doped zinc oxide (AZO) sol−gel was synthesized by
stirring a solution of zinc acetate dihydrate (217 mg) in ethanol (10
mL) for 8 h at 80 °C as reported elsewhere.29 The resultant solution
after cooling was filtered by a 0.45 μm PTFE filter prior to storage.
Both AZO and ZnO sol−gel solutions were filtered by a 200 nm
PVDF filter before spin coating. Polyethylenimine, 80% ethoxylated
(PEIE) solution in water was purchased from Sigma-Aldrich. The

solution was diluted using 2-methoxyethanol as a solvent to a final
ratio of 0.1 wt % and stirred by a magnetic stir bar overnight.

The active layer solution involved poly(3-hexylthiophene) (P3HT)
purchased from Rieke Metals; the molecular weight of P3HT was
50 000−70 000 determined by GPC from the manufacturer. Phenyl-
C61-butyric acid methyl ester (PC60BM) was purchased from Nano-C.
The blend solution preparation and deposition was done according to
our previous report.30 Nitrobenzene (Sigma-Aldrich) was added (4%
volume) to the blend solution 30 min prior to spin-casting the films.

Tin-doped indium oxide (ITO)-coated glass substrates, 1 cm × 1
cm × 1 mm (15 ohms/□, ITO thickness of 125 nm) were cleaned
sequentially in 20 min sessions of ultrasonication in a solution of
sodium dodecyl sulfate in deionized (DI) water, followed by DI water,
acetone and isopropanol. The substrates were subsequently treated
with oxygen plasma cleaning for 25 min to ash any leftover organic
residue prior to spin coating. For the hole blocking layer, either ZnO
sol−gel, AZO sol−gel, or PEIE was spin coated on the surface at 4500
rpm for 60 s, 3000 rpm for 40 s or 5000 rpm for 60 s respectively, with
annealing parameters at 300 °C for 30 min for ZnO, 155 °C for 10
min for AZO or 120 °C for 10 min for PEIE. The thickness of PEIE is
about 10 nm. Samples were then transferred to a nitrogen-filled
glovebox before coating the active layer. The P3HT:PC61BM solution
was coated at 600 rpm for 40 s, this resulted in a thickness of ∼180
nm. P3HT:PC61BM casted films were subjected to annealing at 150
°C for 10 min on a hot plate which were then transferred to a thermal
evaporator for the deposition of the electron blocking layer
molybdenum trioxide (MoO3) and silver (Ag) electrode at
corresponding thicknesses of ∼7 and 80 nm, respectively, at a base
chamber pressure of 1 × 10−6 mbar. The active area used for the cells
were 0.16 cm2 measured by the overlap of anode and cathode.

A xenon (Xe) arc lamp with an air mass (AM) 1.5 filter was used as
a solar simulator. A NREL-calibrated reference photodetector was
used to calibrate the distance from the lamp to the sample to obtain an
illumination intensity of 100 mW/cm2. Devices were stored in the dark
under ambient conditions (yemperature ∼25 °C and relative humidity
∼20%). Devices were periodically tested with above-mentioned AM
1.5 calibration before testing. Topography and surface potential images
of the films were taken using an Agilent 5500 atomic force microscope.
A Pt/Cr Silicon tip (Budget Sensors, Tap 300 EG) having resonant
frequency ∼290 kHz and force constant of 40 N m−1 was used for
these measurements. Both topography and surface potential images
were taken simultaneously in single pass mode using two lock-in
amplifiers. The first mechanical resonance frequency of tip was fed to
the first lock-in amplifier (LIA 1) and an electrical bias (4 kHz, DC
offset = −0.5 V) was fed to the conductive tip using the second lock-in
amplifier (LIA 2). The Y-component of LIA 1 was fed as the input for
LIA 2 and a servo was used to nullify the electrostatic amplitude
induced due to the AC bias given by LIA 2. The same tip was used for
all films and entire imaging was done in net attractive mode. The
acquired images were then processed and analyzed using Gwyddion.

Photocharge extraction by linearly increasing voltage (CELIV)
measurements were taken on fresh and aged ZnO or ZnO/PEIE
devices using a nanosecond dye laser coupled with a nitrogen laser for
excitation (OL-401 OBB Corp.). The voltage ramp and delay time
were determined using a function generator (Rigol DG1022). The
Photo-CELIV signals were recorded using Agilent MSO7034B
oscilloscope. The synchronization between laser, function generator
and oscilloscope was achieved through a custom written LabVIEW
program. The delay times were varied from 250 ns to 100 μs using the
LabVIEW program. A ramp voltage of 4 V in 12.5 μs was used for all
devices. The devices were kept in open circuit conditions to ensure
minimal charge extraction or injection. The charge carrier mobility
were evaluated using as per reported procedure.31 The point where the
extracted current reaches the maximum was used with the immediate
voltage from the applied voltage ramp, along with the active layer
thickness, to calculate for the instantaneous electric field.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04687
ACS Appl. Mater. Interfaces 2015, 7, 16093−16100

16094

http://dx.doi.org/10.1021/acsami.5b04687


■ RESULTS AND DISCUSSION

Figure 1 represents the fabricated inverted structure solar cell
configuration. Device performance of P3HT:PC61BM solar cells
with different electron-selective interfaces was measured under
illuminated conditions to observe the differences in the device
degradation and determine the changes that occur at the hole
blocking layer−active layer interface with and without the
modification. Current density−voltage measurements were
taken periodically as a time-varying degradation study. The
time frame of this study was 178 days (∼6 months) from the
initial fabrication date, with cells stored in atmospheric
conditions for the entirety of the study. The terms “fresh”
and “aged” will refer to the initial fabrication date and ∼6
months of aging respectively for the remainder of this paper,
unless otherwise stated. Individual cells were recharacterized
once per day for the first week, then once every week or every
other week for the remainder of the study; this included
measurements in both illuminated and dark conditions. The
device results shown here represent average of at least 3−6
devices. The number of devices for each condition was
identified by cells that showed similar efficiencies (standard
deviation ±0.2%). The current−voltage measurements are
shown in Figure S1, with results tabulated in Table 1.
Figure S1 shows the illuminated current density−voltage

characterization, the photovoltaic parameters extracted from
this measurement included Voc, Jsc, FF, and η. Figure 2 shows
the individual parameters of Voc, Jsc, FF, and η as a function of
time, which better represents the individual changes in each
parameter as time progresses. The series (Rs) and shunt (Rsh)
resistances of devices before and after aging were calculated
using the dark current density−voltage measurements, which
are shown in Figure 3. During the initial fabrication, each device

showed similar performance in terms of efficiency. Minor
differences can be seen in the short circuit current density for
ZnO and AZO samples compared to their PEIE-coated
counterparts. The PEIE bilayer devices show a lower current
density than hole blocking layers without the secondary
coating. This is due to the additional insulating thin film
increasing the series resistance within the device. The initial fill
factors for devices using a hole blocking layer coated with PEIE
are also larger, 0.62−0.67 compared to 0.6−0.65. This increase
in fill factor can be due to a lower recombination probability
from the lower (closer to vacuum) Fermi level. After aging, it
can clearly be seen that a standalone layer of PEIE as a hole
blocking layer is not as effective as the other metal oxide layers,
as the degradation decreased device performance from 4.28 to
0.82%, 19% of its original efficiency. A relatively large decrease
in the shunt resistance and increase in the series resistance, in
comparison to other devices, shows a much higher internal
leakage current and poorer charge transport for the PEIE
device. It is noted that the PEIE-modified ZnO and AZO
devices showed 87% and 74% of their original efficiency
respectively, whereas unmodified ZnO and AZO devices only
showed 56% and 57% of their original efficiencies. This also
correlates to the larger Rsh and lower Rs observed over time for
modified ZnO and AZO samples, which can be attributed to
the reduced internal leakage currents and higher charge
transport for longer device lifetime.
The Voc of the PEIE-only devices quickly falls to below 0.4 V

at only 50 days of ambient atmospheric exposure, while the
others remain very stable. The Jsc for each device are shown to
decrease steadily. This suggests that the active layer degradation
is the major cause for the decrease in Jsc across all devices, with
individual changes in Jsc being dependent on the metal oxide
film, or lack thereof in the case of only surface passivation on

Figure 1. Solar cell device using an inverted structure.

Table 1. Device Characteristics in Terms of Open Circuit Voltage (Voc), Short Circuit Current Density (Jsc), Fill Factor (FF),
Efficiency (η), and Shunt (Rsh) and Series (Rs) Resistances for Fresh and 6 Month Aged Devices

Voc (V) Jsc (mA/cm
2) FF (%) η (%) Rsh (kΩ) Rs (Ω)

fresh aged fresh aged fresh aged fresh aged ηaged/ηfresh ratio (%) fresh aged fresh aged

ZnO 0.60 0.61 11.09 7.88 0.60 0.47 4.01 2.28 56.95 9.3 3.0 1.57 22.40
ZnO/PEIE 0.62 0.63 10.61 9.09 0.62 0.62 4.07 3.56 87.45 3082 1990 2.17 5.55
PEIE 0.63 0.39 10.30 5.60 0.66 0.38 4.28 0.82 19.22 47 1.7 3.03 39.62
AZO/PEIE 0.62 0.64 9.77 7.29 0.67 0.65 4.05 3.04 74.94 816 416 2.69 5.38
AZO 0.61 0.62 10.83 7.43 0.65 0.54 4.32 2.50 57.96 7.1 5.4 1.69 8.71
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ITO by PEIE. The primary source of the differences in device
efficiency is from the fill factor. The ZnO/PEIE and AZO/PEIE
cells show a relatively stable fill factor, ∼0.62 over the course of
the study, while the ZnO and AZO devices’ fill factors decrease
to ∼0.45 at 60 days of ambient exposure. Minor fluctuations in
this data can be attributed to the mechanical degradation of the
silver electrodes due to subsequent characterizations. Devices
with a ZnO buffer layer showed higher current densities than

the AZO samples, which could be due to an enhanced
interfacial area caused by the nanoridge formation in ZnO.32

Band energy alignment differences between ZnO and AZO
were also considered as a possibility of the difference in current
densities. From the illuminated current density−voltage curves,
it can be clearly seen that modifying ZnO and AZO by a thin
film of PEIE provides a much longer degradation cycle than the
bare buffer layers. The observed short circuit current density
and their trends were consistent with the trends observed in the
EQE spectra for each device (Figure S2 in the Supporting
Information).
Figure 3 shows the dark current−voltage measurements for

both fresh and aged samples. The ZnO/PEIE and AZO/PEIE
devices have relatively lower leakage currents at low bias as
compared to the devices without the PEIE modification. After
half a year of ambient exposure, the bilayer devices maintained
smaller current densities at low bias than fresh samples with
standalone buffer layers. However, the devices using other hole
blocking layers such as ZnO, AZO, or PEIE only exhibited
higher current densities than fresh samples at low bias. This
follows the shunt resistance value trend in Table 1. The PEIE
device experienced the largest increase in leakage current at a
low bias of 10 mV and also the biggest decrease in saturation
current at a higher bias (of 1 V). Electronically, the degradation
dynamics shift the devices’ current−voltage pattern to behave
more as a resistor than a diode in dark conditions. This shift
can be better seen in the Figure S3 in the Supporting
Information, where images of individual cells’ dark curves are

Figure 2. Current−voltage parameter breakdown of Voc, Jsc, FF, and efficiency vs time in days.

Figure 3. Dark current density−voltage characteristics for fresh and 6
month aged samples.
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shown with arrows marking the change in current density as
time progresses. These changes can be due to oxygen-induced
trapped states, which increase the probability of trap-assisted
recombination and decrease the charge transport, shown in low
and high voltage biases, respectively.
Table 2 shows Kelvin probe Fermi level measurements on

fresh and aged hole blocking layers. The proposed hypothesis is

that modifying the metal oxide layer with PEIE leads to
passivation of the oxide surface, preventing further oxidation.
This passivated surface lowers the probability of trap-assisted
recombination at the metal oxide-polymer interface. This can
be seen from the enhancement in the Fermi level stability over
time as shown in Table 2, where ZnO, AZO, and PEIE show
deeper Fermi levels away from vacuum, however ZnO/PEIE
and AZO/PEIE show shallower Fermi levels, toward the
vacuum level. Correlating these results to the dark current−

voltage characteristics shown in Figure 3, a Fermi level closer to
that of vacuum would be further away from the valence band of
P3HT, thus reducing the probability of recombination between
the Fermi level of oxide and HOMO level of P3HT. This
stability in the Fermi levels for the PEIE-coated ZnO and AZO
films show a decreased reactivity with ambient oxygen
compared to the ZnO- and AZO-only films. The changes in
Femi levels were also observed by using Kelvin probe force
microscopy (KPFM) measurements on the ZnO and ZnO/
PEIE films as shown in Figure 4.
No significant change in surface morphology and roughness

was observed in topographic images (Figure S4 in Supporting
Information). Figure 4 represents the surface potential maps of
freshly prepared and aged ZnO and ZnO/PEIE films, taken by
KPFM measurements. KPFM measures the contact potential
difference between the tip and the sample, denoted as the
surface potential. Comparing the freshly prepared films, ZnO
shows a lower surface potential than ZnO/PEIE, which
correlates to the Kelvin probe measurements found earlier
and in line with KPFM of ZnO and PEIE interface as shown in
Figure S5 of Supporting Information. As oxidation occurred
from ambient exposure, the ZnO sample showed a larger
decrease in the average surface potential than the ZnO/PEIE
sample. This also correlates to what was observed in Table 2, as
the Fermi levels for ZnO/PEIE was closer to vacuum level,
compared to the ZnO-only film.
Figure 5 shows a plot of distribution vs surface potential for

the fresh and 7 days aged ZnO and ZnO/PEIE samples. No
change in the surface potential distribution shape was observed

Table 2. Kelvin Probe Measurement Results Showing Fermi
Levels (away from vacuum) of Fresh and 4 Day Aged Hole
Blocking Layers

Fermi level (eV)

fresh aged (4 days)

ZnO −4.49 −4.56
ZnO/PEIE −4.18 −4.13
PEIE −4.15 −4.19
AZO/PEIE −4.23 −4.17
AZO −4.15 −4.40

Figure 4. KPFM surface potential images of ZnO and ZnO/PEIE films without and with ambient exposure. Image sizes are 1 μm × 1 μm.
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for any sample, where the full width at half-maximum is
comparable between different samples. As described earlier, the
change in surface potential is much greater for the ZnO film
compared to the ZnO/PEIE film. The reason for this difference
in surface potential change can be attributed to the less
oxygenated ZnO molecules in the ZnO/PEIE film because o
the surface passivation by PEIE, which reduces the amount of
trapped states from forming by oxygen doping.
Figure 6 shows the process of trap-assisted recombination at

the hole blocking layer-active layer interface. Gas permeability

in the polymer active layer allows for oxygen to pass through,
which may then embed onto the surface of the ZnO layer and
diffuse further.33 This induces a deeper average Fermi level as
trapped states appear within the ZnO film, which then trap free
electrons from moving to the ITO electrode. It was found that
over time, the Fermi level of the ZnO and AZO films move
away from the vacuum level, closer to the value of the adjacent
P3HT valence band. From here, trapped electrons may easily
recombine with the holes in the polymer, which increases the

internal leakage current within the device, thus reducing the
power output of the device.
Figure 7 represents the device mobility vs the electric field at

the maximum charge extraction point. From the analysis of

device degradation due to exposure to atmospheric conditions,
the device mobility can decrease over time because of impurity
doping. As the devices are aged, their carrier mobility decreases.
A difference between the ZnO and ZnO/PEIE devices is that
the required electric field for extracting maximum charge is
lower initially for the ZnO device than that for the ZnO/PEIE
device. This could be due to the thin dielectric PEIE coating,
behaving as a tunneling interface, which would hinder electron
extraction, hence requiring a slightly higher bias voltage to
efficiently extract all the photogenerated carriers. However, as
the devices are aged, the electric field at the maximum charge
extraction point becomes lower for the ZnO/PEIE device than
it is for the ZnO device. This shows that the ZnO/PEIE device
is less affected by aging in atmospheric conditions as compared
to that without the PEIE layer. The reduced degradation is
attributed to the surface passivation from PEIE, which reduces
the reactivity and inhibits doping of atmospheric oxygen at this
interface. The reduced doping and impurity diffusion at this
layer reduces the amount of trapped states forming, which in
turn requires a lower electric field to extract the maximum
possible amount of charge. The mobility for the aged ZnO/
PEIE devices (3.33 × 10−3 cm2 V−1 s−1) also showed as a
higher average than the aged ZnO devices (2.75 × 10−3 cm2

V−1 s−1). This difference in mobility for the aged devices is
attributed to the reduced amount of trapped states within the
bilayer buffer layer, which supports the dependence of device
performance on the mobility of the hole blocking layer.

■ CONCLUSIONS
The stability of bulk heterojunction solar cells were investigated
with bare and surface modified metal oxide layers as the hole
blocking layer. Results showed enhanced lifetimes by 54 and
29% for devices with PEIE modified ZnO and AZO interfaces
respectively compared to bare ZnO and AZO as an electron-
selective interface. The enhancement in lifetime was attributed
to the stable fill factors arising from the suppressed oxidation of
metal oxide layers when passivated with PEIE. Bare metal oxide
surfaces are prone to oxidation, which leads to an increase in

Figure 5. Distribution vs surface potential for the fresh and 7 days
aged ZnO and ZnO/PEIE films.

Figure 6. Graphical representation of oxygen-induced degradation and
trap-assisted recombination at the ZnO-P3HT interface after aged.
The values shown are in terms of electron volts (eV) away from the
vacuum level. (1) Light absorption, (2) oxidation, and (3) trap-assisted
recombination.

Figure 7. Mobility vs instantaneous electric field for the fresh and 6
months aged ZnO and ZnO/PEIE devices.
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Fermi level and formation of trap states. These trap states,
present at the interface between active layer and hole blocking
layer, exhibit a higher recombination of photogenerated charges
and also a suppressed charge transport in the buffer layer that
led to a drastic reduction in short circuit current density and fill
factor when the devices were stored in atmospheric conditions.
Photo-CELIV measurements on fresh and aged devices showed
that a higher electric field was required for devices with a bare
ZnO surface with aging. Aged devices with a ZnO/PEIE
interface required a lower electric field for maximum charge
extraction than the aged ZnO device. This was correlated to the
reduced amount of trapped states forming at the ZnO/PEIE/
P3HT:PC61BM interface. Solution-based modification can
therefore act as a potential low-cost method to passivate
interfacial layers to enhance the device lifetime in organic solar
cells.
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