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This paper presents a high efficiency (�3.8%) inverted organic photovoltaic devices based on
a P3HT:PCBM bulk heterojunction (BHJ) blend with improved electron- and hole-selective
contact layers. Zinc oxide (ZnO) nanoparticle films with different thicknesses are deposited
on the transparent electrodes as a nano-porous electron-selective contact layer. A thin gold
film is used between the BHJ photoactive layer and the poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), which improves the wettability and significantly
enhances the stability of the device (>50 days of air exposure). Photovoltaic device param-
eters such as power conversion efficiency (PCE) and external quantum efficiency (EQE) are
systematically examined for inverted devices with different thicknesses of ZnO and gold
layers in comparison to the non-inverted and reference inverted devices with no contact
layers. The optimized organic devices with ZnO and Au contact layers show exceptional
short circuit currents (in excess of 13 mA/cm2), in comparison to the reference devices,
which is related to increased quantum efficiency of the device observed in measured EQE
experiments. These results are important for development of high efficiency and stable
all-printed organic solar cells and point out the role of contact layers, in particular, ZnO con-
ductivity and morphology in the device performance.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Solar energy has been regarded as a clean and renewable
resource for generation of electricity. Polymer solar energy
devices have increasingly become the focus of research in
recent years [1–7], since they are amenable to low cost
roll-to-roll manufacturing processes by using organic or
inorganic–organic hybrid inks. The power conversion effi-
ciency (PCE) of these organic photovoltaic (OPV) devices re-
mains low; currently, the highest recorded efficiency is
approximately 8% [8]. In addition to low PCE, the short
life-time of OPV devices, mainly due to the degradation of
organic/conducting material interfaces, undermines their
long term cost effectiveness [9]. Bulk heterojunction (BHJ)
OPV device structures based on blends of a donor polymer
. All rights reserved.

.

poly(3-hexylthiophene) (P3HT) and an acceptor fullerene
[6,6]-phenyl C61-butyric acid methyl ester (PCBM) are con-
sidered a technological benchmark against which OPVs are
often measured [10–13]. In these systems, the electron-
donating polymer and electron-accepting fullerene form a
nanometer-sized, interpenetrating network [14,15]. Inci-
dent light is absorbed within the photoactive BHJ layer,
generating bound electron–hole pairs, i.e., ‘‘excitons’’. Lim-
ited to their lifetime, the excitons can diffuse to the inter-
face of the donor and acceptor polymers, where they
separate into charge carriers. The diffusion length is gener-
ally in the order of tens of nanometers [16], giving rise to a
device performance that depends heavily on the nano-mor-
phology of the BHJ layer. Major improvements in terms of
stability have been achieved by developing inverted OPV
devices [17–20]. In a regular device structure, holes and
electrons are injected into transparent indium-tin oxide
(ITO) and counter electrode (e.g., Al), respectively. In con-
trast, in an inverted device structure electrons are injected
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into the ITO while holes are collected by the top electrode
[21], which can be a less air sensitive, high work-function
metal such as silver or gold. At the ITO interface, metal oxi-
des such as TiO2 [22] and ZnO [23–27] have been applied as
an electron-selective contact with PCE of over 3%. The high
electron mobility of ZnO makes it an ideal electron-
selective contact layer for inverted devices [28]. It has been
shown that thin films of ZnO nanoparticles can be solution-
processed on ITO/glass or flexible substrates at low temper-
ature [24], an essential requirement for all-printed devices.
These devices as well as those fabricated by a high temper-
ature sol–gel process on ITO/glass is reported to exhibit a
maximum PCE of 3.6% [24], the highest values reported
for inverted OPVs.

In the present study, we have focused on optimizing
both electron- and hole-collecting electrodes for an in-
verted solar cell to demonstrate high efficiency (3.8%)
and improved air stability, as schematically illustrated in
Fig. 1. We have modified processing parameters for low
temperature fabrication of transparent ZnO thin films by
spin coating of zinc acetate dehydrate, Zn(OAc)2�2H2O
solutions. Moreover and in order to obtain an efficient in-
verted OPV device, we have paid particular attention to
the development of the hole transport layer, i.e.,
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) that is coated on top of the low surface energy
P3HT:PCBM photoactive layer. A thin film of gold (2–5 nm)
was thermally deposited on organic layer so as to improve
wettability of the photoactive layer towards the aqueous
PEDOT:PSS dispersions that present large surface tensions.
The photovoltaic characteristics and stability of devices are
investigated as a function of ZnO and gold contact layers,
which shows significant improvement in PCE and short cir-
cuit current with the use of these contact layers.

2. Experimental section

2.1. Device fabrication

As shown in Fig. 1, the inverted OPV devices had ITO/
ZnO/P3HT:PCBM/Au (2–5 nm)/PEDOT:PSS/Au (100 nm)
structure with an active area of 0.2 cm2. The fabrication
steps are as follows: ITO was patterned by masking with
Glass

ITO

ZnO 25-80 nm

P3HT:PCBM 150 nm

PEDOT:PSS 40 nm
Au 2-5 nm

Au 100 nm

a

Fig. 1. Inverted solar cell device structure (a) an
tape and etching the exposed area with conc. HCl at
60 �C. After sequential ultra-sonic cleaning in H2O2/NH3/
H2O (1:1:5 v/v), deionized water, acetone and 2-propanol
the substrates were dried at room temperature. The zinc
acetate dehydrate Zn(OAc)2�2H2O (Sigma–Aldrich), 50,
100 and 125 mg/mL in methanol was then spin coated on
ITO at a rate of 1000 rpm for 30 s, followed by annealing
at 150–350 �C for 10 min to afford a ZnO layer with thick-
nesses of 25, 50 and 80 nm, respectively.

Bulk heterojunction films were deposited from a 1:1
solution of PCBM (American Dye Source Inc.) and P3HT
(regioregularity �95%, Reike Metals) in 1,2-dichloroben-
zene (1,2-DCB; 99%, Sigma–Aldrich), filtered through a
0.45 lm polytetrafluoroethylene (PTFE) membrane filter
(Pall Co.) prior to mixing. The blend solution was spin-cast
on ZnO/ITO substrates in a glove box with a sequential rate
of 250 rpm (3 s), 1000 rpm (15 s) and 1500 rpm (3 s). The
films were left in a covered Petri dish to control the solvent
evaporation rate (drying time: 10–20 min). A thin film of
gold (2–5 nm) was thermally deposited through a shadow
mask onto P3HT:PCBM film using a MBraun glovebox inte-
grated thermal evaporator system at a 0.1 Å/s deposition
rate. A PEDOT:PSS (Clevios P VP AI 4083, H.C. Starck Inc.)
solution mixed with an equal amount of 2-propanol was
spin coated with a sequential rate of 5000 rpm (30 s). Dilu-
tion with 2-propanol is necessary in order to improve its
adhesion. The PEDOT:PSS coated substrates were trans-
ferred back to the glove box and thermally annealed at
140 �C for 10 min. Finally, gold (100 nm) was thermally
deposited (at a vacuum level of �10�8 Torr) through a sha-
dow mask to complete the PV device.

2.2. Device characterization

Current–voltage (I–V) measurements of devices were
conducted on a computer-controlled Keithley 2400 Source
Meter. A xenon lamp (150 W, Newport Co.) equipped with
an AM1.5G filter was used as the light source. The optical
power was 100 mW/cm2, measured using a broadband
power meter (Newport Co.) equipped with a thermopile
detector head. The external quantum efficiency (EQE)
was measured using monochromatic light from a mono-
chromator (Cornerstone 130, Newport Co.) and the inci-
e-
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dent power was measured using a power/energy meter
(Newport Co.) that is also used for collecting transmit-
tance/absorption spectra of films on ITO substrates. The
EQEs were used to calculate the corresponding short-
circuit current density obtained separately through effi-
ciency testing under a 100 mA/cm2 AM 1.5G illumination
(see Supplementary data). Here, the overlap integral be-
tween EQE and AM 1.5G spectrum was calculated in the
range of 330–800 nm in order to minimize the error asso-
ciated with EQE arising from low incident power at shorter
wavelengths. Operational stability measurements for ex-
tended testing times of up to 70 h of constant light expo-
sure were carried out with a 100 W Sylvania tungsten
lamp calibrated at 100 mW/cm2. Bright-field transmission
electron microscopic (TEM), scanning electron microscopic
(SEM) and atomic force microscope (AFM) images were re-
corded using Hitachi 8100, Hitachi S-4700 and MFP3D-SA
Asylum Research systems, respectively. An optical micro-
scope equipped with a CCD camera was used to examine
morphology of the photoactive layer. Film thicknesses
were measured using an Alpha-Step IQ profilometer
(KLA-Tencor). For the purpose of TEM analysis, a 40-nm
layer of PEDOT:PSS was first spin coated at 5000 rpm on
ITO and baked at 140 �C for 10 min in an ambient atmo-
sphere. P3HT:PCBM layer was deposited on a ZnO/ITO sub-
strate (with or without gold coating). The ITO substrates
were immersed in a dilute HCl (5%) solution causing the
ZnO layer to dissolve thus enabling the remaining polymer
film to be peeled off. The floating films were picked up
using 500-mesh TEM copper grids.
3. Results and discussion

3.1. Optical properties

For the preparation of ZnO contact layer, as shown in
Fig. 1, a spin coated zinc acetate solution on ITO/glass sub-
strates was converted into ZnO by a rapid heating at 150–
350 �C on a pre-heated hot plate at ambient conditions.
ZnO film, prepared at these temperatures, is practically
transparent. Depending on the concentration of Zn(OAc)2�
2H2O solution in methanol (50, 100 and 125 mg/mL), the
ZnO thicknesses were varied from 25 to 50 nm and 80 nm.
Fig. 2. Absorption spectrum of (a) ZnO on quartz substrates with thicknesses o
P3HT:PCBM on ZnO/ITO interface, spin-coated from 1,2-DCB at 1000 rpm and s
150 �C for 1 h.
Fig. 2a shows the visible spectra of ZnO with transmittance
of near 100% at 390–800 nm while at shorter wavelengths
(350–390 nm) the transmittance is more than 75%. The
wide bandgap of ZnO ensures high transmittance in this
wide spectral range [29]. When a slow heating rate is ap-
plied the ZnO films became less transparent due to forma-
tion of nano-ripples as reported recently [25].

The UV–Vis absorption spectra of a blend of P3HT and
PCBM (50:50 wt.%), before and after thermal annealing
are shown in Fig. 2b. The absorption spectra provide evi-
dence of extensive p�p stacking of the polythiophene
backbone, as indicated by absorption peaks at 525, 560,
and 610 nm and an extension of the p�p⁄ absorption band
to 650 nm [30]. Upon thermal annealing at 150 �C for 1 h,
the absorption spectra remain largely unchanged that is
due to a slow drying process used to develop the films.
The developed morphology is the kinetically stable one
and thermal annealing may not necessarily contribute in
enhancing the optical density [31].

3.2. Surface morphology

The SEM and AFM images of ZnO/ITO substrates with
different thicknesses of ZnO layer are illustrated in Fig. 3.
The ZnO nanoparticles with a relatively uniform diameter
of 30–50 nm are formed and fused together after thermal
treatment as described above. The surface roughness of
the ZnO film appears to be a function of the thickness. It
is evident that the agglomeration of ZnO nanoparticles is
far more extensive in Fig. 3b for a thicker film made by spin
coating of higher concentration of Zn(OAc)2 solution in
comparison to that in Fig. 3a. This is also supported by
the AFM images presented in Fig. 3c–f, depicting the in-
creased porosity and roughness of the ZnO layer with
increasing thickness. A remarkable difference for the thick-
er (80-nm) ZnO film is the formation of large ZnO crystals
rather than fused nanoparticles.

The photoactive BHJ blend of P3HT and PCBM
(50:50 wt.%) was spin-coated on the ZnO/ITO interface
using 1,2-DCB, a solvent with a high boiling point. As a re-
sult, the slow drying process enables the polymer to slowly
crystalize and form an optimized morphology resulting in
improved optical and electronic properties [7,31]. The mor-
phology of P3HT:PCBM in the solid state, examined by TEM,
f 25 nm (dashed line), 50 nm (solid line) and 80 nm (dotted line) and (b)
low dried before (solid line) and after (dashed line) thermal annealing at



Fig. 3. SEM and AFM images of ZnO film surfaces on ITO used as hole-blocking layers in inverted OPV devices. ZnO film was prepared by spin-coating zinc
acetate solution in methanol and rapid heating to 350 �C for 5 min. For SEM images, thicknesses are (a) 25 and (b) 50 nm, and for AFM images (c) 25, (d) 50
and (e) 80 nm for a 1 � 1 lm pixel. A 10 � 10 lm pixel of (e) is presented in (f). The inset in (b) shows a wider view (scale: 1 lm).
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showed evidence of a binary network of P3HT and fuller-
ene. Bright-field TEM images of the P3HT:PCBM films, be-
fore and after thermal annealing at 150 �C, are shown in
Fig. 4. In the TEM image of the as-cast samples, the mor-
phology is well developed and the donor and acceptor do-
mains show a typical feature size of 10–20 nm. After
thermal annealing at 150 �C for 1 h the domain sizes are
practically the same. The TEM images reveals that thermal
annealing improves the purity of the donor and acceptor
network, i.e., the phase contrast becomes clearer and easily
observable with a slightly larger domain size as compared
to the as-cast films.

3.3. Deposition of a thin film of gold

An important technical issue in inverted OPV devices is
that aqueous PEDOT:PSS does not wet the P3HT:PCBM sur-
Fig. 4. TEM images of P3HT:PCBM film used as photoactive layers in inverted OP
thermal annealing at 150 �C for 1 h (b), and with 2-nm gold coating (c). Scale b
face effectively, even after dilution with 2-propanol
(50:50 vol.%). In order to fabricate an inverted device free
of pin holes and short contacts, we paid particular atten-
tion to the deposition of PEDOT:PSS layer. To improve the
wettability of the photoactive layer, a thin film of gold
(2–5 nm) was thermally deposited on P3HT:PCBM/ZnO/
ITO interface. The TEM of the gold thin film on P3HT:PCBM
is included in Fig. 4. As it is seen, the gold film is composed
of nano-dots with a size ranging from 5 to 15 nm that are
not connected. The height of the gold film was varied be-
tween 2 and 5 nm by controlling the deposition time at a
rate of 0.1 Å/s. The advantage of the thin gold film is to im-
prove the wettability of the photoactive layer for aqueous
PEDOT:PSS that present large surface tensions [32]. Fig. 5
displays a picture of the devices after PEDOT:PSS is spin-
coated on P3HT:PCBM without (devices a and b) and with
5-nm gold coating (devices c and d). Successful deposition
V devices (film thickness �150 nm) on ZnO/PEDOT/ITO before (a) and after
ar is 100 nm.



Fig. 5. A picture of the devices after PEDOT:PSS is spin-coated directly on P3HT:PCBM (a and b) and on 5-nm gold coated ones (c and d). Notice that in the
gold coated devices (c and d), the deposition of PEDOT:PSS layer is visually confirmed on gold coated area (marked by arrows and dotted lines).
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of PEDOT:PSS layer is visually confirmed on gold coated
area. While the gold thickness has a minor impact on PV
property (see below), it turned out that devices with thick-
er gold coating (5 nm) maintain their performance even
after a long period (7 weeks in this study).
3.4. Photovoltaic performance

The PV properties of inverted devices, exposed to ambi-
ent atmosphere, were characterized by current–voltage
(I–V) and external quantum efficiency (EQE) measure-
ments. For comparison, a series of normal devices with a
structure of glass/ITO/PEODT:PSS/P3HT:PCBM/Ca/Al was
also fabricated and tested as described previously [33]. Ta-
ble 1 shows the highest and average PV performances for
normal and inverted OPV devices fabricated in this work.
The maximum PCE of 3.8% and 3.6% were achieved for in-
verted devices with a gold buffer layer of 2 and 5 nm,
respectively, deposited in between the photoactive layer
and PEDOT:PSS. Without the gold buffer layer PCEs are in
Table 1
Extracted parameters, short-current density (Jsc), open-circuit voltage (Voc), fill fac
devices. Parentheses denote average performance obtained from 24 devices tested.
spectrum in the range of 330–800 nm.

Device type JCalculated
sc (mA/cm2) JObserved

sc (mA/cm2)

Inverted: 2-nm Au
25-nm ZnO 11.5 (11.1)
50-nm ZnO 13.2 13.1 (13.0)
80-nm ZnO 13.1 (10.3)

Inverted: 5-nm Au
25-nm ZnO 11.2 (10.5)
50-nm ZnO 13.3 12.5 (12.0)
80-nm ZnO 12.3 (10.9)

Inverted without Au
25-nm ZnO 11.1 (10.9)
50-nm ZnO 12.3 12.5 (2.1)
80-nm ZnO 10.9 (10.8)

Normal 9.8 9.8 (9.6)
the range of 1.9–3.0%. Fabricating the same active layer
in the normal (non-inverted) device architecture using Ca
(20 nm) and Al (80 nm) as the top electrode yields a PCE
of 2.5%.

For the inverted devices, the fill factor (FF) varies be-
tween 0.30 and 0.54 with the higher values matching the
ones reported for structurally similar inverted devices
[23–27]. Increasing the thickness of the ZnO (from
25 nm) results in a typically enhanced PCE (50 nm) fol-
lowed by a reduction in PCE (80 nm): for 2-nm gold coated
devices, PCE of 2.2 increases to 3.8 and drops to 2.1% and
for 5-nm gold coated ones, PCE of 3.2 increases to 3.6
and then drops to 3.1%. Similar trends are also observed
for the short-circuit current density (Jsc) and FF (Table 1)
that point to a trade-off between complete coverage of
ITO (i.e., a low density of pin-holes) and an increase in ser-
ies resistance. One of the few disadvantages of ZnO is the
restriction to a rather thin film due to its low conductivity
[34]. Thin layer of ZnO provides a much better electron-
selective interface and ohmic cathode contact [24,35].
tor (FF) and power conversion efficiency (PCE) for P3HT:PCBM (50:50 wt.%)
The calculated Jsc is based on the overlap integral between EQE and AM1.5G

Voc (V) FF PCE (%)

0.62 (0.60) 0.31 (0.30) 2.2 (2.0)
0.55 (0.55) 0.54 (0.45) 3.8 (3.2)
0.45 (0.43) 0.39 (0.37) 2.1 (1.6)

0.59 (0.58) 0.41 (0.33) 3.2 (2.1)
0.55 (0.52) 0.54 (0.50) 3.6 (3.3)
0.50 (0.51) 0.50 (0.48) 3.1 (2.9)

0.52 (0.52) 0.47 (0.42) 2.7 (2.4)
0.50 (0.47) 0.52 (0.45) 3.0 (2.5)
0.44 (0.43) 0.40 (0.39) 1.9 (1.8)

0.61 (0.60) 0.45 (0.40) 2.5 (2.3)
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Based on the result of this study, an optimized perfor-
mance is achieved for a ZnO film thickness of 50 ± 10 nm.

In these devices, the open-circuit voltage (Voc) strongly
depends on the ZnO and the gold layer thicknesses; the
thicker the films are the lower the Voc. A similar observa-
tion is also reported for layered ZnO/poly[2-methoxy-5-
(20-ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH:PPV)
composite solar cells recently [36]. Therefore, as the thick-
ness of ZnO film increases, the main loss in the overall per-
formance can be attributed to a reduction in Voc. The Voc is
determined by the energy difference between the highest
occupied molecular orbital (HOMO) of the donor and the
lowest unoccupied one (LUMO) of the acceptor compo-
nents [37]. It also shows a weak dependence on the
work-function difference of the two electrodes and Fer-
mi-level pinning [38]. For a normal device architecture
based on blends of P3HT and PCBM the Voc can be esti-
mated by [37]:

VOC ¼ ð1=eÞðjEP3HTðHOMOÞj � jEPCBMðLUMOÞjÞ � 0:3 V ð1Þ

Here, e is the elementary charge and EP3HT (�5.2 eV) and
EPCBM (�4.3 eV) are the HOMO and LUMO levels of each
component, respectively. The value of 0.3 V, an empirical
factor discussed in details by Scharber et al. [37], is the dif-
ference between the built-in potential and the Voc that is
originated by the dark I–V curve of the photodiode. Here,
we postulate a likely scenario for a thicker ZnO film, where
an additional PN heterojunction is present for charge sep-
aration and photocurrent generation. Namely, the
P3HT:ZnO heterojunction rather than P3HT:PCBM is grad-
ually becoming the dominant one in defining the Voc when
the porosity of the ZnO layer is increased (Fig. 3). In a sim-
ilar study, low Voc of hybrid P3HT/ZnO nanofiber PV de-
vices was attributed to the presence of midgap states on
the surface of the ZnO resulting in surface pinning of the
Fermi level [39]. Based on the approximate energy diagram
(Fig. 1), this assumption yields a Voc of 0.5 V for the in-
verted devices (free of pin-holes and defects) using:

VOC ¼ ð1=eÞðjEP3HTðHOMOÞj � jEZnOðCBÞjÞ � 0:3 V ð2Þ
b
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where EZnO(CB) is the conduction band energy of ZnO
(��4.4 eV). Optical interference and light scattering ef-
fects, strongly depending on the ZnO layer thickness, can
also contribute in reducing the intensity of light reaching
the photoactive layer [40]—specifically, in the wavelength
range of 300–400 nm where ZnO absorbs/scatters the light
(Fig. 2)—reducing the Voc even further.

Fig. 6 depicts the I–V characteristics for two devices
with the highest PCE in this work. The observed Jsc and
PCE for these devices are among the highest reported val-
ues for an inverted OPV device (2-nm gold film:
Jsc = 13.1 mA/cm2, PCE = 3.8% and 5-nm; Jsc = 12.5 mA/
cm2, PCE = 3.6%). The increase in Jsc is responsible for a
remarkable improvement in PV performance of these de-
vices compared to that of regular or the inverted ones
without gold buffer layer (Table 1). It must be noted that
for most of the devices the observed Jsc’s closely match
the calculated values from the overlap integral between
EQE and AM1.5G solar spectrum within ±0.2 mA/cm2 (see
Table 1 and Supplementary data).

The EQE of the inverted and normal devices are shown
in Fig. 7. For all of these devices, an efficient capturing of
photo-generated excitons within the range of 400–
600 nm is confirmed with EQE reaching a maximum value
of 0.6 between 500 and 550 nm. EQEs are calculated based
on incident power reaching the active layer when ZnO/ITO
and ITO substrates were used for power measurements. As
it is seen in Fig. 7, the apparent EQE (filled circles) which is
calculated based on a monochromatic light intensity after
it passes through a ZnO/ITO substrate, and reaches the ac-
tive layer, is higher. A detailed inspection of these spectra
reveals that for all the inverted OPV devices, the EQE value
in the 300–400 nm range is lower than that of a normal de-
vice that is in agreement with the transmittance spectra of
ZnO films (Fig. 2a). Therefore, inverted OPV devices with a
thicker ZnO do suffer from reduced incident power. How-
ever, the reduction in photo-generated current is esti-
mated at �4% based on the overlap integral within the
range of 300–400 nm. On the other hand, the EQE values
of inverted devices with 2 and 5 nm of gold layer are larger
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than that of a normal device at wavelengths longer than
400 nm (Fig. 7d) resulting in an increase of �8% in photo-
current in the 400–800 nm range. The improved perfor-
mance of inverted OPV devices (in terms of increased
short circuit current and PCE) is therefore attributed to
an efficient charge collection at both top and bottom con-
tact layers. The optimization of processing parameters and
formation of a transparent ZnO thin film is the key issue in
developing high efficiency inverted OPV devices.

3.5. Device stability

The devices were subjected to a two-stage long-term
stability test. In the first stage, devices were exposed to
air for 7 weeks, during which their performance was tested
periodically. After 7 weeks, in the second stage, they were
illuminated with uninterrupted white light at 100 mW/
cm2 of incident power in air using a tungsten lamp filtered
through AM1.5G filter. The temperature of the device
holder was also monitored during light exposure
(�38 ± 2 �C). Fig. 8 illustrates the PCE of the inverted OPV
devices with 2- and 5-nm gold layer during the long-term
test, displaying a significantly better stability for the latter
in the first stage of experiment when they are exposed to
ambient conditions. Namely, the PCE of the device with
5-nm gold under the PEDOT:PSS remains unchanged (at
�3.6%) after 50 days. The stability of PCEs monitored under
white light exposure, however, are less promising. After 50
and 70 h of light exposure, the PCE of 2- and 5-nm gold
layer devices dropped to <0.1 and 1.3%, respectively (see
Supporting Information). This two stage experiment helps
to separate the role of ambient and light exposure on sta-
bility of the device.

As it has been reported in the literature, thin films of
P3HT:PCBM undergo gross phase separation at elevated
temperatures as illustrated by the growth of large PCBM
crystals—a process that reduces the interface between
the donor polymer and acceptor fullerene [33,41–44].
Fig. 8 also shows microscopic images of a P3HT:PCBM film
on 50-nm ZnO/ITO substrates before and after it is irradi-
ated with white light as well as a thermally annealed film
(at 150 �C for 1 h). Under white light illumination, the ther-
mal energy transferred to the blend accelerates the phase
separation process causing macro-phase segregation of
the blend constituents, i.e., formation of PCBM crystals
(Fig. 8d). This process is very similar but not as cata-
strophic as in samples annealed thermally at 150 �C for
1 h (Fig. 8e). The outcome is a slow degradation of the per-
formance that needs to be addressed in order to improve
the long-term stability of these inverted OPV devices.
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4. Conclusion

Electronic contact layers are critically important in
determining how an optoelectronic device operates (in
terms of electrical and optical performance), and as such,
play a critical role in the photovoltaic performance of
OPV devices. This paper presents inverted OPV devices
with significantly improved performance in terms of effi-
ciency (3.8%) and stability, by systematic development of
contact layers. ZnO nano-porous films were investigated
as electron-selective contact layer on the ITO transparent
electrode. While some absorption loss in high energy pho-
tons are observed, the short-circuit current density is sig-
nificantly improved (�13 mA/cm2) for a ZnO contact
layer with a thickness of 50 nm. Thicker ZnO films sup-
press the performance due to the low conductivity of this
contact layer, increased loss of high energy photons, and
reduced open circuit voltage possibly indebted to the par-
asitic role of ZnO:P3HT heterojunctions. A thin gold film
deposited under PEDOT:PSS has shown to be highly effec-
tive in improving the wettability of BHJ layer for PED-
OT:PSS deposition, resulting in improved efficiency and
stability of the device. These results highlight the signifi-
cant role of contact layers and device engineering in
increasing the efficiency and stability of OPV devices.
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