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ABSTRACT: In this work, efficient bulk heterojunction (BHJ) organic solar cells (OSC)
in inverted configuration have been demonstrated. Power conversion efficiency (PCE) of
3.7% is reported for OSC employing silver top electrodes, molybdenum trioxide (MoO3) as
the hole-transport interlayer (HTL), active layer comprising of poly-3-hexylthiophene
(P3HT) and [6,6]-phenyl C61 butyric acid methyl ester (PCBM) as well as a
nanocrystalline solution-synthesized zinc oxide (ZnO) nanoparticle (NP) film as the
electron-transport layer (ETL). By using solution-processable ZnO crystalline NPs as ETL,
we can eliminate the typical high temperature processing/annealing step, which is widely
adopted in the conventional ZnO ETL fabrication process via the sol−gel method. Such
highly crystalline ZnO NP films can enhance charge collection at the electrodes. It is also
found that inverted OSCs exhibit greater air stability and lifetime performance compared to the OSC employing the normal
structure.
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1. INTRODUCTION

Organic solar cells (OSCs) have attracted much interest in
recent years due to their advantage over traditional silicon-
based solar cells, such as roll-to-roll production as well as the
ability to be fabricated on flexible substrates and in large
areas.1,2 However, the main drawback for OSCs is its low power
conversion efficiency (PCE) of around 10% as compared to
silicon-based cells of around 20%.3,4 Several factors such as
large exciton binding energies, short exciton diffusion lengths,
relatively lower charge mobilities, and poorer charge collection
at the electrodes have been identified as roadblocks to more
efficient OSC devices.3−5 The introduction of the bulk
heterojunction (BHJ) architecture has circumvented the
problem of short exciton diffusion lengths. Novel polymeric
materials with higher charge mobilities have also been
developed. To improve charge carrier collection, interfacial
materials (between metal/organic and metal oxide/organic
interfaces) are necessary to provide favorable energy level
alignment as well as matching morphological traits.
OSCs suffer from poor device stability and shorter lifetime

due to the use of a low work-function (WF) metal electrode
such as aluminum at the top of the device. For the “normal”
device architecture where electrons are extracted via the top
metal electrode and holes via the bottom transparent electrode,
usually indium-doped tin oxide (ITO), the OSCs degrade
quickly upon exposure to ambient conditions and allow oxygen
and water to enter into the active layer of the device, which can
further degrade performance.6−9 Device stability can be
improved by using an inverted device architecture, where a
high WF metal electrode with greater ambient stability such as
silver or gold is used, and the holes are extracted via the top

metal electrode instead. However, the bottom transparent
electrode usually consists of high WF ITO, making electron
collection a big challenge in the inverted architecture.
Therefore, it is crucial to develop suitable interfacial materials
to ensure efficient charge carrier collection and extraction at the
respective electrodes.10

In this work, the inverted architecture is adopted and zinc
oxide (ZnO) is used as the electron transport layer (ETL) to be
coated on ITO to facilitate electron collection. Metal oxides
have been used in both inverted and normal OSC architectures,
such as TiO2 and ZnO for cathode interface and NiO, MoO3,
and WO3 for the anode interface.7,11−15 However, some of
these layers are obtained via sol−gel methods, which provide an
amorphous layer under mild annealing conditions. These layers
function more as an energy alignment interlayer and optical
spacer.7 ZnO is chosen for its high conductivity, wide band gap,
and ease of synthesis to obtain size controllable crystalline
nanoparticles, accounting for its numerous applications in
organic electronics.16−19 The active layer comprises poly-3-
hexyl-thiophene (P3HT) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM), which is currently the most referred
benchmark for OSCs. MoO3 is chosen as the hole transport
layer (HTL) due to its favorable energy level alignment with
the HOMO level of P3HT. There have been reports using the
same material components,20−23 but the PCE of 3.7% obtained
in this work is the highest thus far. Moreover, the use of such
crystalline ZnO NP interfacial layer can avoid the high
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temperature post annealing process widely adopted for the sol−
gel derived ZnO interfacial layer, hence to bypass the ETL
electrode damaging issue during this annealing step.24

2. EXPERIMENTAL SECTION
Zinc acetate dihydrate (ZnAc) (98−101%) and potassium hydroxide
(KOH) (85%) were purchased from Alfa Aesar and Merck,
respectively, and used as received. P3HT and PCBM were purchased
from Rieke Metals and Nano-C, respectively, and were used as
received.
2.1. Synthesis of Crystalline ZnO Nanoparticles. Synthesis of

crystalline ZnO nanoparticles was adopted from Meulenkamp.25

Briefly, 3 mmol of ZnAc was first dissolved in 30 mL of ethanol under
heating at 70 °C. Once all of the ZnAc was fully dissolved, heating was
stopped to cool the solution. A total of 5.1 mmol of KOH was added
into 30 mL of ethanol and dissolved by sonication. Both solutions
were then cooled to 0 °C. The KOH−ethanol solution was added
drop by drop into the ZnAc−ethanol solution. The resultant solution
was stored in a 4 °C fridge for 12 h to reach full precipitation.
Extraction of the ZnO nanoparticles was also adopted from the
method introduced by Meulenkamp.25 A nonpolar organic solvent
such as hexane or heptane was used to precipitate ZnO nanoparticles
out of the solution and extracted via centrifugation. The extracted
particles were dried in air for 8 h before being redispersed in ethanol
for future use. Prior to the device fabrication, the ZnO nanoparticle
solution was filtered to obtain a clear colorless solution that remained
stable for up to 1 month.
2.2. Device Fabrication. ITO coated glass substrates were first

sonicated and cleaned in acetone and 2-propanol. ZnO NP solution
was spin-coated at 500 rpm for 90 s onto the ITO substrates to obtain
a thickness of 20 nm and heated at 120 °C for 10 min to remove
excess solvent and moisture. The substrates were then moved to a
nitrogen-filled glovebox where the active layer consisting of
P3HT:PCBM (1:0.8 weight ratio) dissolved in 1,2-dichlorobenzene

(2% , w/v) was spin-coated at 500 rpm for 120 s onto the ZnO NP
treated ITO substrates to obtain a thickness of 180 nm. The coated
substrates were preannealed at 120 °C for 10 min to improve
crystallinity of P3HT26 before being moved to a thermal evaporator
where molybdenum trioxide (MoO3) (5 nm) and silver electrodes
(100 nm) were evaporated to complete the device.

2.3. Characterization. Current−voltage (J−V) measurements
were done under AM1.5 conditions with a SanEi solar simulator and
recorded by a Keithley 2400 source-meter. Film thicknesses were
measured by Tencor 10 surface profiler. X-ray diffraction (XRD)
spectrum was obtained by a Phillips GADDS. UV−vis absorption and
transmittance were measured using a Shimadzu Spectrometer.

In situ ultraviolet photoemission spectroscopy (UPS) experiments
were performed in a custom designed ultrahigh vacuum (UHV)
system with He 1α (21.2 eV) as the excitation source. All UPS spectra
were recorded with Omicron EA 125 hemispherical analyzer at normal
emission angle at room temperature (RT). Vacuum level shifts were
measured from the linear extrapolation of the cutoff of the low kinetic
energy part of UPS spectra with a −5 V sample bias. The sample work
function ϕ was obtained through the equation ϕ = hv −W, whereW is
the spectrum width (the energy difference between the substrate
Fermi level and low kinetic energy onset). The binding energy of all
UPS spectra were calibrated and referenced to the Fermi level of a
sputter-cleaned silver sample. Vacuum-sublimation purified PCBM was
thermally evaporated onto the ZnO NP layer covered ITO substrates
at RT from a commercial Knudsen cell in the growth chamber.
Deposition rate of ∼0.15 nm/min at 245 °C was precalibrated by a
quartz-crystal-microbalance (QCM). The nominal thickness of PCBM
was also estimated from the attenuation of the Si 2p peak intensity
from the SiO2 substrate before and after deposition.

3. RESULTS AND DISCUSSION

3.1. Characterization of ZnO NP and Film. As shown in
the XRD spectrum (Figure 1a), the extracted ZnO NPs are

Figure 1. XRD spectra of (a) ZnO nanoparticle powder and (b) ZnO film on SiO2 substrate.

Figure 2. UV−vis spectra of (a) ZnO nanoparticle solution and (b) ZnO film on glass/ITO substrate.
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crystalline and exhibit the wurzite structure. The broad peaks
observed in the spectra indicate the small particle size of the
ZnO synthesized. Figure 1b shows the XRD spectrum for a film
sample and clearly reveals the wurzite structure of bulk ZnO.
The direct use of such crystalline ZnO nanoparticle film as the
ITO electrode interfacial layer can eliminate the need for high
temperature post-annealing to transform ZnO layer to a
crystalline layer. Moreover, this can significantly simplify the
device fabrication process and avoid possible damages to the
ITO electrodes during the high temperature annealing
process.24 A crystalline layer not only provides optimal energy
level alignment but also better conductivity for more efficient
charge transport and extraction.
Figure 2a shows a UV−vis spectrum of ZnO NPs in solution,

and an excitonic shoulder peak at around 345 nm is observed.
Bulk ZnO is known to have a peak of around 365 nm. This blue
shift in spectrum can be attributed to the quantum confinement
effect,15 thus confirming the small particle size observed in the
XRD spectra. Figure 2b shows a UV−vis spectrum of a ZnO
film coated on an ITO substrate, and both are congruent.
For an effective interlayer, it should not absorb within visible

light range to allow maximum amount of light to pass through
the active organic layer. Figure 3 displays the UV−vis

transmittance spectra of a ZnO NP film, where outstanding
transmission of visible light is exhibited (>95%). As such, the
ZnO NP film serves as an excellent optically transparent
interlayer in the visible light range. It should also be noted in
Figure 3 that the transmittance goes above 100%. This can be
explained by Fresnel’s Reflection in Multilayer Structures,27

where a material of refractive index in between that of the
substrate and air can result in reduced reflective effects and a
higher percentage of light passing through the multilayer
structure as compared to the substrate alone. This is also the
basis of antireflection applications using ZnO.28

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) measurements were performed on ZnO NP
film samples to further understand the morphology. The SEM
picture displayed in Figure 4a shows a dense but nanoporous
ZnO NP film. This indicates that the spin-coating method
provided excellent coverage of ZnO NP over the entire ITO−
glass substrate. The AFM picture shown in Figure 4b exhibited
the nanoparticle nature of the ZnO NP film and the roughness
was estimated to be around 5 nm.
In order to evaluate the energy level alignment of ZnO NP

interlayer with n-type organic material, in situ UPS measure-
ments were carried out. In our experiment, PC60BM was

chosen as the model n-type material. Figure 5 shows the
evolution of the thickness-dependent UPS spectra for PC60BM
on ZnO NP film at the low kinetic energy region (Figure 5a),
the valence band region (Figure 5b), and the low binding
energy region near the Fermi level (Figure 5c) during the
deposition of PC60BM on ZnO NP film. The bottom spectra in
Figure 5a−c correspond to the pristine ZnO NP film on ITO.
The work function was measured to be 3.81 eV. After the
sequential deposition of 10 nm PCBM film on the ZnO NP
layer, a slight upward vacuum level shift of about 0.17 eV was
observed. At the same time, the HOMO leading edge of
PC60BM marked by the solid line in Figure 5c was located at
1.88 eV below the Fermi level. Figure 5d shows the energy level
diagram at the PCBM/ZnO NP film interface. The HOMO
position of the PCBM was derived from the UPS measure-
ments. The transport band gap and hence the LUMO positions
were taken from previously reported inverse photoemission
spectroscopy (IPES) measurements.29 Clearly, the LUMO of
the PCBM was very close to the Fermi level (about 0.22 eV
above the Fermi level), thus minimizing the energy barrier for
electron charge transfer between PCBM and ZnO. Therefore
ZnO NP film can be used as an efficient interfacial layer for
electron extraction and transport.

3.2. Device Characterization. The crystalline ZnO NP
layer was incorporated into an inverted architecture BHJ OSC
with the active blend layer of P3HT and PCBM. MoO3 was
used as a hole-collecting layer and topped by a silver electrode.

Figure 3. UV−vis transmittance spectra of a 20 nm ZnO NP film
coated on ITO glass.

Figure 4. (a) SEM micrograph and (b) AFM picture of a 20 nm ZnO
NP film coated on glass/ITO substrate.
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The best power conversion efficiency (PCE) obtained was 3.7%
(Figure 6 and Table 1), which is the highest reported so far for

the OSC system comprising of the above-mentioned
materials30,31 and is comparable to that achieved by the normal
architecture as reported elsewhere.32 The good performance
can be attributed to the factors characterized above, that is,
crystalline ZnO NPs were used to confer higher conductivity
and high transmittance in the visible light range as well as
excellent energy level matching between ZnO NP film and
PCBM. Furthermore, for the control device without the ZnO
ETL (i.e., P3HT:PCBM directly contacting the ITO electrode),
the Voc was drastically reduced and the S-curve was typically

observed in the device, indicating poor charge collection. This
highlights the importance of the ETL in providing appropriate
energy level alignment to achieve proper “inversion” of the
device.33−35

Lifetime studies were also carried out to compare the stability
of the top metal electrode used. A normal architecture OSC
was fabricated using the same materials with aluminum as the
top electrode and the order of the materials flipped (Figure 7,

Normal 1). The devices were not encapsulated and left in
ambient condition and were only brought into a nitrogen
environment (glovebox) for J−V measurements. As shown in
Figure 8, the lifetime of the inverted structure out-performed
that of the normal structure (Table 2 shows the J−V device
characteristics). This corroborates previous reports that the
inverted structure is indeed more robust and stable due to the
usage of a higher WF top metal electrode.3 Moreover, the
performance of the inverted OSC steadily improved until it
reached a maximum (typically 3 days later); whereas that of the
normal structure dropped almost immediately after fabrication.
This is attributed to the slight increase in the WF of silver as it
is slowly oxidized by ambient atmosphere resulting in a more
favorable energy level alignment for holes extraction.36,37

Another advantage of using silver as top electrode is the
compatibility with high throughput roll-to-roll printing
techniques as silver can be printed, doing away with the use
of costly high vacuum thermal evaporation methods.38

Figure 5. UPS spectra at (a) the low kinetic energy region (secondary electron cutoff), (b) valence band region, and (c) the low binding energy
region near the Fermi level during the deposition of PCBM on ZnO NP covered ITO substrate. (d) Schematic energy level diagrams of PCBM on
ZnO NP film.

Figure 6. J−V characteristics and device data for different device
architecture.

Table 1. J−V Statistical Data for Inverted and Normal
Device Architecture

sample Voc, V Jsc, mA cm−2 FF, % PCE, %

Normal 1 0.52 6.0 66.3 2.07
Normal 2 0.53 8.7 66 3.04
Inverted 0.55 11.0 61.5 3.72
no ZnO 0.18 7.23 31.5 0.41

Figure 7. Device architecture illustration for the two normal OPVs
using MoO3 or PEDOT:PSS as anode interfacial layers and inverted
OPV with nanocrystalline ZnO (nc ZnO) as cathode interfacial layer.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am303004r | ACS Appl. Mater. Interfaces 2013, 5, 4696−47014699



4. CONCLUSION
A high PCE of 3.7% for an inverted OSC architecture using
P3HT:PCBM was demonstrated in this work, which is the
highest reported PCE so far for the materials used in this OSC
system. A solution-processed crystalline ZnO layer was directly
used as an ITO electrode interfacial layer, omitting the need for
a high temperature post-annealing process widely adopted for
the conventional sol−gel derived ZnO interfacial layer. The
optimal energy level alignment to PCBM and high conductivity
provided by the crystalline ZnO layer resulted in more efficient
charge transport and extraction, leading to the good PCE
performance. The inverted architecture exhibited greater
ambient stability as compared to the normal structure. This
provides a good basis and platform for implementing the
inverted structure system to other low-bandgap materials that
give better performance than P3HT, leading to the develop-
ment of OSCs with better efficiency and longer lifetime.
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