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ABSTRACT: The improvement of power conversion efficiency, especially current
density (Jsc), for nanocrystal quantum dot based heterojunction solar cells was realized by
employing a trenched ZnO film fabricated using nanoimprint techniques. For an
optimization of ZnO patterns, various patterned ZnO films were investigated using
electrical and optical analysis methods by varying the line width, interpattern distance,
pattern height, and residual layer. Analyzing the features of patterned ZnO films allowed
us to simultaneously optimize both the pronounced electrical effects as well as optical
properties. Consequently, we achieved an enhancement in Jsc from 7.82 to 12.5 mA cm−2

by adopting the patterned ZnO with optimized trenched shape.
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■ INTRODUCTION

Nanocrystal quantum dot (NQD)-based photovoltaics (PVs)
are of great interest due to low-cost solution processability and
quantum size-effect-originated tunability that allows matching
absorption with the solar spectrum in third generation PV
devices.1,2 To date, progress in NQD based PV device
performance has been achieved through the innovations of
PV device architecture and ligand-passivation stratagem.
Indeed, lead sulfide (PbS) NQD-based solar cells fabricated
using assembled NQD arrays have rapidly advanced in recent
years, from the first report of PbS Schottky-junction devices to
recent reports of 5.1% power conversion efficiency (PCE) for
an atomic passivated NQD-based solar cell with a depleted
heterojunction (DH) architecture.3,4 Meanwhile, further
improvement of PCE of 7% using organic−inorganic hybrid
passivated NQDs as a light-absorbing layer in DH solar cell was
reported by Ip et al.5 Although assembled NQD based PV
reached above 7% PCE with the advent of the DH architecture
and a proper ligand passivation, the engineering of device
architecture in order to maximize the absorption of incident
photons is still a challenging issue that should lead to further
enhancements in PCE. In practice, enhancing photon
absorption from a given amount of colloidal NQD solid offers
significant benefits for increasing the available photocurrent.6

Nanostructured interfaces between n- and p-type semi-
conductor materials leads to the improvement of electron
extraction by allowing a greater amount of light absorption.
Recent reports have demonstrated that an actual short-circuit
current density (Jsc) enhancement approaching 30% relative to
a planar device could be obtained using a device with the
nanostructured TiO2 that enhances absorption without
compromising carrier extraction.7 Moreover, a much higher
open-circuit voltage (Voc) could also be achieved by employing
the TiO2 nanopillars in comparison with the planar device.8

Consequently, an employment of nanostructured electrodes
such as TiO2 and ZnO which are generally used as n-type
semiconducting materials in PbS NQD-based heterojunction
device is an appropriate stratagem toward enhancing PCE of
the PV device.9,10 It is noteworthy that it would be desirable to
construct a nanostructured electrode in which the NQD film
remains still fully depleted in order to maximize the efficiency
of incident photon absorption and extraction in an NQD-based
PV device.7
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Previously, TiO2 or ZnO nanostructure have been made
using a variety of techniques including doctor blade spreading
of paste,11 spray pyrolysis,12 and nanowire growth13 in
photovoltaic cells. However, these methods have a limit for
preparing a regular structure reproducibly. Unlike above-
mentioned techniques, direct metal oxide nanoimprint
lithography (NIL) using photosensitive sol−gel precursor,
which has been recently introduced as a high resolution, high
throughput, and low cost patterning tool, open up new routes
to fabricate an ordered structured electrode.14−16 This is highly
appropriate to form structured metal oxide layers that should
include the residual layer inevitably using the single step
process without any etching or deposition step.17,18

In this work, we used a direct UV nanoimprint process in
order to enable precise, large area, and nanoscale patterning of
ZnO for n-type layer in PbS NQD-based heterojunction solar
cell. For a better understanding of the physical processes in the
devices, we studied the optical and electrical effect of the
periodic feature of patterned semiconducting structure on the
PV performance, and these parameters are investigated
theoretically and experimentally in this paper. In our PbS
NQD-based solar cell with nanopatterned ZnO structure, we
find that, while the optical enhancement is minimal, the
electrical effect is pronounced, resulting in the enhancement of
Jsc over 50% in comparison with planar structures.

■ EXPERIMENTAL METHODS
Synthesis Procedure of Photosensitive Sol and Fabrication

of ZnO Line Pattern. The photocurable ZnO sol in the present study
were synthesized by zinc acetate, 2-methoxyethanol, and ethanolamine
was used as a solvent and stabilizer. Also, photosensitive 2-
nitrobenzaldehyde was added into the solution precursors and
contributed to form a cross-linked network structure via photo-
chemical reaction. UV curable inorganic precursor including zinc
acetate was used as material for fabricating patterned n-type layer in
the QD solar cell process. First, the photosensitive precursor film was
spin-coated on the ITO substrate at 3000−5000 rpm. Film thickness
was controlled by modulating the concentration of sol and spin
coating speed. Flexible PFPE mold duplicated from an Si master which
has a line shape with various periods was then pressed against the ZnO
precursor film at a pressure of 3 bar for 5 min using a homemade UV
nanoimprintor. After demolding, an additional 10 min of UV light (52
mW cm−2 with a major wavelength peak of 365 nm) illuminated the
ZnO pattern. Finally, the ZnO trench pattern was annealed at 400 °C
for 1 h in order to remove residual organic compounds. With UV
irradiation and annealing, the thickness of the ZnO films was reduced
by elimination of trapped organic molecules inside the film which
originated from the decomposition of precursors during the
photochemical reaction. Upon annealing, the height of the ZnO line
pattern decreased from 350 to 100 nm in the crystalline phase. Despite
this significant shrinkage, macroscopically uniform and crack-free
patterned structure was obtained and an isotropic volume loss was
observed.

Device Fabrication. In order to assemble PbS NQD solids, a
layer-by-layer dip-coating method was employed. The substrate was
first dipped into PbS NQDs dispersed in hexane followed by a
subsequent ligand-exchange using 1, 2-ethanedithiol (EDT) to reduce

Figure 1. (a) Scheme for the ZnO pattern prepared single step UV imprinting. A photosensitive precursor solution was spin coated on the substrate
followed by direct nanoimprinting with a PFPE flexible mold whose pattern period was within 400−1000 nm. After demolding and annealing, the
ZnO line pattern was formed on the substrate. (b) Cross-sectional SEM image of ZnO line pattern and depicted structure. This process is
patternable for a large area above 2 in. (c) ZnO XRD data with respect to postannealing temperature (black 300 °C, blue 400 °C, green 500 °C for 1
h, respectively).
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inter-NQDs distance. These steps were repeated to obtain the
desirable film-thickness. Finally, heterojunction solar cells were
completed by employing 180 nm-Al and 10 nm-MoO3 thin layers
on the top of PbS NQDs solids as a top electrode using thermal
evaporation technique.

■ RESULTS AND DISCUSSION
Figure 1 schematically describes the procedure for ZnO
patterning as the efficient electron collecting layer in the DH
NQD solar cell. ZnO line-pattern with various periods were
duplicated from predesigned Si master by the following process.
First, a ZnO precursor solution including a photosensitive
nitrobenzaldehyde was spin-coated onto substrate in order to
assist cross-linking by UV. Then, UV direct nanoimprinting
employing a soft PFPE (bifunctional urethane methacrylate
perfluoropolyether) mold with a low surface energy formed the
ZnO line pattern with periods of 400−1000 nm by a single step
method as shown in Figure 1.
The inset of Figure 1b shows reflected color by large-area

ZnO pattern successfully created onto the 2 in. Si wafer.
Subsequently thermal annealing at 400 °C for 1 h improved the
crystallinity of the ZnO film. Additionally, this step removed
any byproducts after cross-linking and densified the remaining
imprinted ZnO patterns. We depict this design (L line width, S
interpattern distance, H pattern height, R residual layer) in its
realized SEM image of Figure 1b. Also, for optimization of ZnO
crystallinity, we analyzed X-ray diffraction (XRD) for the ZnO
films annealed at various annealing temperatures. As annealing
temperature increased from 300 to 500 °C, ZnO crystallinity is
enhanced, as indicated by the intensity of (002) peak relative is
to the intensity of the other peaks i.e., (100) and (101). We

carried out the annealing process at the annealing temperature
of 400 °C because the sheet resistance of ITO films increased
significantly when it annealed over 400 °C leading to the
increase of series resistance in the PV device.
Figure 2a shows the schematic structure of the PbS NQD-

based heterojunction device. As shown in Figure 2a, the
heterojunction PV device is fabricated with Al/MoO3/PbS/
ZnO/ITO structure. To help achieve efficient exciton
dissociation and electron transport, we used ZnO line
patterns.19−21 Minimum-residual layer of 30 nm was required
to prevent shunting between the PbS film and ITO as well as
effective carrier separation at the interface.24

PbS NQDs were synthesized and purified as previously
reported.22 Figure 2b shows the absorption spectrum of as-
synthesized PbS NQDs dispersed in tetrachloroethylene
(TCE). First excitonic transition occurred at 910 nm
corresponding to the optical band gap of 1.4 eV. The PbS
NQD film was deposited onto the ZnO film via a dip-coating
method using PbS NQDs in hexane (concentration 10 mg
mL−1) and the subsequent ligand-exchange process was
performed using ethanedithiol (EDT) in acetonitrile to further
enhance the electronic coupling among NQDs by creating
closed-packed NQD assemblies.23 These layer-by-layer (LBL)
coating procedures were repeated until the desirable thickness.
For a fully depleted structure, ∼200 nm of PbS NQD films
were fabricated.9,24 Finally, the PbS NQD-based heterojunction
solar cell was completed by depositing 180 nm-Al and 10 nm-
MoO3 films on top of the PbS NQD film using a thermal
evaporator system. The transition metal oxide layer can be used
as an electron blocking layer (EBL) in the heterojunction

Figure 2. (a) Illustrated QD solar cell structure with ZnO line-pattern. (b) Absorbance of PbS QD with first excitonic transition peak at 910 nm. (C)
High-resolution cross-sectional TEM images of fully fabricated device with patterned (left) and planar ZnO films (bottom-right corner). NQD layers
formed on the ZnO/ITO substrate without any void or defects followed by MoO3 and Al deposition.
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Figure 3. (a) J−V characteristics of PbS NQDs-based heterojunction solar cells fabricated on the patterned ZnO films with different interpattern
distances. (b) Dependence of the interpattern distance on short-circuit current density (Jsc, red) and series resistance (Rs, blue).

Table 1. Photovoltaic Parameters of Planar and Devices with ZnO Line Patternsa

line (L, nm) space (S, nm) height (H, nm) residual layer (R, nm) Voc (mV) Jsc (mA/cm2) FF (%) PCE (%)

device 1 100 300 100 35 448.6 12.5 31.25 1.78
device 2 100 500 100 43 448.5 12.34 33.65 1.90
device 3 100 700 100 47.5 461.4 11.61 33.27 1.81
device 4 100 900 100 50 476.6 10.77 33.8 1.76
device 5 100 300 50 47.5 445.3 10.76 29.5 1.43
planar 60 394.3 7.82 29.9 0.92

aThe data were obtained by averaging 3−6 measurements.

Figure 4. (a) Absorption spectra in PbS layer for reference and device 1−5. (b) Absorbed photon flux in PbS layer for reference and device 1. (c)
Electric field intensity distribution |E| of QD solar cell for illumination at λ = 500 nm for reference, device 1, and device 4.
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device, resulting in the effective blocking of the back transferred
electrons from the junction area as recently proposed by Gao et
al.24

Figure 2c shows high-resolution cross-sectional transmission
electron microscopy (HR-TEM) images of a fully fabricated
device with nanopatterned and planar ZnO films, respectively.
It can be clearly observed that the trench-shaped ZnO film
formed by the nanoimprinting method is periodically ordered
on the ITO substrate. The ZnO line pattern was replicated by
the direct UV nanoimprinting using the PFPE mold. Parallel
lines with 100 nm in height, 100 nm in width, and 500 nm in
space were achieved after annealing at 400 °C for 1 h.
Moreover, a smooth interface without any voids and/or
dislocations was formed between PbS film and ZnO film as
well as the top electrode/PbS interface as shown in Figure 2c. It
is also observed that close-packed PbS NQD film is deposited
in this work. The measured current density−voltage (J−V)
characteristics of representative devices under 100 mW/cm2

AM 1.5 G solar illumination are shown in Figure 3a. The
overall effect of the interpattern distance of ZnO films on the
device performance originates from the variation of the short-
circuit current density (Jsc) and the series resistance (Rs) as
shown in Figure 3b. Here, we examined six devices per fixed
interpattern distance, and then the calculated average
parameters including Jsc and Rs were plotted in Figure 3b.
While the Voc slightly increases, the Jsc decreases with increasing
interpattern distance. We note that the thickness of residual
ZnO layer increases from 35 to 50 nm as the interpattern
distance increases ranging from 300 to 900 nm, resulting in the
increase of series resistance and the reduction of photo-
generated carrier density. From these results, we can deduce
that the decrease of Jsc is not only attributed to the decrease of
the junction area but also the increase of residual ZnO layer
thickness. The effects of the pattern feature size on the
photovoltaic performance are shown in Table 1. Table 1 lists
the photovoltaic parameters including Jsc, Voc, the fill factor
(FF), and the overall PCE according to pattern feature size. Fill
factors are influenced by series resistance as well as the diode
ideality factor.25,26 Since a decrease in the ZnO period results in
a proportional increase in the junction area between PbS
NQDs and ZnO, we can expect that charge collection increase
against capture of photogenerated carriers in the quantum dot
film result in increased Jsc. Here, a slight increase of Voc should
be concerned with the reduction of reverse saturation current in
the device.
In order to elucidate the effect of optical absorption on the

enhanced PCE shown in Table 1, a three-dimensional finite-
difference time-domain (FDTD) method was used to
theoretically calculate the optical absorption in the PbS layer.
The device architecture shown in Figure 2a was used and the
device is illuminated with a linearly polarized plane wave, which
propagates from the ITO to Al layer. A grid size of 0.1 nm was
used in this simulation. Figure 4 shows simulated absorption
spectra as well as absorbed photon flux in PbS layer for the
reference (planar) and device 1−5. The absorbed photon flux
was calculated by multiplying the absorption in PbS layer
(Figure 4a) with the AM1.5 solar spectral irradiance. Figure 4b
clearly shows that the number of the absorbed photon in the
PbS layer is increased especially in the ranges 400−600 and
800−900 nm. Even though we cannot calculate an exact
number of generated carriers by increased photon absorption
due to a nonconstant multiplication yield, the improved light
absorption partially attributed to the enhanced efficiency in the

nanostructured QD solar cells. Figure 4c shows electromagnetic
field intensity distribution in the solar cell device at 500 nm
which reveals the electromagnetic field enhancement in the PbS
layer.
However, following the argument above, the increased

absorption over the planar structure is not enough to explain
the observed increase in current density. This may imply that
optical properties have a minor effect for the change of Jsc or
that such effects are overwhelmed by electrical properties
according to ZnO specific area. To obtain additional insight
into the device performance, we plot the correlation between
normalized ZnO surface area and measured Jsc in Figure 5. The

good correlation indicates that the higher surface area
contributes to the higher Jsc. The ratio of the Jsc value for the
400 nm and 1 μm period electrodes (1.16) was smaller than the
ratio of the specific area of the electrodes (1.25), which is likely
due to an increased rate of recombination or increase of series
resistance by increased residual layer.

■ CONCLUSIONS
In conclusions, the effects of nanoimprinted ZnO films with
various configurations on the performance of NQD-based solar
cells were investigated using electrical and optical analysis
methods. A decrease in the interpattern distance of ZnO results
in a proportional increase in the junction area between PbS
NQDs and ZnO allowing an increase in the charge collection
against the capture of photogenerated carriers in the quantum
dot film results in increased Jsc. Moreover, we can deduce that
the slight increase of optical absorption in the visible (400−600
nm) and near-infrared regions (800−900 nm) should affect the
enhancement of solar cell performance from FDTD data.
Indeed, over 1.5 times higher Jsc of 12.5 mA cm2 was obtained
for patterned ZnO fabricated with optimized features compared
to those fabricated with a planar surface. Therefore, an
improvement of solar cell performance could be realized by
employing the patterned ZnO films fabricated using the single-
step nanoimprinting method.
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