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The capability of fabricating three dimensional (3-D) nanostructures with desired morphology is a key to
realizing effective light-harvesting strategy in optical applications. In this work, we report a novel 3-D
nanopatterning technique that combines ion-assisted aerosol lithography (IAAL) and soft lithography
that serves as a facile method to fabricate 3-D nanostructures. Aerosol nanoparticles can be assembled
into desired 3-D nanostructures via ion-induced electrostatic focusing and antenna effects from charged
nanoparticle structures. Replication of the structures with a polymeric mold allows high throughput
fabrication of 3-D nanostructures with various liquid-soluble materials. 3-D flower-patterned poly-
dimethylsiloxane (PDMS) stamp was prepared using the reported technique and utilized for fabricating
3-D nanopatterned mesoporous TiO2 layer, which was employed as the electron transport layer in per-
ovskite solar cells. By incorporating the 3-D nanostructures, absorbed photon-to-current efficiency of
495% at 650 nm wavelength and overall power conversion efficiency of 15.96% were achieved. The
enhancement can be attributed to an increase in light harvesting efficiency in a broad wavelength range
from 400 to 800 nm and more efficient charge collection from enlarged interfacial area between TiO2 and
perovskite layers. This hybrid nanopatterning technique has demonstrated to be an effective method to
create textures that increase light harvesting and charge collection with 3-D nanostructures in solar cells.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Soft lithography is a technique for fabricating or replicating
micrometer to nanometer scale structures using elastomeric
stamps. Among the materials used in soft lithography, poly-
dimethylsiloxane (PDMS) stamps are highly flexible and can be
easily used to replicate micro- and nanoscale textures with high
fidelity at low cost and high-throughput in comparison to energy-
intensive patterning techniques such as photolithography, electron-
beam lithography, and nanoimprint lithography. Soft lithography
has been widely utilized in various research fields such as epi-
dermal electronics [1], wearable sensors and actuators [2], piezo-
electric and triboelectric nanogenerators [3,4], solar cell and light-
ical and Aerospace
, Republic of Korea
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ork.
emitting diode (LED) architectures [5,6], and microfluidic devices
[7]. In solar cell architectures, it has been used to create light-har-
vesting features such as nanopatterned anti-reflection(AR) coatings
on the front surface of the substrates [8] and to fabricate periodic
nanostructures on the back surface of the substrate in order to
enhance scattering of the red light into the active layer [9].

Soft lithography techniques usually employ Si masters made by
top–down etching, whose patterns have been photolithographically
defined. For this reason, their features are limited to straight extru-
sions of two-dimensional (2-D) patterns, and fabrication of truly 3-D
nanostructures with polymeric stamps with complex morphology
remains a challenge. Therefore, most light-scattering structures cre-
ated using soft lithography have been relatively simple-shaped 2-D
structures such as line-patterned gratings [10,11], and nanopillar ar-
rays [12,13]. However, to realize an effective light-scattering and
charge collection, employing 3-D nanostructures with complex
morphology and high specific surface area is needed [14,15].

Many approaches have been developed to fabricate 3-D na-
nostructures, such as multiphoton lithography [16], holographic
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lithography [17], layer-by-layer technique with alignment based
on electron beam lithography [18], colloidal sedimentation [19],
and transfer printing [20]. Our group has previously developed
ion-assisted aerosol lithography (IAAL) for constructing 3-D na-
nostructures [21]. IAAL is based on ion-assisted nanoparticle fo-
cusing and antenna effects from charged nanoparticle structures,
and is able to produce complex 3-D nanostructures such as flower-
like structures comprising multiple ‘petals’ [22], vertically stand-
ing matchstick-like structures [23], asymmetric structures [23],
pyramidal structures [24], and bud-shaped structures [24]. Ad-
ditionally, it has advantages of sub-micrometer resolution, high
reproducibility, and wafer-scale production at room temperature
and atmospheric pressure [24–26]. However, IAAL has limitations
in terms of material choice, as materials used in IAAL should be
discharged in aerosol form (nanoparticles dispersed in gas-phase
medium), and is a relatively time consuming procedure which
takes a few hours to complete.

Here, we demonstrate a novel strategy to create 3-D nanos-
tructures with polymeric stamps by combining the strengths of
IAAL and soft lithography. IAAL, which utilizes multi-spark dis-
charge generator and cross-patterned substrate, enables fabrication
of multiscale well-ordered 3-D nanostructures in a large area. Re-
plication of completed 3-D nanostructures with polymeric stamps
via soft lithography allows rapid production of 3-D nanostructures
using various materials that the mold can be filled with.

To demonstrate the usage of 3-D nanostructure engineering in
effective light-harvesting and charge collection scheme, the 3-D
flower-shaped nanostructures from hybrid lithography were in-
corporated in perovskite solar cells. The perovskite cells have a
great potential of becoming the next generation renewable energy
source because of their high power conversion efficiency and low
Fig. 1. Schematic illustration of (a) multi-pin spark discharge generator, and (b–d) prepar
and SEM images of the substrate in each step.
cost solution-based production, and have shown remarkable pro-
gress in the last decade [27–30]. So far, most of the effort has fo-
cused on investigating charge-carrier behaviors in the device
structures (e.g. planar and mesoscopic structures) [31,32] and
optimizing the deposition processes [33–36]. However, in order to
further increase the performance of these cells, novel approaches
to improve the optical responses are needed [37–40]. To the best
of the authors' knowledge, there have not been many studies
pertaining to patterning of mp-TiO2 layer in perovskite solar cells
with well-defined complex periodic structures to improve light
harvesting and charge collection. Based on the hybrid nano-
patterning technique, we fabricated a 3-D flower-shaped meso-
porous TiO2 (mp-TiO2) layer via solvent-assisted molding and in-
corporated it into perovskite solar cells to improve light harvesting
and charge collection.
2. Experimental details

The fabrication process of 3-D flower-shaped PDMS stamp via
hybrid nanopatterning technique is shown in Fig. 1a–d. The pro-
cess consists of three main parts: (1) fabrication of 3-D nanos-
tructures through IAAL, (2) reinforcing the structures with spin-
on-glass (SOG) coating, and (3) replication of the structures via
soft lithography.

2.1. Fabrication of 3-D flower-shaped nanostructures

A multi-pin spark discharge generator was utilized to obtain
uniform 3-D nanostructures over a large area. Fig. 1a shows our
experimental setup, which consists of a spark discharge chamber,
ation procedure of 3-D flower-patterned PDMS mold via hybrid lithography method



Fig. 2. (a) Schematic illustration of patterning of mp-TiO2 using PDMS mold and perovskite solar cell with 3-D nanostructures (inset: photograph of completed device),
(b) SEM image of 3-D nanopatterned mp-TiO2, FIB-assisted cross-sectional SEM image for devices with (c) Patterned mp-TiO2 and (d) Non-patterned mp-TiO2.
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a corona discharge chamber, and a deposition chamber. The spark
discharge chamber is composed of tapered multi-pin Ag electrodes
and a flat Ag plate with multi-hole. The gap between each pin and
hole pair was set to 5 mm [24]. Applying a high DC voltage
(�5 kV) to the multi-pin Ag electrode led to spark discharges
between Ag pins and the grounded Ag plate, resulting in rapid
evaporation of electrode material and generated positively
charged Ag nanoparticles (NPs). These positively charged NPs were
mixed with positive nitrogen ions, which were generated from the
corona discharge chamber, and subsequently injected into the
deposition chamber, where an electric field was formed between
grounded inlets and sample substrate biased at �4 kV. As the
electrical mobility of nitrogen ions is higher than that of positively
charged Ag NPs, nitrogen ions accumulated on the patterned SiO2

surface prior to the arrival of NPs. The nitrogen ions that have
accumulated on the substrate induced a nanoscopic electrostatic
lens effect [21]. Positively charged NPs were directed onto open Si
surface following the deformed electric field streamlines and the
accumulated NPs created additional attractive forces for subse-
quently arriving NPs via antenna effect. The combination of the
forces caused the charged NPs to form 3-D flower-shaped nanos-
tructures (Fig. 1b) [23]. As the morphology of pre-patterned SiO2

surface determines the shape of the nanoscopic electrostatic lens
and hence the final shape of the 3-D nanostructures, we carefully
designed the SiO2 pattern with cross-shaped openings that will
result in flower-shaped structures that are 500 nm in width and
length, 50 nm in height, in a square array with a 2 mm spacing
(SEM image of Fig. 1b).

2.2. Fabrication of 3-D nanopatterned PDMS mold

Once the 3-D nanostructures were fabricated, they were
replicated using PDMS mold. First, the nanostructures were re-
inforced with SOG to prevent structural damage during the re-
plication process (Fig. 1c). Ag NPs making up the 3-D nanostructures
are held together via weak van der Waal's force, hence the SOG-
coating is needed to ensure the integrity of the structures during
peel-off of the PDMS from the substrate. The substrate was spin-
coated with SOG (Miraspin ED400A, APM Inc.) at 2000 rpm for 20 s
and cured at 120 °C for 5 min and 250 °C for 30 min. Scanning
electron microscopy (SEM) image of SOG-coated 3-D nanos-
tructures is depicted in SEM image of Fig. 1c. Next, trichloro
(1H,1H,2H,2H-perfluorooctyl) silane was evaporated onto the sub-
strate to reduce the surface energy of SOG-coated 3-D nanos-
tructures and allow easier detachment of the cured PDMS mold
during the demolding process. Finally, PDMS (Sylgard 184, Dow
Corning) was casted onto the substrate. The PDMS was mixed with
a precursor to curing agent ratio of 10:1 and was detached from the
substrate after being cured at 70 °C for 2 h (Fig. 1d). Also, SEM image
shows the PDMS mold after peeling off from the substrate with 3-D
nanostructures.

2.3. Fabrication of perovskite solar cells

Fluorine-doped Tin Oxide (TEC-8, Pilkington) substrate was
cleaned with acetone, ethanol and deionized water in ultrasonic
bath for 15 min, respectively. To deposit compact TiO2 layer, the
cleaned substrate was spin-coated with 0.15 M, 0.3 M of titanium
diisopropoxide bis (acetylacetonate) (Sigma Aldrich) in 1-butanol
(TCI) solution at 2000 rpm for 20 s and annealed at 500 °C for
30 min. Next, the 3-D nanopatterned mp-TiO2 layer was fabricated
by a molding process illustrated in Fig. 2a. A commercial TiO2 paste
(18NR-T, Dyesol) was diluted in anhydrous ethanol at a weight
ratio of 5.5:1 and the solution was spin-coated on compact TiO2

layer at 4000 rpm for 15 s. After spin-coating, the PDMS stamp
was quickly placed on the surface of mp-TiO2 layer so that the 3-D
nanopatterned mp-TiO2 can be formed by capillary action of the
residual solvent in the spun layer. Then, the substrate was dried at
70 °C for 10 min to remove the residual solvent. The PDMS stamp
was detached after drying and the substrate was annealed at
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500 °C for 1 h. In the case of devices with unpatterned mp-TiO2

layer, the molding process was not performed. The morphology of
duplicated 3-D nanostructures on the mp-TiO2 (Fig. 2b) showed
high fidelity to the original 3-D nanostructures fabricated by IAAL
(Fig. 1c). While not incorporated into the devices, other materials,
both organic and inorganic, such as Ag nanoparticle ink (TEC-PR-
020, Inktec) and PEDOT:PSS (Clevios PH1000, Heraeus) could also
be patterned through same process (Fig. S1a and b). The perovskite
layer was deposited by a solvent-engineering method reported by
Jeon et al. [36]. A perovskite precursor solution was prepared by
dissolving PbI2 (Sigma Aldrich) and CH3NH3I which was synthe-
sized according to the method by Stranks et al. [31] at a molar ratio
of 1:1 in GBL (Sigma Aldrich) and DMSO (Sigma Aldrich) at a vo-
lume ratio of 7:3 and stirred at is 70 °C for 1 h. The prepared so-
lution was spin-coated on mesoporous TiO2 layer at 5000 rpm and
toluene was drop-casted to obtain a uniform layer. Then the sub-
strate was heated at 125 °C for 10 min. Subsequently, 25 mL of
spiro-MeOTAD (Luminescence Technology) solution was spin-
coated on perovskite layer at 4000 rpm for 30 s. The solution was
prepared by dissolving 72 mg of spiro-MeOTAD in 1 mL chlor-
obenzene, 28.8 mL of 4-tert-butyl pyridine (Sigma Aldrich) and a
solution of 720 mg of Li-TFSI in 1 mL acetonitrile (Sigma Aldrich).
Finally, Au electrodes were deposited via thermal evaporation.
Fig. 2c and d shows cross-sectional images of the complete device
with and without 3-D nanostructures, respectively. Optical inter-
ference can be seen in the inset photograph of Fig. 2a showing the
completed device, confirming the existence of the periodic 3-D
nanostructures.

2.4. Morphological characterization

Surface images of 3-D nanopatterned substrate and cross-sec-
tional images of perovskite solar cells were obtained using field-
emission scanning electron microscope (AURIGA, Carl Zeiss) and
each cross-sectional image was investigated with the aid of fo-
cused-ion-beam (FIB) system (AURIGA, Carl Zeiss) assisted with an
energy selective backscattered detector to distinguish each layer
which comprises the whole device more clearly.

2.5. Solar cell characterization

Current density–voltage (J–V) curves of the fabricated
Fig. 3. (a) Histograms of device performance parameters (JSC, VOC, PCE, and FF) with stan
and without 3-D nanostructures.
perovskite solar cells were measured using Keithley 237 under AM
1.5 G one-sun illumination provided by a solar simulator (Newport
Oriel Sol 3A Class AAA, 64023A). Si-reference solar cell certified by
NREL with KG-5 filter was used to calibrate the AM 1.5 G one-sun
illumination condition. During the measurement, each device was
covered by 2 mm�5 mm rectangular metal aperture mask to set
the active area to 0.10 cm2. External quantum efficiency (EQE)
curves were obtained using IQE-200 (Oriel) which combined a
monochromatic light source and lock-in amplifier. Absorbance and
reflectance spectra were recorded using Cary 5000 UV–visible
spectrophotometer (Agilent technologies) in the wavelength range
of 300–800 nm. Impedance spectroscopy was performed with
electrochemical potentiostat CHI 600D (CH instruments).
3. Results and discussion

To investigate the optical enhancement provided by the 3-D
flower-shaped nanostructures, the transmittance and reflectance
spectra were measured (Fig. S2). Here the incident light was ir-
radiated from the glass side and passed through FTO/compact
TiO2/mp-TiO2 towards air. The reflectance of the substrate with
patterned mp-TiO2 layer was decreased by 10–15% over a broad
wavelength range from 400 to 800 nm compared to that of the
unpatterned substrate due to the presence of the 3-D nanos-
tructures. The transmittance was increased by up to �3.6% over
the same visible wavelength range, corresponding to the trend
shown by reflectance measurements. These results indicate that
our structures create an anti-reflection (AR) effect that suppresses
the Fresnel reflection (in other words, increase forward scattering)
of incident light at the interface of mp-TiO2/air, which means that
their curved surfaces and complex morphology reduced the effect
of the abrupt change of refractive index at the interface and can be
utilized to enhance light harvesting in perovskite solar cells.

We fabricated and tested 29 perovskite solar cells incorporating
the 3-D nanopatterned mp-TiO2 layer to quantify the performance
enhancement provided by the 3-D nanostructures. In Fig. 2a, a
schematic illustration of the solar cell structure is shown. The
photovoltaic characteristics of the fabricated devices are plotted in
histograms shown in Fig. 3a. The average power conversion effi-
ciency (PCE) of devices with 3-D nanostructures reached 13.59%,
which is 10.30% higher than that of devices without the structures.
dard deviation (σ ) and (b) J–V curves of best performing perovskite solar cells with



Table 1
Summarized performance parameters of perovskite solar cells based on mp-TiO2

structure. Average values were calculated from 29 devices with 3-D nanostructures
and 29 devices without structures.

Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Rs (Ω) Rsh (Ω)

w/nanopattern 20.06 0.99 68.35 13.59 61 33540.58
w/o nanopattern 19.09 0.97 66.42 12.32 64.63 14957.26
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The average values of JSC, open circuit voltage (VOC), fill factor (FF),
and PCE are summarized in Table 1. The best performing devices
exhibited PCE of 15.96% with the nanostructures and 14.33%
without the nanostructures, respectively, and their J–V curves are
shown in Fig. 3b. By comparing the devices with and without the
3-D nanopatterned mp-TiO2 layer, it can be seen that JSC, VOC, FF,
and PCE were all increased by �5%, �2%, and �3%, respectively.
To elucidate the mechanism behind these improvements, further
investigations of devices' optical and electrical properties were
conducted.

The enhanced Jsc suggested improved light harvesting with
nanostructured mp-TiO2 layer, therefore the absorbance and re-
flectance spectra of glass/FTO/compact TiO2/mp-TiO2/perovskite
substrates with and without 3-D nanostructures were measured
(Fig. 4a). The reflectance decreased by 4–10% over almost the en-
tire visible spectrum, signifying an increase of light absorption in
perovskite layer over this range. To consider both changes in ab-
sorbance and reflectance simultaneously, light harvesting effi-
ciency (LHE) was calculated by the following equation [41]:

= ( − )( − ) ( )−RLHE 1 1 10 1A

where R is reflectance and A is absorbance. Fig. 4b shows LHE and
LHE enhancement spectra of devices with and without 3-D na-
nostructures. The LHE increased by up to �5.2% over the wave-
length range of 400–800 nm with 3-D nanopatterned mp-TiO2. A
higher LHE value indicates that more incident photons reached the
inside of the devices. The increase in LHE can be attributed to
increased light harvesting due to extra scattering centers in-
troduced by the flower-shaped morphology of the mp-TiO2 layer
[41], as well as the aforementioned AR effect provided by 3-D
nanostructures. The AFM measurements show that the surface of
3-D nanopatterned mp-TiO2 layer preserved the 3-D flower-
shaped morphology (Fig. S3). In order to confirm current matching
and enhanced light absorption, the external quantum efficiency
(EQE) spectra (Fig. 4c) of the devices with and without the 3-D
nanostructures were measured, showing enhanced EQE over the
range of 400–800 nm which is consistent with the LHE enhance-
ment. Integrated JSC from these EQE spectra are calculated to be
19.18 mA cm�2 and 17.83 mA cm�2 for devices with and without
3-D nanostructures, respectively. Therefore, the EQE enhancement
can be attributed to the AR effect and increased internal light
scattering (light trapping) due to the enlarged interfacial area
Fig. 4. (a) Absorbance and reflectance spectra, (b) LHE, and (c) EQE of perovskite solar c
that of EQE, which accounts for increased JSC by 3-D nanostructures.
provided by 3-D nanostructures.
In addition, the presence of 3-D nanostructures in the mp-TiO2

layer is expected to enhance charge transport. To quantify this
effect, absorbed photon-to-electron conversion efficiency (APCE)
was calculated from EQE and LHE using the following equation
[41]:

= ( ) ( ) ( )APCE EQE % /LHE % 2

Fig. 5a shows the APCE spectra of the tested devices. APCE
values of perovskite solar cells with the 3-D nanostructures were
close to 100% at 650 nm, which was an increase of 10% compared
to those of unpatterned device from 600 to 750 nm. This can be
attributed to the enlarged interfacial area of mp-TiO2/perovskite
due to 3-D nanostructures playing a more effective role in ex-
tracting photogenerated electrons from the perovskite than a
conventional flat mp-TiO2 [42]. Also, the periodic protrusion of the
3D-nanostructures in the mp-TiO2 layer would provide shorter
electron pathways and consequently allow more electrons gener-
ated near the interface of perovskite/spiro-MeOTAD to reach
mp-TiO2 layer [14]. The protrusion morphology of our structures is
confirmed by comparing the cross-sectional images of the devices
of 3-D nanopatterned (Fig. 2c) and unpatterned (Fig. 2d) mp-TiO2.
It is noted that a thick mp-TiO2 has a strong light absorption but
low perovskite pore-filling and slow charge collection, while a thin
mp-TiO2 has better charge transport properties but relatively
worse light harvesting and large hysteresis [36,43,44]. In this re-
gard, mp-TiO2 layer of proper thickness with protruded 3-D na-
nostructures can improve charge transport as well as light har-
vesting in mesostructured perovskite solar cells.

As demonstrated by the dark J–V curves in Fig. S4, perovskite
solar cell with 3-D nanopatterned mp-TiO2 showed a higher dark
current onset as compared to conventional one. It indicates that
3-D TiO2 structures effectively reduce the interface charge re-
combination [45,46]. Then, the effect of the 3-D nanopatterned
mp-TiO2 in perovskite solar cells with respect to its internal re-
sistance was studied by obtaining the impedance spectra in fre-
quency range 10 Hz to 1 MHz with 5 mV AC amplitude under AM
1.5 G one-sun illumination. Fig. 5b shows the Nyquist plots of the
devices under three voltage conditions: 0 V, 0.8 V, and VOC. The
3-D nanopatterned mp-TiO2 based solar cells exhibited smaller
radii of the semicircles across all voltage conditions, indicating
that internal resistance of the device was reduced. Considering the
resistance is inversely proportional to the area and the internal
resistance is the sum of resistances of TiO2/perovskite interface,
TiO2 itself, and FTO/TiO2 interface, it is reasonable that enlarged
interfacial area provided by 3D-nanostructures contributed to
better contact and lower charge transport resistance at the inter-
face of mp-TiO2/perovskite [47,48]. The internal resistance of the
devices can be represented by series resistance (Rs) and shunt
resistance (Rsh) and these values are summarized in Table 1. The
larger Rsh and smaller Rs of the devices with the 3-D nanos-
tructures imply better charge transport, consistent with the
ells with and without 3-D nanostructures. The enhancement of LHE corresponds to



Fig. 5. (a) APCE and (b) Impedance spectra of devices with and without 3-D na-
nostructures measured under various voltage conditions. Increased APCE indicates
that the internal charge collection was enhanced by the aid of 3-D nanostructures.
Impedance measurements also show the decrease of internal resistance, which
implies the enhanced charge transport ability.
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previous observation. Therefore, by combining dark J–V test and
impedance analysis, it is concluded that the 3-D nanopatterned
mp-TiO2 facilitates more effective charge transport compared to
unpatterned mp-TiO2 layer, yielding higher JSC, FF, and VOC [49,50].

Finally, the hysteresis of perovskite solar cells incorporating
3-D nanopatterned mp-TiO2 was investigated (Fig. S5). J–V curves
of forward and reverse scans lie almost perfectly on top of each
other, indicating that the modified morphology of mp-TiO2 layer in
the perovskite solar cells does not cause significant hysteresis.
4. Conclusions

We have successfully developed a hybrid nanopatterning
technique combining IAAL and soft lithography, and demonstrated
its application in creating light harvesting and charge collecting
structures in perovskite solar cells. The combination of the two
different techniques allowed fabrication of well-ordered, 3-D
flower-shaped nanostructures in a large area with high through-
put using a variety of materials. Incorporation of 3-D nanos-
tructures into mp-TiO2 electron transporting layer led to per-
ovskite solar cells with higher performance owing to increased JSC,
FF, and VOC. JSC, which affects PCE significantly, was increased due
to more effective light harvesting provided by the periodic 3-D
nanostructures. Furthermore, the enlarged interfacial area be-
tween TiO2 and perovskite layers resulted in improved charge
collection, leading to increases in JSC, FF, and VOC. As a result, about
10.3% improvement of average PCE was obtained on perovskite
solar cells with 3-D TiO2 nanostructures compared to those with
flat TiO2. Although the 3-D nanostructures produced by the de-
veloped nanopatterning technique were used for optimization of
solar cells in this study, we believe that this technique will find
further applications in optimization of various types of optoelec-
tronic devices, such as photodetectors, light-emitting diodes, and
solar water-splitting devices.
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