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Abstract: The energy conversion efficiency (ECE) (η), current density (Jsc), open-circuit voltage (Voc),
and fill factor (ff ) of perovskite solar cells were studied by using the transmittance of a nanopatterned
mesoporous TiO2 (mp-TiO2) thin-film layer. To improve the ECE of perovskite solar cells, a mp-TiO2

thin-film layer was prepared to be used as an electron transport layer (ETL) via the nanoimprinting
method for nanopatterning, which was controlled by the aspect ratio. The nanopatterned mp-TiO2

thin-film layer had a uniform and well-designed structure, and the diameter of nanopatterning
was 280 nm. The aspect ratio was controlled at the depths of 75, 97, 127, and 167 nm, and the
perovskite solar cell was fabricated with different depths. The ECE of the perovskite solar cells
with the nanopatterned mp-TiO2 thin-film layer was 14.50%, 15.30%, 15.83%, or 14.24%, which is
higher than that of a non-nanopatterned mp-TiO2 thin-film layer (14.07%). The enhancement of ECE
was attributed to the transmittance of the nanopatterned mp-TiO2 thin-film layer that is due to the
improvement of the electron generation. As a result, better electron generation affected the electron
density, and Jsc increased the Voc, and ff of perovskite solar cells.

Keywords: perovskite solar cell; nanopattern; aspect ratio; transmittance

1. Introduction

Renewable energy is a sustainable method for generating affordable electricity with
a lower carbon footprint compared with other conventional resources [1]. Owing to
environmental problems, the solar cell industry has developed rapidly in recent years.
Therefore, many countries have invested in projects in order to discover better materials
for solar cells [2,3]. Solar cells are devices that transform sunlight into electricity, and they
have a very low environmental impact [2,4]. They have been a topic of interest in the green
energy field, owing to the possibility of solar cells becoming an alternative energy source
that can replace conventional energy sources [5]. Previous studies have aimed to improve
the efficiency of solar cells [2,5,6]. These studies have achieved important improvements,
and the dominance of silicon solar cells has been established in the market, exhibiting
an energy conversion efficiency (ECE) higher than 20% [2]. However, as perovskite solar
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cells can achieve better ECE, they are much more convenient than other solar cells [7–9].
They have various advantages, such as higher efficiencies, stability, and a lower cost of
production [10,11]. Perovskite is a semiconductor material that was discovered by Gustav
Rose in 1839, and it was named after the mineralogist L. A. Perovski [12]. Perovskites
possess a tunable chemical structure ABX3, where “A” and “B” are cations and “X” is
usually an oxide or halide. In 2009, the scientist Miyasaka reported the first incorporation
of perovskite in solar cells, with just 3.8% ECE [13]. The performance and stability of their
perovskite-based solar cell was low, the wavelength range of absorption was wide and the
open-circuit voltages (Voc) were higher [13]. The conventional perovskite solar cell structure
comprises a transparent conduction oxide such as fluorine-doped tin oxide (FTO) or indium
tin oxide (ITO), an electron transport layer (ETL), a perovskite, a hole transport layer (HTL),
and an electrode [14,15]. Over some years, many studies have investigated these solar
cells and obtained important results. Lee et al. introduced a solid-state electrolyte/hole
transport material instead of liquid electrolytes [16]. In 2012, Grätzel and Park reported
the usage of a perovskite material as a sensitizer in solid type dye-sensitized solar cells
(DSSCs) [17]. In the same year, Kanatzid introduced all-solid-state dye-sensitized solar
cells with perovskites such as CsSnI3 as the p-type inorganic semiconductor instead of the
electrolyte [18]. In addition, Snaith discovered the meso-superstructured solar cells. In
meso-superstructured solar cells, the mesoporous n-type TiO2 is replaced by insulating
Al2O3 and used at the bottom of the electrode [16]. The planar structure was introduced in
2013, in which a perovskite layer was inserted between the ETL and HTL [19]. The pillared
structure of perovskite solar cells is characterized by using mesoporous TiO2 (mp-TiO2) as
an ETL [20,21]. The best ECE achieved for perovskite solar cells was 25.5%, recorded by
the Ulsan National Institute of Science and Technology (UNIST) in South Korea [22–24].
Some studies have introduced new strategies and methods associated with ETL, such as a
2D photonic crystal array that enhances light harvesting and reduces the contact resistance
with the perovskite layer [25]. A grating pattern made by diffraction grating into the
TiO2 scaffold and antireflection layer improves light transmittance and consequently light
absorption [26]. A constructed diffraction grating has been introduced into the perovskite-
active layer by commercial optical discs (CD-R and DVD-R) to reduce recombination [27].
Other studies have highlighted interesting properties of mp-TiO2, such as stability, high
transparency, and a suitable band gap for perovskite solar cells [28–31]. The mp-TiO2
facilitates the transport of the electrons and the absorption of light [32,33]. In terms of ECE,
mp-TiO2 was used to minimize recombination losses by reducing the interface defects
between the perovskite and the FTO substrate [34]. Consecutively, a mp-TiO2 thin-film layer
has been commonly used as an ETL in perovskite solar cells owing to its higher uniformity
and well-developed structure [24,35–37]. However, a mp-TiO2 thin-film exhibited some
ECE losses caused by poor light harvesting [38,39]. Light harvesting is a crucial factor
for the improvement of the ECE in solar cells [40–42]. In the literature, there have been
numerous strategies to improve light harvesting, such as a light-scattering layer [43], anti-
reflection outer surfaces [44,45], 3-D nanostructures [46], and nanostructured plasmonic
contacts [47]. A nanopatterned mp-TiO2 thin-film was introduced by using a new method
to improve light harvesting in perovskite solar cells [7,48–50]. Even though the use of
only nanopatterned mp-TiO2 results in the improvement of ECE values, a better method is
required to enhance light harvesting. In this paper, we successfully report the control of the
aspect ratio of a nanopatterned mp-TiO2 thin-film with uniform, clear, and well-designed
structures to improve light harvesting in perovskite solar cells. At the beginning of this
paper, we describe the fabrication of perovskite solar cells using the imprinting method of
a perfluoropolyether (PFPE) mold. Furthermore, there are comparisons and an analysis of
the photovoltaic properties of the mp-TiO2 thin-film layer with different nanopatterning
depths. Finally, we conclude by providing comments on the results and our expectations
for future investigations.
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2. Results and Discussion
2.1. Overall Scheme of the Process for Fabricating Perovskite Solar Cells with a Nanopatterned
Mesoporous TiO2 (mp-TiO2) Thin-Film Layer

Figure 1 shows the overall scheme of the fabrication process of perovskite solar cells
with a nanopatterned mesoporous TiO2 (mp-TiO2) thin-film layer. Figure 1A shows the
preparation of the perfluoropolyether (PFPE) mold from a Si master. The PFPE resin was
coated on the Si master and covered with a polyethylene terephthalate (PET) film as a
flexible backplane, as shown in Figure 1A(a). After UV irradiation, the PFPE resin under-
went polymerization for hardening, as shown in Figure 1A(b). The PET film contained
the PFPE mold, which was obtained from the PFPE resin using polymerization and was
separated from the Si master, as shown in Figure 1A(c). Figure 1B shows the fabrication of
perovskite solar cells with a nanopatterned mp-TiO2 thin-film layer. The mp-TiO2 thin-film
layer was prepared on a fluorine-doped tin oxide (FTO) glass from a solution of TiO2
nanoparticles (NPs) by using a spin coater, as shown in Figure 1B(a). It was then imprinted
by using the PFPE mold for nanopatterning on the mp-TiO2 thin-film layer as shown in
Figure 1B(b). To imprint the mp-TiO2 thin-film layer using the PFPE mold, the mp-TiO2
thin-film layer was pre-baked at 70 ◦C for 1 min to evaporate the solvent. After imprinting,
the mp-TiO2 thin-film layer was sintered. The perovskite and hole transport materials, such
as spiro-OMeTAD, were coated on the nanopatterned mp-TiO2 thin-film layer, as shown in
Figure 1B(c,d). Au was evaporated by using a metal evaporator, as shown in Figure 1B(e).
The device structure was FTO/nanopatterned mp-TiO2/perovskite/sprio-OMeTAD/Au.
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the patterned Si master, PFPE mold, and tilted view of PFPE mold. The PFPE resin was 

Figure 1. (A) Preparation of perfluoropolyether (PFPE) mold from the Si master: (a) PFPE resin and
polyethylene terephthalate (PET) film, (b) irradiation of UV, and (c) PFPE mold. (B) Fabrication of
perovskite solar cells with a nanopatterned mesoporous TiO2 (mp-TiO2) thin-film layer: (a) coating of
mp-TiO2 thin-film layer, (b) nanopatterning of mp-TiO2 thin-film layer through imprinting method,
(c) coating of perovskite, (d) coating of spiro-OMeTAD as hole transport material, and (e) evaporation
of Au.

2.2. FE-SEM, Optical, and FIB Images of Perovskite Solar Cells with a Nanopatterned Mesoporous
TiO2 (mp-TiO2) Thin-Film Layer

Figure 2 shows the field emission scanning electron microscopy (FE-SEM) images of
the patterned Si master, PFPE mold, and tilted view of PFPE mold. The PFPE resin was
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mixed with a UV-curable resin, and the mixture was dropped on the Si master. The PET film
covered the mixture as a flexible backbone. After the PET film was rolled and irradiated by
UV, the PFPE mold was prepared. The pore size was 250 nm, and the interpore distance
was 250 nm. The PFPE mold on the PET film was used for nanopatterning the mp-TiO2
thin-film layer via the nanoimprinting method.
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Figure 3 shows the FE-SEM and optical images of non-nanopatterned and nanopat-
terned mp-TiO2 thin-film layers. The non-nanopatterned mp-TiO2 thin-film layer shows
only TiO2 NPs (Figure 3a). The nanopatterned mp-TiO2 thin-film layer shows uniform and
well-designed pores on the surface, such as the moth-eye nanostructure, which was formed
using the nanoimprinting method. The pore size was 280 nm, and the interpore distance
was 220 nm, as shown in Figure 3b. Figure 3c,d shows optical images under the light.
The non-nanopatterned mp-TiO2 thin-film layer shows the pattern of FTO under the light
(Figure 3c). However, the nanopatterned mp-TiO2 thin-film layer displays rainbow colors
under the light (Figure 3d), owing to the diffraction grating created by the nanopatterned
mp-TiO2 thin-film layer.
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Figure 3. Images of nanopatterned mp-TiO2 thin-film layer. (a) Non-nanopatterned mp-TiO2 thin-
film layer, and (b) nanopatterned mp-TiO2 thin-film layer using FE-SEM. (c) Non-nanopatterned
mp-TiO2 thin-film layer, and (d) nanopatterned mp-TiO2 thin-film layer using optical imaging.

Figure 4 shows the FE-SEM images of the mp-TiO2 thin-film layer for different nanopat-
terning depths. The diameter of the pore was 280 nm, and the depths of the pore were 75, 97,
127, and 167 nm. The aspect ratio defined by the depth and diameter of the nanopatterned
mp-TiO2 thin-film layer was controlled by different depths. Perovskite solar cells were
fabricated with the nanopatterned mp-TiO2 thin-film layer at different depths to optimize
the transmittance by using the aspect ratio.
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Figure 4. FE-SEM images of nanopatterned mp-TiO2 thin-film layer. Mp-TiO2 thin-film layer
nanopatterned at the depths of (a) 75 nm, (b) 97 nm, (c) 127 nm, and (d) 167 nm.

Figure 5 shows the cross-sectional images of perovskite solar cells suing focused ion
beam (FIB) and FE-SEM image with color-enhanced layer boundaries. The thickness of the
mp-TiO2 thin-film layer, perovskite, Spiro-OMeTAD, and Au are 185 nm, 130 nm, 480 nm,
247 nm, and 262 nm, respectively. The cross-sectional image of perovskite solar cells with
mp-TiO2 thin-film layer shows the compact layer (blue), mp-TiO2 thin-film layer (green),
and perovskite layer (purple).
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2.3. XRD Images of Perovskite Solar Cells with a Nanopatterned Mesoporous TiO2 (mp-TiO2)
Thin-Film Layer

The crystallinity values of the nanopatterned mp-TiO2 thin-film layer and perovskite
were confirmed by X-ray diffraction (XRD) patterns as shown in Figure 6. The nanopat-
terned mp-TiO2 thin-film layer shows the anatase phases from (101), (004), (200), (105),
(211), and (118) peaks at 2θ of 25.2◦, 38◦, 48◦, 54◦, 55.5◦, and 62.5◦. The perovskite shows
the cubic phases from (110), (112), (211), (202), (220), (310), (312), (224), and (314) peaks
at 2θ of 14.15◦, 20.05◦, 23.5◦, 24.6◦, 28.4◦, 31.9◦, 35.3◦, 40.6◦, and 43.2◦. The high intense
peaks at 14.1◦ and 28.4◦ indicate a crystalline perovskite. The XRD results show that the
crystalline perovskite was well formed on the nanopatterned mp-TiO2 thin-film layer; thus
it could achieve better energy conversion efficiency in a perovskite solar cell.
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2.4. Transmittance Data of Perovskite Solar Cells with a Nanopatterned Mesoporous TiO2
(mp-TiO2) Thin-Film Layer

The transmittance of the nanopatterned mp-TiO2 thin-film layer with different aspect
ratios of diameter 280 nm and depths 75 nm, 97 nm, 127 nm, and 167 nm were measured
using UV-vis spectra, as shown in Figure 7A. The schematic function of the transmittance
and reflectance of the nanopatterned mp-TiO2 thin-film layer is shown in Figure 7B. The
transmittance of the non-nanopatterned mp-TiO2 thin-film layer is higher than that of
the nanopatterned mp-TiO2 thin-film layer at a wavelength of 380 nm. However, the
transmittance of the non-nanopatterned mp-TiO2 thin-film layer is lower than that of
the nanopatterned mp-TiO2 thin-film layer for wavelengths higher than 380 nm. The
nanopatterned mp-TiO2 thin-film layer increases surface roughness and changes optical
effects. Furthermore, it induces changes in the refractive index that affect the transmittance
of light through a medium. The decrease in the refractive index increases the transmittance
and vice-versa. For 75 nm, 97 nm and 127 nm depths, the transmittance increased, but it
decreased at 167 nm depth [51]. This result may suggest that the refractive index of the
nanopatterned depths of 75 nm, 97 nm, and 127 nm decreases but increases at 167 nm. This
result shows that the aspect ratio of the nanopatterned structure affects the transmittance.
In addition, if the angle of the reflected/diffracted light is greater than the critical angle, it
causes a total internal reflection due to a decrease in the value of the refractive index of the
TiO2 layer to air (refractive index of TiO2 (≈2.1), FTO (≈1.9), Glass (≈1.5), Air (=1.0)). The
light is then reflected towards the mp-TiO2, and thus the transmittance to the perovskite
layers increases [52]. Considering the perovskite materials, whose absorbance wavelength
varies from 300 nm to 800 nm, the increment in transmittance of the nanopatterned mp-TiO2
thin-film layer affects the Jsc, Voc, ff, and the ECE of perovskite solar cells.
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2.5. Characterization of Perovskite Solar Cells with and without the Nanopatterned Mesoporous
TiO2 (mp-TiO2) Thin-Film Layer

The I-V characteristics of perovskite solar cells were characterized under one condition
of the sun, as shown in Figure 8A. The results of current density (Jsc), open-circuit voltage
(Voc), fill factor (ff ), and ECE (η) are summarized in Table 1. The ECE of perovskite solar
cells without the nanopatterned mp-TiO2 thin-film layer is 14.07%, while for perovskite
solar cells with the nanopatterned mp-TiO2 thin-film layer, it increased from 14.50% to
15.83%, with an increase in depth from 75 nm to 127 nm. This is due to an increment in
Jsc from 23.50 mA/cm2 to 24.62 mA/cm2, as the nanopatterned mp-TiO2 thin-film layer
leads to a better transmittance that enhances the electron generation. Voc increases with an
increase of Jsc. This is because, as the electron generation increases, as shown in Figure 8B,
the electron density and Fermi level of the nanopatterned mp-TiO2 thin-film layer increase.
Voc is determined by the conduction band of the nanopatterned mp-TiO2 thin-film layer
and the valence band of perovskite. Thus, Voc also increases from 0.869 V to 0.896 V.

Table 1. Photovoltaic properties of perovskite solar cells with and without a nanopatterned mp-TiO2

thin-film layer.

mp-TiO2 Thin-Film Layer Jsc
(mA/cm2) Voc (V) ff η (%)

(a) non-nanopatterned 23.30 0.869 0.69 14.07

(b) nanopatterned to a depth of 75 nm 23.50 0.879 0.70 14.50

(c) nanopatterned to a depth of 97 nm 24.20 0.893 0.71 15.30

(d) nanopatterned to a depth of 127 nm 24.62 0.896 0.72 15.83

(e) nanopatterned to a depth of 167 nm 23.95 0.873 0.68 14.24

To confirm the results, the perovskite solar cells with and without a nanopatterned
mp-TiO2 thin-film layer were characterized by the electrochemical impedance spectroscopy
(EIS) and photoluminescence (PL) spectroscopy, as shown in Figure 9A,B. In electrochemical
impedance spectroscopy, the recombination resistance (Rrec) of perovskite solar cells with
the nanopatterned mp-TiO2 thin-film layer was suppressed compared to those without the
nano-patterned mp-TiO2 thin-film layer. The decrement in recombination was affected by
the increment in electron density and it was also affected the increment in Voc. Thus, the Voc
of perovskite solar cells with nanopatterned mp-TiO2 thin-film layer increased. Moreover,
in PL spectra, the perovskite materials with the nanopatterned mp-TiO2 thin-film layer
quenched more compared to those without the nanopatterned mp-TiO2 thin-film layer.
The generated electrons from perovskite solar cells with nanopatterned mp-TiO2 thin-film
layer quenched more, which means that the generated electrons were transferred from
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perovskite to the nanopatterned mp-TiO2 thin-film layer effectively before recombination.
It means that the transferred electrons increase the electron density of the nanopatterned
mp-TiO2 thin-film layer. There is also a change in the Fermi level of the nanopatterned
mp-TiO2 thin-film layer due to its conduction band. Thus, the Voc changed because Voc is
determined by the conduction band of TiO2 and the valence band of perovskite materials.
However, the ECE (η) of perovskite solar cells with a 167 nm depth nanopatterned mp-TiO2
thin-film layer decreased to 14.24% with a decrease in Voc and ff. From these results, the
aspect ratio of nanopattern between the diameter and depth should be optimized for better
ECE of perovskite solar cells.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 7. (A) Transmittance of nanopatterned mp-TiO2 thin-film layer. (B) Schematic of the trans-
mittance and reflectance of nanopatterned mp-TiO2 thin-film layer. (a) Non-nanopatterned mp-TiO2 
thin-film layer. mp-TiO2 thin-film layer nanopatterned at the depths of (b) 75 nm, (c) 97 nm, (d) 127 
nm, and (e) 167 nm. 

2.5. Characterization of Perovskite Solar Cells with and without the Nanopatterned Mesoporous 
TiO2 (mp-TiO2) Thin-Film Layer 

The I-V characteristics of perovskite solar cells were characterized under one condi-
tion of the sun, as shown in Figure 8A. The results of current density (Jsc), open-circuit 
voltage (Voc), fill factor (ff), and ECE (𝜂) are summarized in Table 1. The ECE of perovskite 
solar cells without the nanopatterned mp-TiO2 thin-film layer is 14.07%, while for perov-
skite solar cells with the nanopatterned mp-TiO2 thin-film layer, it increased from 14.50% 
to 15.83%, with an increase in depth from 75 nm to 127 nm. This is due to an increment in 
Jsc from 23.50 mA/cm2 to 24.62 mA/cm2, as the nanopatterned mp-TiO2 thin-film layer 
leads to a better transmittance that enhances the electron generation. Voc increases with an 
increase of Jsc. This is because, as the electron generation increases, as shown in Figure 8B, 
the electron density and Fermi level of the nanopatterned mp-TiO2 thin-film layer in-
crease. Voc is determined by the conduction band of the nanopatterned mp-TiO2 thin-film 
layer and the valence band of perovskite. Thus, Voc also increases from 0.869 V to 0.896 V. 

 

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 8. (A) shows the I-V characteristics of perovskite solar cells with and without a nanopat-
terned mp-TiO2 thin-film layer. A shows (a) non-nanopatterned perovskite solar cells and perov-
skite solar cells with a nanopatterned mp-TiO2 thin-film layer with the depths of (b) 75 nm, (c) 97 
nm, (d) 127 nm, and (e) 167 nm. (B) shows the electron equilibration of the apparent Fermi level on 
the nanopatterned mp-TiO2 thin-film layer. (a) denotes the non-nanopatterned mp-TiO2 thin-film 
layer, and (b) denotes the nanopatterned mp-TiO2 thin-film layer. 

Table 1. Photovoltaic properties of perovskite solar cells with and without a nanopatterned mp-
TiO2 thin-film layer. 

mp-TiO2 Thin-Film Layer Jsc (mA/cm2) Voc (V) ff η (%) 
(a) non-nanopatterned 23.30 0.869 0.69 14.07 
(b) nanopatterned to a depth of 75 nm 23.50 0.879 0.70 14.50 
(c) nanopatterned to a depth of 97 nm 24.20 0.893 0.71 15.30 
(d) nanopatterned to a depth of 127 nm 24.62 0.896 0.72 15.83 
(e) nanopatterned to a depth of 167 nm 23.95 0.873 0.68 14.24 

To confirm the results, the perovskite solar cells with and without a nanopatterned 
mp-TiO2 thin-film layer were characterized by the electrochemical impedance spectros-
copy (EIS) and photoluminescence (PL) spectroscopy, as shown in Figure 9A,B. In elec-
trochemical impedance spectroscopy, the recombination resistance (Rrec) of perovskite so-
lar cells with the nanopatterned mp-TiO2 thin-film layer was suppressed compared to 
those without the nano-patterned mp-TiO2 thin-film layer. The decrement in recombina-
tion was affected by the increment in electron density and it was also affected the incre-
ment in Voc. Thus, the Voc of perovskite solar cells with nanopatterned mp-TiO2 thin-film 
layer increased. Moreover, in PL spectra, the perovskite materials with the nanopatterned 
mp-TiO2 thin-film layer quenched more compared to those without the nanopatterned 
mp-TiO2 thin-film layer. The generated electrons from perovskite solar cells with nano-
patterned mp-TiO2 thin-film layer quenched more, which means that the generated elec-
trons were transferred from perovskite to the nanopatterned mp-TiO2 thin-film layer ef-
fectively before recombination. It means that the transferred electrons increase the elec-
tron density of the nanopatterned mp-TiO2 thin-film layer. There is also a change in the 
Fermi level of the nanopatterned mp-TiO2 thin-film layer due to its conduction band. 
Thus, the Voc changed because Voc is determined by the conduction band of TiO2 and the 
valence band of perovskite materials. However, the ECE (η) of perovskite solar cells with 
a 167 nm depth nanopatterned mp-TiO2 thin-film layer decreased to 14.24% with a de-
crease in Voc and ff. From these results, the aspect ratio of nanopattern between the diam-
eter and depth should be optimized for better ECE of perovskite solar cells. 

Figure 8. (A) shows the I-V characteristics of perovskite solar cells with and without a nanopatterned
mp-TiO2 thin-film layer. A shows (a) non-nanopatterned perovskite solar cells and perovskite solar
cells with a nanopatterned mp-TiO2 thin-film layer with the depths of (b) 75 nm, (c) 97 nm, (d)
127 nm, and (e) 167 nm. (B) shows the electron equilibration of the apparent Fermi level on the
nanopatterned mp-TiO2 thin-film layer. (a) denotes the non-nanopatterned mp-TiO2 thin-film layer,
and (b) denotes the nanopatterned mp-TiO2 thin-film layer.
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Figure 9. (A) shows the electrochemical impedance spectroscopy of perovskite solar cells with a
non-nanopatterned (a) and nanopatterned (b) TiO2 thin-film layer. (B) shows the photoluminescence
(PL) spectra of perovskite solar cells with a non-nanopatterned (a) and nanopatterned (b) TiO2

thin-film layer.

To demonstrate the repeatability of perovskite solar cells with and without a nanopat-
terned mp-TiO2 thin-film layer, the 36 perovskite solar cells with and without a nanopat-
terned mp-TiO2 thin-film layer were measured, and the data are illustrated in the his-
tograms as shown in Figure 10.
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Figure 10. Histograms of perovskite solar cells without a nanopatterned (black) and with a nanopat-
terned (red) TiO2 thin-film layer. (a) is current density, (b) is voltage, (c) is fill factor, and (d) is energy
conversion efficiency.

The pattern of the IPCE spectra of perovskite solar cells is similar to the transmittance
of a nanopatterned mp-TiO2 thin-film layer because transmittance is affected by Jsc, Voc,
ff, and the ECE of perovskite solar cells. The intensity of the IPCE spectra on perovskite
solar cells with the non-nanopatterned mp-TiO2 thin-film layer is higher than that with the
nanopatterned mp-TiO2 thin-film layer at a wavelength of 430 nm. However, the intensity
of the IPCE spectra on perovskite solar cells with the non-nanopatterned mp-TiO2 thin-film
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layer is lower than that with the nanopatterned mp-TiO2 thin-film layer at wavelengths
ranging from 430 nm to 800 nm. Higher intensity of the IPCE spectra indicates that more
electrons are generated from 430 nm to 800 nm. More electron generation improves the
electron density on the mp-TiO2 thin-film layer, which, in turn, increases Jsc, ff, and Voc.
Thus, the ECE of perovskite solar cells with the nanopatterned mp-TiO2 thin-film layer
increases. The integrated Jsc can be determined from Equation (1).

Jsc, int =
F ×

∫
(Eeλ × IPCE)dλ

NA
(1)

Here, F is the Faraday constant, Eeλ is the solar spectral irradiance, and NA is the
Avogadro constant. Jsc is calculated by Equation (1), as shown in Figure 11. The integrated
Jsc is matched with the measured Jsc of perovskite solar cells with the non-nanopatterned
or nanopatterned mp-TiO2 thin-film layer.
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Figure 11. IPCE (incident photon to electron conversion efficiency) spectra, calculated by integrated
Jsc of perovskite solar cells with a non-nanopatterned and nanopatterned mp-TiO2 thin-film layer. (a)
denotes perovskite solar cells with the non-nanopatterned mp-TiO2 thin-film layer and (b–e) denote
perovskite solar cells with the nanopatterned mp-TiO2 thin-film layer with a depth of 75 nm, 97 nm,
127 nm, and 167 nm, respectively.

3. Materials and Methods
3.1. Preparation of Perfluoropolyether (PFPE) Mold

The UV-curable resin was prepared by mixing the PFPE resin (Fluorolink MD700,
Solvay Solexis, Milan, Italy) with 3% w/w photoinitiator (Darocur 1173, Sigma-Aldrich,
St. Louis, MO, USA). The UV-curable resin was dropped on the patterned silicon substrate
(i.e., Si master) and covered with polyethylene terephthalate (PET) film as a backplane. To
spread the UV-curable resin between the PET film and Si master, the PET film was rolled
over the resin and cross-linked by UV irradiation at 365 nm for 5 min. After curing, the
PFPE mold was detached from the Si master.

3.2. Preparation of Nanopatterned mp-TiO2 Thin-Film Layer

The fluorine-doped tin oxide (FTO) glass was washed with water, ethanol, and ace-
tone. The compact TiO2 precursor, which comprises 1 mL of titanium diisopropoxide
bis(acetylacetonate) (75 wt% in isopropanol, Sigma-Aldrich, St. Louis, MO, USA) in 6 mL of
butanol (99%, Daejung Chemicals, Siheung-si, Korea) was spin-coated on FTO at 4000 rpm
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for 20 s, followed by annealing at 250 ◦C for 10 min. This process was repeated twice. To
form the mesoporous TiO2 (mp-TiO2) layer, 1 g of TiO2 paste (Ti-Nanoxide T/SP, Solaronix,
Aubonne, Switzerland) was diluted in 12 mL of anhydrous ethanol (99.9%, Daejung Chem-
icals, Siheung-si, Korea). The dispersion solution was spin-coated on a compact TiO2/FTO.
After prebaking on a hotplate at 70 ◦C for 1 min to evaporate the solvent slightly, the PFPE
mold was placed on the mp-TiO2/compact TiO2/FTO substrate. The substrate was heated
at 70 ◦C, and then a pressure of 2 bar was applied for 5 min. After removing the mold, the
nanopatterned mp-TiO2/compact TiO2/FTO substrate was annealed at 500 ◦C for 1 h.

3.3. Preparation of Perovskite Precursor Solution

Methylammonium iodide (MAI) was prepared with 25 mL of methylamine (33 wt%
in ethanol, Sigma-Aldrich, St. Louis, MO, USA) and 10 mL of hydroiodic acid (55~58%,
Kanto Chemical, Tokyo, Japan) in a round-bottom flask with an ice bath for 2 h. The
products were recovered using a rotary evaporator at 60 ◦C for 1 h. After evaporating,
the precipitates were recrystallized with ethanol (99.9%, Daejung Chemicals, Siheung-si,
Korea) and diethyl ether (99%, Daejung Chemicals, Siheung-si, Korea) several times and
dried at 60 ◦C in a vacuum oven overnight. The perovskite precursor was prepared by
stirring MAI and lead (II) chloride (99.999%, Sigma-Aldrich, St. Louis, MO, USA) at a 3:1
molar ratio, 45 wt% in N,N-dimethylformamide (99.8%, Sigma-Aldrich, St. Louis, MO,
USA) at 90 ◦C for 1 h.

3.4. Fabrication of Perovskite Solar Cells

The perovskite precursor solutions were spin-coated on the nanopatterned mp-TiO2
layer by using the hot-casting technique at 90 ◦C and then annealed at 130 ◦C for 1 h. The
hole transport materials were prepared by stirring 73.5 mg of spiro-OMeTAD (99.62%,
Feiming Chemical Limited, Shenzhen, China), 17 µL of Bis (trifluoromethane)sulfonamide
lithium salt (Li-TFSI, 99.95%, Sigma-Aldrich, St. Louis, MO, USA) solution (574.2 mg of
Li-TFSI in 1 mL of acetonitrile), and 36.2 µL of 4-tert-butylpyridine (98%, Sigma-Aldrich,
St. Louis, MO, USA) in 1 mL of chlorobenzene (99.8%, Sigma-Aldrich, St. Louis, MO, USA)
at room temperature for 2 h. The spiro-OMeTAD was spin-coated at 4000 rpm for 60 s,
followed by drying in a glovebox overnight. The above procedures were implemented
inside a dried air-filled glovebox at a dew point of approximately −40 ◦C. Finally, the Au
electrode was deposited by the thermal evaporator.

3.5. Characterization of Perovskite Solar Cells

The morphology and thickness were characterized by field emission scanning elec-
tron microscope (FE-SEM, Hitachi S4700). The photovoltaic properties of perovskite solar
cells were characterized by the solar simulator (Newport Corp., Model 94022A, Irvine
CA, USA) at the Future Energy Convergence Core Center (FECC) with a source meter
(Keithley Instruments Inc., Keithley 2400, Cleveland, OH, USA) under AM 1.5 illumination
(100 mW/cm2). The incident photon to electron conversion efficiencies were obtained by
the solar cell QE measurement system (PV Measurements Inc., QEX7, Point Roberts, WA,
USA). The formation of crystalline TiO2 and perovskite was confirmed using an X-ray
diffractometer (Rigaku Corp., D/max-2500, Tokyo, Japan). The transmittance measure-
ments were obtained using a UV-vis spectrophotometer (Jasco International Co., Ltd.,
V-730, Tokyo, Japan). The electrochemical impedance spectroscopy (EIS) was measured at
250 mV applied bias under 1 sun light (1 Hz–300 kHz). The photoluminescence (PL) was
measured with an excitation light source at 325 nm and an applied laser power of 50 mW.

4. Conclusions

We prepared nanopatterned mesoporous TiO2 (mp-TiO2) thin-film layers with differ-
ent aspect ratios (the diameter was 280 nm while the depths were varied: 75 nm, 97 nm,
127 nm, or 167 nm) by using the imprinting method. Perovskite solar cells were then
fabricated with the nanopatterned mp-TiO2 thin-film layers with different aspect ratios
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for better energy conversion efficiency (ECE). The ECE of perovskite solar cells without
the nanopatterned mp-TiO2 thin-film layer is 14.07%. With the nanopatterned mp-TiO2
thin-film layer, the ECE of the perovskite solar cells increased from 14.50% (depth: 75 nm) to
15.83% (depth: 127 nm) because the transmittance of the nanopatterned mp-TiO2 thin-film
layer improved at a wavelength greater than 400 nm that affected the electron generation.
Greater electron generation increased the Jsc and electron density on the active layer of
perovskite solar cells, which affected ff. Moreover, an increase in electron density shifted
the Fermi level of TiO2 to a more negative potential that reflects to the increment of Voc. The
IPCE spectra also shows similar tendency with the transmittance spectra of the nanopat-
terned mp-TiO2 thin-film layer at a wavelength above 430 nm, which indicates that high
transmittance is related to electron generation on perovskite solar cells. However, when
the perovskite solar cells were fabricated with a 127 nm depth nanopatterned mp-TiO2
thin-film layer, the ECE decreased as the depth of nanopattern went beyond a certain
depth. The non-optimized nanopatterned mp-TiO2 (75 nm, 97 nm, and 167 nm) shows
relatively low efficiency due to the decrease in transmittance. Therefore, in our study, the
aspect ratio with a width of 280 nm and a depth of 127 nm was optimized. Our research
suggests that the optimized nanopatterned mp-TiO2 thin-film layer can be controlled by
the imprinting method and can be applied on perovskite solar cells for better ECE with
better transmittance. This study expects the optimized nanopatterned mp-TiO2 thin-film
layer to be implemented in other types of solar cells. New features can be developed using
the best aspect ratio, which can be optimized by using machine learning algorithms and AI
for a better performance.

Author Contributions: H.-Y.Y., X.-H.P., B.-H.J. and W.-Y.R. conceived and designed the experiments;
H.-Y.Y., X.-H.P. and W.-Y.R. performed the experiments; H.-Y.Y., X.-H.P., H.-M.K., W.-J.Y. and W.-Y.R.
analyzed the data; and H.-Y.Y., A.C., S.-H.H., G.S.G., X.-H.P., B.-H.J. and W.-Y.R. wrote the paper. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the “Human Resources Program in Energy Technology” of
the Korea Institute of Energy Technology Evaluation and Planning (KETEP), which received financial
resources from the Ministry of Trade, Industry & Energy, Republic of Korea (No. 20204010600470), by
the “First Research in Lifetime” through the National Research Foundation of Korea (NRF) funded
by the Ministry of Science, ICT&Future Planning [grant number NRF-2018R1C1B5085632] and by the
“Basic Science Research Program” through the National Research Foundation of Korea (NRF) funded
by the Ministry of Education(2020R1I1A1A01075303).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dincer, I. Renewable energy and sustainable development: A crucial review. Renew. Sustain. Energy Rev. 2000, 4, 157–175.

[CrossRef]
2. Fraas, L.; Partain, L. Solar Cells and Their Applications, 2nd ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; pp. 581–611.
3. Hoffmann, W. PV solar electricity industry: Market growth and perspective. Sol. Energy Mater. Sol. Cells 2006, 90, 3285–3311.

[CrossRef]
4. Wang, J.; Di Giacomo, F.; Brüls, J.; Gorter, H.; Katsouras, I.; Groen, P.; Janssen, R.A.J.; Andriessen, R.; Galagan, Y. Highly Efficient

Perovskite Solar Cells Using Non-Toxic Industry Compatible Solvent System. Sol. RRL 2017, 1, 1700091. [CrossRef]
5. Phadke, A.A.; Jacobson, A.; Park, W.Y.; Lee, G.R.; Alstone, P.; Khare, A. Powering a Home with Just 25 Watts of Solar PV: Super-

Efficient Appliances Can Enable Expanded Off-Grid Energy Service Using Small Solar Power Systems; Lawrence Berkeley National
Laboratory: Berkeley, CA, USA, 2015; pp. 11–16.

6. Callaghan, W.; McDonald, R. Flat-Plate Solar Array Project: Final Report: Volume 1, Executive summary; Jet Propulsion Laboratory:
Pasadena, CA, USA, 1986; p. 11.

7. Yang, H.-Y.; Rho, W.-Y.; Lee, S.K.; Kim, S.H.; Hahn, Y.-B. TiO2 Nanoparticles/Nanotubes for Efficient Light Harvesting in
Perovskite Solar Cells. Nanomaterials 2019, 9, 326. [CrossRef] [PubMed]

http://doi.org/10.1016/S1364-0321(99)00011-8
http://doi.org/10.1016/j.solmat.2005.09.022
http://doi.org/10.1002/solr.201700091
http://doi.org/10.3390/nano9030326
http://www.ncbi.nlm.nih.gov/pubmed/30823666


Int. J. Mol. Sci. 2021, 22, 12235 13 of 14

8. Hima, A.; Lakhdar, N.; Benhaoua, B.; Saadoune, A.; Kemerchou, I.; Rogti, F. An optimized perovskite solar cell designs for high
conversion efficiency. Superlattices Microstruct. 2019, 129, 240–246. [CrossRef]

9. Zuo, C.; Bolink, H.J.; Han, H.; Huang, J.; Cahen, D.; Ding, L. Advances in Perovskite Solar Cells. Adv. Sci. 2016, 3, 1500324.
[CrossRef]

10. Gong, J.; Darling, S.B.; You, F. Perovskite photovoltaics: Life-cycle assessment of energy and environmental impacts. Energy
Environ. Sci. 2015, 8, 1953–1968. [CrossRef]

11. Tiep, N.H.; Ku, Z.; Fan, H.J. Recent Advances in Improving the Stability of Perovskite Solar Cells. Adv. Energy Mater. 2016, 6,
1501420. [CrossRef]

12. Wenk, H.R.; Bulakh, A. Minerals: Their Constitution and Origin; Cambridge University Press: New York, NY, USA, 2004; p. 562.
13. Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic

Cells. J. Am. Chem. Soc. 2009, 131, 6050–6051. [CrossRef]
14. Song, T.-B.; Chen, Q.; Zhou, H.-P.; Jiang, C.; Wang, H.; Yang, Y.; Liu, Y.; You, J. Perovskite solar cells: Film formation and

properties. J. Mater. Chem. A 2015, 3, 9032–9050. [CrossRef]
15. Abdelkader, H.; Lakhdar, N.; Saadoune, A. Effect of Electron Transporting Layer on Power Conversion Efficiency of Perovskite-

Based Solar Cell: Comparative Study. J. Nano- Electron. Phys. 2019, 11, 01026.
16. Lee, M.M.; Teuscher, J.; Miyasaka, T.; Murakami, T.; Snaith, H. Efficient Hybrid Solar Cells Based on Meso-Superstructured

Organometal Halide Perovskites. Science 2012, 338, 643–647. [CrossRef]
17. Kim, H.-S.; Lee, C.-R.; Im, J.; Lee, K.; Moehl, T.; Marchioro, A.; Moon, S.; Humphry-Baker, R.; Yum, J.; Moser, J.; et al. Lead Iodide

Perovskite Sensitized All-Solid-State Submicron Thin Film Mesoscopic Solar Cell with Efficiency Exceeding 9%. Sci. Rep. 2012, 2,
591. [CrossRef] [PubMed]

18. Chung, I.; Lee, B.; He, J.; Chang, R.P.; Kanatzidis, M.G. All-solid-state dye-sensitized solar cells with high efficiency. Nature 2012,
485, 486–489. [CrossRef] [PubMed]

19. Burschka, J.; Pellet, N.; Moon, S.; Humphry-Baker, R.; Gao, P.; Nazeeruddin, M.; Grätzel, M. Sequential deposition as a route to
high-performance perovskite-sensitized solar cells. Nature 2013, 499, 316–319. [CrossRef]

20. Hernández-Granados, A.; Corpus-Mendoza, A.N.; Moreno-Romero, P.M.; Rodríguez-Castañeda, C.; Pascoe-Sussoni, J.E.; Castelo-
González, O.A.; Menchaca-Campos, E.C.; Escorcia-García, J.; Hu, H. Optically uniform thin films of mesoporous TiO2 for
perovskite solar cell applications. Opt. Mater. 2019, 88, 695–703. [CrossRef]

21. Ke, W.; Fang, G.; Wang, J.; Qin, P.; Tao, H.; Lei, H.; Liu, Q.; Dai, X.; Zhao, X. Perovskite Solar Cell with an Efficient TiO2 Compact
Film. ACS Appl. Mater. Interfaces 2014, 6, 15959–15965. [CrossRef]

22. Cho, K.T.; Paek, S.; Grancini, G.; Roldán-Carmona, C.; Gao, P.; Lee, Y.; Nazeeruddin, M.K. Highly efficient perovskite solar
cells with a compositionally engineered perovskite/hole transporting material interface. Energy Environ. Sci. 2017, 10, 621–627.
[CrossRef]

23. Best Research-Cell Efficiencies Chart. Available online: https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies-
rev211011.pdf (accessed on 11 October 2021).

24. Yang, W.S.; Park, B.-W.; Jung, E.H.; Jeon, N.J.; Kim, Y.C.; Lee, D.U.; Shin, S.S.; Seo, J.; Kim, E.K.; Noh, J.H.; et al. Iodide management
in formamidinium-lead-halide–based perovskite layers for efficient solar cells. Science 2017, 356, 1376–1379. [CrossRef]

25. Choi, D.H.; Nam, S.K.; Jung, K.; Moon, J.H. 2D photonic crystal nanodisk array as electron transport layer for highly efficient
perovskite solar cells. Nano Energy 2019, 56, 365–372. [CrossRef]

26. Deng, K.; Liu, Z.; Wang, M.; Li, L. Nanoimprinted Grating-Embedded Perovskite Solar Cells with Improved Light Management.
Adv. Funct. Mater. 2019, 29, 1900830. [CrossRef]

27. Wang, Y.; Wang, P.; Zhou, X.; Li, C.; Li, H.; Hu, X.; Li, F.; Liu, X.; Li, M.; Song, Y. Diffraction-Grated Perovskite Induced Highly
Efficient Solar Cells through Nanophotonic Light Trapping. Adv. Energy Mater. 2018, 8, 1702960. [CrossRef]

28. Kang, S.M.; Jang, S.; Lee, J.-K.; Yoon, J.; Yoo, D.; Lee, J.-W.; Choi, M.; Park, N. Moth-Eye TiO2 Layer for Improving Light
Harvesting Efficiency in Perovskite Solar Cells. Small 2016, 12, 2443–2449. [CrossRef]

29. Shahiduzzaman, M.; Hossain, M.I.; Visal, S.; Kaneko, T.; Qarony, W.; Umezu, S.; Tomita, K.; Iwamori, S.; Knipp, D.; Tsang, Y.H.;
et al. Spray Pyrolyzed TiO2 Embedded Multi-Layer Front Contact Design for High-Efficiency Perovskite Solar Cells. Nano-Micro
Lett. 2021, 13, 36. [CrossRef]

30. Shahiduzzaman, M.; Kulkarni, A.; Visal, S.; Wang, L.; Nakano, M.; Karakawa, M.; Takahashi, K.; Umezu, S.; Masuda, A.; Iwamori,
S.; et al. A single-phase brookite TiO2 nanoparticle bridge enhances the stability of perovskite solar cells. Sustain. Energy Fuels
2020, 4, 2009–2017. [CrossRef]

31. Gimenez, S.; Dunn, H.K.; Rodenas, P.; Fabregat-Santiago, F.; Miralles, S.G.; Barea, E.M.; Trevisan, R.; Guerrero, A.; Bisquert, J.
Carrier density and interfacial kinetics of mesoporous TiO2 in aqueous electrolyte determined by impedance spectroscopy. J.
Electroanal. Chem. 2012, 668, 119–125. [CrossRef]

32. Grätzel, M. The light and shade of perovskite solar cells. Nat. Mater. 2014, 13, 838–842. [CrossRef] [PubMed]
33. Diasanayake, M.A.K.L.; Senadeera, G.K.R.; Sarangika, H.N.M.; Ekanayake, P.M.P.C.; Thotawattage, C.A.; Divarathne,

H.K.D.W.M.N.R.; Kumari, J.M.K.W. TiO2 as a Low Cost, Multi Functional Material. Mater. Today Proc. 2016, 3, S40–S47. [CrossRef]
34. Cheema, H.; Joya, K. Titanium Dioxide Modifications for Energy Conversion: Learnings from Dye-Sensitized Solar Cells; IntechOpen:

London, UK, 2018; pp. 387–406.

http://doi.org/10.1016/j.spmi.2019.04.007
http://doi.org/10.1002/advs.201500324
http://doi.org/10.1039/C5EE00615E
http://doi.org/10.1002/aenm.201501420
http://doi.org/10.1021/ja809598r
http://doi.org/10.1039/C4TA05246C
http://doi.org/10.1126/science.1228604
http://doi.org/10.1038/srep00591
http://www.ncbi.nlm.nih.gov/pubmed/22912919
http://doi.org/10.1038/nature11067
http://www.ncbi.nlm.nih.gov/pubmed/22622574
http://doi.org/10.1038/nature12340
http://doi.org/10.1016/j.optmat.2018.12.044
http://doi.org/10.1021/am503728d
http://doi.org/10.1039/C6EE03182J
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies-rev211011.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies-rev211011.pdf
http://doi.org/10.1126/science.aan2301
http://doi.org/10.1016/j.nanoen.2018.11.050
http://doi.org/10.1002/adfm.201900830
http://doi.org/10.1002/aenm.201702960
http://doi.org/10.1002/smll.201600428
http://doi.org/10.1007/s40820-020-00559-2
http://doi.org/10.1039/C9SE01133A
http://doi.org/10.1016/j.jelechem.2011.12.019
http://doi.org/10.1038/nmat4065
http://www.ncbi.nlm.nih.gov/pubmed/25141800
http://doi.org/10.1016/j.matpr.2016.01.006


Int. J. Mol. Sci. 2021, 22, 12235 14 of 14

35. Lee, D.G.; Kim, M.-C.; Kim, B.; Kim, D.H.; Lee, S.; Choi, M.; Lee, S.; Jung, H. Effect of TiO2 particle size and layer thickness on
mesoscopic perovskite solar cells. Appl. Surf. Sci. 2017, 477, 131–136. [CrossRef]

36. Qarony, W.; Hossain, M.I.; Dewan, R.; Fischer, S.; Meyer-Rochow, V.B.; Salleo, A.; Knipp, D.; Tsang, Y.H. Approaching Perfect
Light Incoupling in Perovskite and Silicon Thin Film Solar Cells by Moth Eye Surface Textures. Adv. Theory Simul. 2018, 1,
1800030. [CrossRef]

37. Kogo, A.; Sanehira, Y.; Ikegami, M.; Miyasaka, T. Brookite TiO2 as a low-temperature solution-processed mesoporous layer for
hybrid perovskite solar cells. J. Mater. Chem. A 2015, 3, 20952–20957. [CrossRef]

38. Xu, C.; Zhang, Y.; Luo, P.; Sun, J.; Wang, H.; Lu, Y.-W.; Ding, F.; Zhang, C.; Hu, J. Comparative Study on TiO2 and C60 Electron
Transport Layers for Efficient Perovskite Solar Cells. ACS Appl. Energy Mater. 2021, 4, 5543–5553. [CrossRef]

39. Marinova, N.; Tress, W.; Humphry-Baker, R.; Dar, M.I.; Bojinov, V.; Zakeeruddin, S.M.; Nazeeruddin, M.K.; Grätzel, M. Light
Harvesting and Charge Recombination in CH3NH3PbI3 Perovskite Solar Cells Studied by Hole Transport Layer Thickness
Variation. ACS Nano 2015, 9, 4200–4209. [CrossRef]

40. Krishnan, U.; Kaur, M.; Kumar, M.; Kumar, A. Factors affecting the stability of perovskite solar cells: A comprehensive review. J.
Photonics Energy 2019, 9, 02100101–02100142.

41. Wang, Y.; Mahmoudi, T.; Rho, W.-Y.; Hahn, Y.-B. Fully-ambient-air and antisolvent-free-processed stable perovskite solar cells
with perovskite-based composites and interface engineering. Nano Energy 2019, 64, 103964. [CrossRef]

42. Carretero-Palacios, S.; Jiménez-Solano, A.; Míguez, H. Plasmonic Nanoparticles as Light-Harvesting Enhancers in Perovskite
Solar Cells: A User’s Guide. ACS Energy Lett. 2016, 1, 323–331. [CrossRef]

43. Lee, J.; Lee, M. Diffraction-Grating-Embedded Dye-Sensitized Solar Cells with Good Light Harvesting. Adv. Energy Mater. 2014,
4, 1300978. [CrossRef]

44. Bilyalov, R.R.; Stalmans, L.; Schirone, L.; Levy-Clement, C. Use of porous silicon antireflection coating in multicrystalline silicon
solar cell processing. IEEE Trans. Electron Devices 1999, 46, 2035–2040. [CrossRef]

45. Kim, D.H.; Dudem, B.; Jung, J.W.; Yu, J.S. Boosting Light Harvesting in Perovskite Solar Cells by Biomimetic Inverted Hemi-
spherical Architectured Polymer Layer with High Haze Factor as an Antireflective Layer. ACS Appl. Mater. Interfaces 2018, 10,
13113–13123. [CrossRef]

46. Jang, S.; Yoon, J.; Ha, K.; Kim, M.-c.; Kim, D.H.; Kim, S.M.; Kang, S.M.; Park, S.J.; Jung, H.S.; Choi, M. Facile fabrication of
three-dimensional TiO2 structures for highly efficient perovskite solar cells. Nano Energy 2016, 22, 499–506. [CrossRef]

47. Ha, K.; Jang, E.; Jang, S.; Lee, J.-K.; Jang, M.S.; Choi, H.; Cho, J.-S.; Choi, M. A light-trapping strategy for nanocrystalline silicon
thin-film solar cells using three-dimensionally assembled nanoparticle structures. Nanotechnology 2016, 27, 055403. [CrossRef]

48. Peng, J.; Walter, D.; Ren, Y.; Tebyetekerwa, M.; Wu, Y.; Duong, T.; Lin, Q.; Li, J.; Lu, T.; Mahmud, M.A.; et al. Nanoscale localized
contacts for high fill factors in polymer-passivated perovskite solar cells. Science 2021, 371, 390–395. [CrossRef] [PubMed]

49. Wang, B.; Li, N.; Yang, L.; Dall’Agnese, C.; Jena, A.K.; Sasaki, S.I.; Miyasaka, T.; Tamiaki, H.; Wang, X.-F. Chlorophyll Derivative-
Sensitized TiO2 Electron Transport Layer for Record Efficiency of Cs2AgBiBr6 Double Perovskite Solar Cells. J. Am. Chem. Soc.
2021, 143, 2207–2211. [CrossRef] [PubMed]

50. Saeed, M.A.; Kang, H.C.; Yoo, K.; Asiam, F.K.; Lee, J.-J.; Shim, J.W. Cosensitization of metal-based dyes for high-performance
dye-sensitized photovoltaics under ambient lighting conditions. Dyes Pigments 2021, 194, 109624. [CrossRef]

51. Kuo, W.-K.; Hsu, J.-J.; Nien, C.-K.; Yu, H.H. Moth-Eye-Inspired Biophotonic Surfaces with Antireflective and Hydrophobic
Characteristics. ACS Appl. Mater. Interfaces 2016, 8, 32021–32030. [CrossRef]

52. Kim, K.-P.; Kim, W.H.; Kwon, S.M.; Kim, J.Y.; Do, Y.S.; Woo, S. Enhanced Light Absorption by Facile Patterning of Nano-Grating
on Mesoporous TiO2 Photoelectrode for Cesium Lead Halide Perovskite Solar Cells. Nanomaterials 2021, 11, 1233. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.apsusc.2017.11.124
http://doi.org/10.1002/adts.201800030
http://doi.org/10.1039/C5TA06177F
http://doi.org/10.1021/acsaem.1c00226
http://doi.org/10.1021/acsnano.5b00447
http://doi.org/10.1016/j.nanoen.2019.103964
http://doi.org/10.1021/acsenergylett.6b00138
http://doi.org/10.1002/aenm.201300978
http://doi.org/10.1109/16.791993
http://doi.org/10.1021/acsami.8b02987
http://doi.org/10.1016/j.nanoen.2016.02.050
http://doi.org/10.1088/0957-4484/27/5/055403
http://doi.org/10.1126/science.abb8687
http://www.ncbi.nlm.nih.gov/pubmed/33479151
http://doi.org/10.1021/jacs.0c12786
http://www.ncbi.nlm.nih.gov/pubmed/33522803
http://doi.org/10.1016/j.dyepig.2021.109624
http://doi.org/10.1021/acsami.6b10960
http://doi.org/10.3390/nano11051233
http://www.ncbi.nlm.nih.gov/pubmed/34067127

	Introduction 
	Results and Discussion 
	Overall Scheme of the Process for Fabricating Perovskite Solar Cells with a Nanopatterned Mesoporous TiO2 (mp-TiO2) Thin-Film Layer 
	FE-SEM, Optical, and FIB Images of Perovskite Solar Cells with a Nanopatterned Mesoporous TiO2 (mp-TiO2) Thin-Film Layer 
	XRD Images of Perovskite Solar Cells with a Nanopatterned Mesoporous TiO2 (mp-TiO2) Thin-Film Layer 
	Transmittance Data of Perovskite Solar Cells with a Nanopatterned Mesoporous TiO2 (mp-TiO2) Thin-Film Layer 
	Characterization of Perovskite Solar Cells with and without the Nanopatterned Mesoporous TiO2 (mp-TiO2) Thin-Film Layer 

	Materials and Methods 
	Preparation of Perfluoropolyether (PFPE) Mold 
	Preparation of Nanopatterned mp-TiO2 Thin-Film Layer 
	Preparation of Perovskite Precursor Solution 
	Fabrication of Perovskite Solar Cells 
	Characterization of Perovskite Solar Cells 

	Conclusions 
	References

