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ABSTRACT: A perovskite solar cell with a thin TiO2 compact film
prepared by thermal oxidation of sputtered Ti film achieved a high efficiency
of 15.07%. The thin TiO2 film prepared by thermal oxidation is very dense
and inhibits the recombination process at the interface. The optimum
thickness of the TiO2 compact film prepared by thermal oxidation is thinner
than that prepared by spin-coating method. Also, the TiO2 compact film and
the TiO2 porous film can be sintered at the same time. This one-step
sintering process leads to a lower dark current density, a lower series
resistance, and a higher recombination resistance than those of two-step
sintering. Therefore, the perovskite solar cell with the TiO2 compact film
prepared by thermal oxidation has a higher short-circuit current density and
a higher fill factor.
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1. INTRODUCTION

Perovskites with the general formula ABX3 have octahedral and
cuboctahedral geometries, where A and B cations coordinate
with 6 and 12 X anions, respectively.1−3 Recently, as a new class
of light-harvesting materials for solar cells, organo-lead halide
perovskites have attracted extensive attention due to their
solution processability,4 high charge carrier mobilities,1 tunable
optical properties,5 and large absorption coefficient.6 Organo-
metal halide perovskites as sensitizers in liquid electrolyte-based
dye-sensitized solar cells (DSSCs) have achieved a power
conversion efficiency (PCE) of 3.8%.7 An all-solid-state lead
iodide perovskite sensitized TiO2 mesoscopic heterojunction
solar cell has showed a PCE of 9.7%, which has long-term
stability.8 A very high PCE of 15.0% has been obtained for
perovskite-sensitized mesoscopic solar cells prepared by a
sequential deposition method.9

Many researches have been focused on DSSC since Graẗzel
reported a low-cost and high-efficiency DSSC with a sandwich-
type structure in 1991.10 The conventional DSSC has a dye-
sensitized photoanode, a counter electrode, and an electro-
lyte.11 The photoanode includes a TiO2 porous film and a TiO2
compact film.12 The TiO2 compact film is usually sintered at a
high temperature, followed by a TiO2 porous film. Therefore,
the films are sintered twice at a high temperature. The thickness
of the TiO2 porous film is more than 10 μm. The TiO2 porous
layer composed of 20 nm particles is deposited by a doctor-
blade method.13 The TiO2 compact layer is traditionally
prepared by aerosol spray pyrolysis,14−16 thermal oxidation,17

spin-coating method,12 atomic layer deposition,18 and electro-
chemical deposition.19 A few tens of nanometers TiO2 compact
film is included, which inhibits the recombination and avoids

electrolyte direct contact with the conductive substrate.15 The
above-mentioned perovskite solar cells also include a TiO2
porous film and a TiO2 compact film. However, for the
perovskite solar cells, a few hundreds of nanometers of the
TiO2 porous film is enough to absorb the perovskite.8 A solar
cell with a thin TiO2 porous film shows a high short-circuit
current density (Jsc), open-circuit voltage (Voc), and fill factor
(FF).8 The absorption coefficient of perovskite is estimated to
be 10 times higher than that of the conventional N719 dye.6

The perovskite CH3NH3PbI3 has long electron and hole
transporting lengths.20 On one hand, the thickness of the TiO2
porous film is critical to the perovskite solar cells.21 The
thickness of the peroskite film is usually determined by the
TiO2 porous film. In order to form an anatase, the TiO2 porous
film must be sintered at a high temperature. On the other hand,
the compact film also greatly impacts the performance of the
perovskite solar cells. Recently, Snaith et al. reported that the
perovskite solar cells with a thin electron transporting layer of
graphene/TiO2 nanocomposites achieved a very high efficiency
(15.6%).22 DSSCs with various compact films prepared by
different methods have been reported; however, little research
on the compact films for the perovskite solar cells has been
carried out. Han et al. reported the TiO2 compact film prepared
by atomic layer deposition, spin-coating, and spray pyrolysis
methods.23 However, TiO2 compact film prepared by thermal
oxidation method (TO-TiO2 compact film) has not been
reported. An efficient TiO2 compact film prepared by a simple
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method is very important to achieve a low cost and high PCE
for the perovskite solar cells.
In this study, we report a novel method to prepare the TiO2

compact layer and the TiO2 porous layer for the perovskite
solar cells. A thin Ti film was sputtered from a Ti target and a
thin layer of porous TiO2 paste was spin coated on it before it
was thermally annealed at 500 °C for 30 min. Therefore, the
TiO2 porous film and the TiO2 compact film were obtained by
this one-step sintering process at one time. To the best of our
knowledge, it is the first time to report a one-step sintering
method to prepare the TiO2 porous film and the TiO2 compact
film for the perovskite solar cell applications. It can not only
reduce the cost, but also improve the PCE of the device. A low
series resistance, a high recombination resistance, and a low
charge transfer resistance have been received due to the
formation of the TiO2 compact layer with the porous TiO2 at
the same time. The perovskite solar cell with the TiO2 compact
film prepared by thermal oxidation has achieved a higher PCE
than that with the TiO2 compact film prepared by spin-coating
method (SC-TiO2 compact film).

2. EXPERIMENTAL DETAILS
2.1. Materials. 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-

9,9′-spirobifluorene (spiro-OMeTAD) (≥99.0%) was purchased from
Shenzhen Feiming Science and Technology Co., Ltd. Li-bis-
(trifluoromethanesulfonyl) imide (Li-TFSI), 4-tert-butylpyridine
(TBP) and lead iodide (PbI2) (99.9%) were purchased from Aladdin
Reagents. Hydroiodic acid (57 wt % in water, 99.99%) and
methylamine (33 wt % in absolute ethanol) were purchased from
Sigma-Aldrich. Tetrabutyl titanate, ethanol, dimethylformamide,
diethanolamine, and isopropanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). All of the used reagents were
analytical grade, without further purification. The purity of the gold
used for thermal evaporation was 99.99%. Fluorine-doped tin oxide
(FTO) glass was purchased from Asahi Glass (Japan) and had a sheet
resistance of 14 Ω sq−1.
2.2. Solar Cell Fabrication. The devices were fabricated on clean

FTO glass substrates. A thin TiO2 compact film was coated on FTO
glass. The SC-TiO2 compact film was prepared according to a standard
procedure which has been reported in our previous work.12,24 To
prepare the precursor solution, 0.38 mL of diethanolamine, 1.8 mL of
tetrabutyl titanate, and 18 mL of ethanol were stirred at 40 °C for 2 h.
To form a sol, the solution should be aged for 24 h. A compact TiO2
film was coated by spin-coating method with a low speed of 500 rpm
for 6 s and at a high speed for 30 s. The thickness of the TiO2 compact
film was controlled by the high speed of the spin coater. After spin-
coating, the film was thermally annealed at 500 °C for 30 min.
Subsequently, a 400 nm TiO2 porous film composed of 20 nm
particles was coated on the compact film by spin-coating method and
was heated at 500 °C for another 30 min. The SC-TiO2 compact film
and the TiO2 porous film were prepared by a two-step sintering
process. The TO-TiO2 compact film was prepared by thermal
oxidation of Ti film. Ti films with different thicknesses were coated
on FTO glasses by radio frequency (RF) magnetron sputtering from a
Ti target (99.9% purity). The RF power and sputtering pressure were
100 W and 1 Pa, respectively. The thickness of the Ti film was
controlled by the time of sputtering. Subsequently, a 400 nm TiO2
porous film composed of 20 nm particles was spin coated on the Ti
film and was retained at 500 °C for 30 min. At the same time, the Ti
film was oxidized to a TiO2 compact film. After thermal oxidation, the
metallic Ti film became a transparent film. It is obvious that the Ti film
was completely oxidized and converted to a thin TiO2 compact film.
Therefore, the TO-TiO2 compact film and the TiO2 porous film were
prepared by a one-step sintering process.
The perovskite CH3NH3PbI3 was synthesized as reported in

literature.9,25 First, 39.3 mL of methylamine and 39.6 mL of
hydroiodic acid at a 1:1 equimolar ratio were stirred at 0 °C for 2

h. The precipitate was collected by evaporating at 50 °C for 2 h.
Finally, a white power was obtained by washing with diethyl ether
three times and drying at 100 °C in a vacuum oven for 24 h. 1 mol/L
PbI2 (dissolved in dimethylformamide at 70 °C for 12 h) was spin
coated onto the TiO2 porous film at a speed of 2000 rpm for 45 s and
was heated at 70 °C in the air for 30 min. Subsequently, the film was
dipped into a solution of CH3NH3I (10 mg/mL, dissolved in
isopropanol) for 2 min. Finally, the film was annealed at 70 °C in the
air for 30 min. The hole transporting material (HTM) solution,
consisting of 55 mM TBP, 26 mM Li-TFSI, and 68 mM spiro-
OMeTAD dissolved in acetonitrile and chlorobenzene (1:10, v/v), was
stirred at room temperature for 24 h and then was coated on the
perovskite-sensitized TiO2 film by spin-coating method at a speed of
2000 rpm for 30 s. Finally, to complete the device, a thin gold
electrode was deposited by thermal evaporation.

2.3. Characteristics. Film crystal structure of CH3NH3PbI3 film
was examined by X-ray diffraction (XRD, Bruker AXS, D8 Advance)
with Cu Kα radiation under operation conditions of 40 kV and 40 mA.
The morphologies of perovskite solar cells were observed by a high-
resolution field emission scanning electron microscope (SEM, JSM
6700F). The thicknesses of the TO-TiO2 compact films and the SC-
TiO2 compact films were measured by SEM. Incident photon-to-
current conversion efficiency (IPCE) spectra were measured by a
Model QE/IPCE system (PV Measurements, Inc.) in the 320−800
nm wavelength range. The square average roughnesses of the TiO2
compact films were characterized by atomic force microscopy (AFM,
SPM-9500j3). Transmission and absorption spectra were measured by
an ultraviolet−visible (UV−vis) spectrophotometer (CARY 5000,
Varian, Australia) at room temperature. The perovskite solar cells were
irradiated by a standard ABET Sun 2000 Solar Simulator with a power
density of 100 mW cm−2 (AM1.5 simulated irradiation). The active
area of the perovskite solar cells was 0.09 cm2. Photocurrent density−
voltage (J−V) characteristics were performed on a CHI660D
electrochemical workstation (ShangHai, China) with a scan rate of
100 mV s−1. Electrochemical impedance spectroscopy (EIS) was
performed on a CHI660D electrochemical workstation (ShangHai,
China) with a 10 mV AC amplitude, a frequency ranging from 100
kHz to 0.1 Hz, and a 0.6 V bias under 1 sun illumination.
Photoluminescence (PL) spectrum was obtained with a 532 nm
pulsed laser as excitation source at a frequency of 9.743 MHz.

3. RESULTS AND DISCUSSION
In Figure 1, panels a and b show the device structure and
energy level diagram of the perovskite solar cells, respectively.

The inorganic−organic hybrid heterojunction solar cells
include a conductive substrate, a compact layer, a perovskite-
sensitized TiO2 porous layer, a hole transporting layer, and a
metal electrode. The TiO2 compact film transports the electron
and inhibits recombination. Most light will be absorbed by the
perovskite film. The matching band structure leads the electron
and the hole to separate effectively. To achieve a high efficiency,
a TiO2 porous film with a compatible pore size and thickness
should be filled with the perovskite film. Furthermore, to avoid

Figure 1. (a) Device structure and (b) energy level diagram of the
perovskite solar cell.
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contact with Au electrode directly, the perovskite-sensitized
TiO2 porous layer was covered with a thin hole transporting
layer. Most importantly, the hole transporting layer favors the
hole injecting to the Au electrode and blocking the electron
transfer from the perovskite film to the Au electrode, which will
led to a high FF and Voc. Figure 2a shows a top-view SEM
image of the perovskite CH3NH3PbI3 on the TiO2 porous film.
The TiO2 porous film with a few tens of nanometers of the
pore size is filled with perovskite. Figure 2b shows a top-view
SEM image of the HTM on the perovskite film. The smooth
surface means that the perovskite is uniformly capped by the
HTM. The cross-sectional SEM image of the device is shown in
Figure 2c. The substrate is the FTO glass. As a light absorber, a
400 nm TiO2 porous film is filled with the perovskite on the
FTO. A 400 nm capping layer on the perovskite film is the
HTM. The thin top layer is the Au electrode. To check the
phase structure of CH3NH3PbI3, a CH3NH3PbI3 film was spin
coated on a TiO2 porous film. As shown in Figure 2d, the
(110), (220), and (310) planes are included. The strong
diffraction peaks of the film can be well indexed to a perovskite
structure.26−28 The UV−vis absorption spectrum of the
perovskikte CH3NH3PbI3 on the TiO2 porous film shows an
absorption peak at 760 nm (Figure 3a). The PL spectrum of
the perovskite CH3NH3PbI3 shows an emission peak at 760
nm, too (Figure 3b).
Figure 4a shows the J−V curves of the perovskite solar cells

with the SC-TiO2 compact films. If a too thin SC-TiO2
compact film was applied, the FTO will be not fully covered
with the dense TiO2 blocking layer, and the perovskite film will
contact with FTO directly. Moreover, the serious recombina-
tion process will occur in the surface of the FTO, and the
leakage current will be very large. If the interface is passivized,
the interfacial recombination process will be controlled.29 If a
too thick SC-TiO2 compact film is applied, the distance will be
too large to transfer electron from the perovskite film to the
FTO. Furthermore, a thicker TiO2 compact film will result in
weaker light absorption of the perovskite film. Therefore, with

increasing thickness of the TiO2 compact film, the performance
of perovskite solar cells first increased and then decreased. The
optimum thickness of the SC-TiO2 compact film is about 60
nm, and a high PCE of 13.47% was obtained. Figure 4b shows
the J−V curves of the perovskite solar cells with the TO-TiO2

Figure 2. Top-view SEM images of (a) the perovskite CH3NH3PbI3 on the TiO2 porous film and (b) the HTM on the perovskite film. (c) Cross-
sectional SEM image of the device. (d) XRD pattern of the perovskite CH3NH3PbI3 film on the TiO2 porous film.

Figure 3. (a) UV−vis absorption and (b) PL spectra of perovskite
CH3NH3PbI3 on the TiO2 porous film.
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compact films. It is obvious that the optimum thickness of the
TO-TiO2 compact film is about 15 nm and a high PCE of
15.07% was obtained. The results are presented in Table 1. As

shown in Figure 5, the perovskite solar cell with the TO-TiO2
compact film has received a higher PCE than that with the SC-
TiO2 compact film. The optimum thickness of the TiO2
compact film is different for the two methods. If the compact
film is absent, the performance of perovskite solar cells will be
poor. To enhance the photoenergy conversion efficiency, it is
necessary to block the dark current.30 A compact layer between
the FTO and the TiO2 nanocrystals could increase the
performance of solar cells.30 It shows that the dark current
density of the perovskite solar cell with the SC-TiO2 compact

film is higher than that with the TO-TiO2 compact film (Figure
5a). The compact film prepared by spin-coating method may
has pinholes.15,23 A thicker compact film prepared by spin-
coating method is needed to cover the FTO. Therefore, the
electron runs a longer distance. However, the FTO could be
covered with a thin Ti film prepared by sputtering method, and
a dense TiO2 film was formed by thermal oxidation. A thinner
and denser TiO2 film was enough to cover the FTO. Moreover,
the TO-TiO2 compact film was sintered with the TiO2 porous
film at the same time. The interface resistance between the
compact film and the porous film may be lower. It not only
reduces production cost, but also reduces the interface
recombination. Therefore, the perovskite solar cell with the
TO-TiO2 compact film has a lower dark current density than
that with the SC-TiO2 compact film. The dark current density
of the perovskite solar cell without compact film is the highest.
The recombination is serious for the perovskite solar cell
without TiO2 compact film, which is used as a hole blocking
layer and an electron transporting layer. A shunting process is
employed, and therefore, the perovskite solar cell without
compact film has a lower Jsc, Voc, and FF.
The series resistance (Rs) and shunt resistance (Rsh) can be

calculated by the diode equation.31 Figure 6a shows good linear
curves, which indicate the relationship of -dV/dJ and (Jsc − J)−1.
The Rs of the bare FTO (without compact film but with porous
film), the SC-TiO2 compact film, and the TO-TiO2 compact
film are 6.29, 3.97, and 3.57 Ω cm2, respectively. The Rsh of the
bare FTO, the SC-TiO2 compact film, and the TO-TiO2
compact film are 180, 303, and 1800 Ω cm2, respectively.
The device without compact film has the highest Rs and the
lowest Rsh. As the thickness of the TiO2 blocking layer
increased, the Rs decreased first and then increased. The results
are summarized in Table 1. The device with a too thin blocking
film, which is not fully covered with FTO, will have a serious
recombination. Moreover, the TiO2 compact film has a low
electrical conductivity. Therefore, the device with a too thin
blocking film or a too thick blocking film has a higher Rs. The
device with the 15 nm TO-TiO2 compact film has the lowest Rs
and the highest Rsh. The low Rs and the high Rsh may lead to a
high FF. These perovskite solar cells were fabricated in the
same conditions, except the compact film. The different
interface resistance may be one reason for the different
photovoltaic properties. The TO-TiO2 compact film was
prepared by a one-step sintering method, and so, the optimum

Figure 4. J−V curves of the perovskite solar cells with different
thicknesses of (a) SC-TiO2 and (b) TO-TiO2 compact films.

Table 1. Photovoltaic Parameters of the Perovskite Solar
Cells

Voc
(V)

Jsc
(mA cm−2) FF

PCE
(%)

Rs
(Ω cm2)

bare 0.96 18.01 0.44 7.60 6.29
40 nm SC-TiO2 1.09 20.83 0.53 12.04 5.49
50 nm SC-TiO2 1.09 21.08 0.56 12.97 4.86
60 nm SC-TiO2 1.09 21.16 0.58 13.47 3.97
70 nm SC-TiO2 1.09 20.11 0.58 12.80 4.29
80 nm SC-TiO2 1.08 19.72 0.57 12.20 4.67
5 nm TO-TiO2 1.07 20.66 0.56 12.29 5.17
10 nm TO-TiO2 1.09 22.19 0.60 14.59 4.32
15 nm TO-TiO2 1.09 21.97 0.63 15.07 3.57
20 nm TO-TiO2 1.09 21.30 0.64 14.76 3.76
25 nm TO-TiO2 1.09 21.10 0.62 14.15 4.08

Figure 5. J−V curves of the perovskite solar cells with the 15 nm TO-
TiO2 compact film, the 60 nm SC-TiO2 compact film, and the bare
FTO.
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TO-TiO2 compact film is thinner than that of the optimum SC-
TiO2 compact film. Therefore, the perovskite solar cell with the
TO-TiO2 compact film has a higher FF and Jsc. Figure 6b shows
the transmission spectra of the TO-TiO2 compact film on FTO,
the SC-TiO2 compact film on FTO, and the bare FTO. The
thicknesses of the TO-TiO2 compact film and the SC-TiO2
compact film are about 15 and 60 nm, respectively. The
optimum thickness of the SC-TiO2 compact film is thicker than
that of the TO-TiO2 compact film. As we know, TiO2 is a wide
band gap semiconductor, which has a strong absorption at short
wavelengths.32,33 The thinner TO-TiO2 compact film is more
transparent than the SC-TiO2 compact film between 300 and
550 nm. A 60 nm SC-TiO2 compact film on FTO has a
stronger absorption than a 15 nm TO-TiO2 film at 300−550
nm. Therefore, more light will be absorbed by perovskite and
will be converted to photocurrent for the perovskite solar cell
by employing the TO-TiO2 compact film. It may lead the
perovskite solar cell with the TO-TiO2 compact film to a higher
Jsc. This result also corresponds to the normalized IPCE curves
of the SC-TiO2 compact film and the TO-TiO2 compact film in
Figure 6c. It shows that the perovskite solar cell with the TO-
TiO2 compact film has a higher IPCE values than that with the
SC-TiO2 compact film at a short wavelength range. Therefore,
the perovskite solar cell with the TO-TiO2 compact film has a
higher Jsc. The perovskite solar cell has a high IPCE value in the
400−760 nm wavelength range. The IPCE intensity dropped at
a wavelength longer than 760 nm. This result is similar to some
literature reports.8,9,31 It may be due to the perovskite
CH3NH3PbI3 film having a strong absorption in the visible
spectrum (it has an absorption peak at 760 nm, Figure 3a);
however, it has a weak absorption in the infrared wavelength
range. To understand the charge transfer and recombination
rates, Nyquist plots of the perovskite solar cells with the SC-

TiO2 compact film and the TO-TiO2 compact film are shown
in Figure 6d. The RS is equal to the value of high-frequency
intercept on the real axis. The right incomplete semicircle in the
low frequency range is a transmission line, which is mainly
attributed to recombination resistance (Rrec) between the
perovskite film and the TiO2 film.

34−37 The left semicircle in
the high frequency range is assigned to the charge transfer
resistance (RHTM) at the hole transporting layer.

34−36 The RS of
the SC-TiO2 compact film and the TO-TiO2 compact film are
4.44 and 3.77 Ω cm2, respectively. The values of the RS for the
EIS results correspond to the values calculated by the diode
equation. It shows that the perovskite solar cell with the TO-
TiO2 compact film has a lower RS and RHTM than that with the
SC-TiO2 compact film. Therefore, the perovskite solar cell with
the TO-TiO2 compact film has a higher charge transfer rate.
Moreover, the perovskite solar cell with the TO-TiO2 compact
film has a higher Rrec than that with the SC-TiO2 compact film.
The thinner TO-TiO2 compact film prepared by one-step
sintering method may lead to a lower interface resistance, a
lower RS, and a higher Rrec than those of the thicker SC-TiO2
compact film prepared by the two-step sintering method. It also
indicates that the perovskite solar cell with the TO-TiO2
compact film has a lower carrier recombination rate. The
perovskite solar cell has a large and wide absorption in the
visible spectrum, which leads to a high IPCE value in a wide
wavelength. Moreover, the device has a low series resistance, a
high shunt resistance, a low charge transfer resistance, and a
high recombination resistance. Therefore, the perovskite solar
cell has a Jsc, Voc, and FF. Above all, the perovskite
CH3NH3PbI3 has 100 nanometers of electron−hole diffusion
lengths.20 Time-resolved PL measurements demonstrated that
the electron had a long lifetime.20 Therefore, the perovskite
CH3NH3PbI3 has a high electron transport rate and a low

Figure 6. (a) The linear curves of the relationship of -dV/dJ and (Jsc − J)−1. (b) Transmission spectra of the TO-TiO2 compact film, the SC-TiO2
compact film, and the bare FTO. (c) IPCE spectra and (d) Nyquist plot of the perovskite solar cells with the TO-TiO2 compact film and the SC-
TiO2 compact film.
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carrier recombination rate. We confirmed this with EIS
measurements. Therefore, the perovskite solar cell with the
TO-TiO2 compact film has a maximum PCE of 15.07%.
In Figure 7, panels a and b show the AFM images of the SC-

TiO2 compact film (60 nm) and the TO-TiO2 compact film

(15 nm), respectively. The SC-TiO2 compact film has a
smoother surface than the TO-TiO2 compact film. The square
average roughnesses of the SC-TiO2 compact film and the TO-
TiO2 compact film are 3.51 and 14.48 nm, respectively.
However, the TO-TiO2 compact film has a similar square
average roughness with the bare FTO, which has a square
average roughness of 15.16 nm. A very thin TO-TiO2 compact
film is enough to cover the FTO. Therefore, the square average
roughness of the TO-TiO2 compact film is also determined by
the surface of FTO. A thicker SC-TiO2 compact film is needed
to cover the FTO. A smoother surface is received. However, it
has a higher Rs and a lower Rsh. Above all, the TO-TiO2
compact film and the TiO2 porous film, which were prepared
by a one-step sintering process, effectively reduced the cost and
achieved a higher PCE (15.07%) than films prepared by a two-
step sintering process. The Ti film could be prepared by a
magnetron sputtering method, which has a fast sputtering rate
by using a Ti target. It has an advantage of low-cost and large-
area fabrication. If a TiO2 target were applied, then a longer
sputtering time will be needed. The crystallinity of the TiO2
film prepared by a TiO2 target without annealed is poor, which
may lead to a low PCE. Moreover, when the sputtered Ti film
and the TiO2 porous film were sintered and crystallized at the
same time, its interface effect will be reduced to minimum
compared with using TiO2 densified layer. The interface
recombination has been reduced, which is rated to the interface
resistance and Rs.

4. CONCLUSION
In summary, we have developed a perovskite solar cell with an
efficient TiO2 compact film. A very thin TiO2 compact film and
a TiO2 porous film were prepared by a novel one-step sintering
process. The TiO2 compact film as a blocking layer inhibits the
electron−hole recombination at the interface between the FTO
and the perovskite. Furthermore, the one-step sintering method
reduces the interface resistance between the TiO2 compact film
and the TiO2 porous film and requres thinner densified TiO2
layer. The lowest Rs (3.57 Ω cm2) and the highest Rsh (1800 Ω
cm2) have been achieved by the device based on the TO-TiO2
compact film. A maximum PCE of 15.07% has been achieved
by the perovskite solar cell with the TO-TiO2 compact film,
which has a higher Jsc and FF than that with the SC-TiO2

compact film. This method has a potential to be applied in
high-efficiency, large-area, and low-cost perovskite solar cells in
the future.
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