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A low-temperature TiO2/SnO2 electron transport layer
for high-performance planar perovskite solar cells
Nan Li1,2, Jin Yan1,2, Yuqian Ai1, Ershuai Jiang1,2, Liujin Lin1, Chunhui Shou3, Baojie Yan1,
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ABSTRACT Conventional titanium oxide (TiO2) as an
electron transport layer (ETL) in hybrid organic-inorganic
perovskite solar cells (PSCs) requires a sintering process at a
high temperature to crystalize, which is not suitable for flex-
ible PSCs and tandem solar cells with their low-temperature-
processed bottom cell. Here, we introduce a low-temperature
solution method to deposit a TiO2/tin oxide (SnO2) bilayer
towards an efficient ETL. From the systematic measurements
of optical and electronic properties, we demonstrate that the
TiO2/SnO2 ETL has an enhanced charge extraction ability and
a suppressed carrier recombination at the ETL/perovskite in-
terface, both of which are beneficial to photo-generated carrier
separation and transport. As a result, PSCs with TiO2/SnO2

bilayer ETLs present higher photovoltaic performance of the
baseline cells compared with their TiO2 and SnO2 single-layer
ETL counterparts. The champion PSC has a power conversion
efficiency (PCE) of 19.11% with an open-circuit voltage (Voc)
of 1.15 V, a short-circuit current density (Jsc) of 22.77 mA cm−2,
and a fill factor (FF) of 72.38%. Additionally, due to the sui-
table band alignment of the TiO2/SnO2 ETL in the device, a
high Voc of 1.18 V is achieved. It has been proven that the
TiO2/SnO2 bilayer is a promising alternative ETL for high
efficiency PSCs.

Keywords: perovskite solar cell, electron transport layer, TiO2/
SnO2, low temperature, energy band alignment

INTRODUCTION
The research and development of hybrid organic-
inorganic perovskite solar cells (PSCs) has increased
dramatically in the past decade, with an amazing power
conversion efficiency (PCE) improvement from 3.8% to
more than 23% [1–4]. The advanced perovskite materials
have been successfully applied in the field of solar cells [5]

thanks to their numerous advantages of high light ab-
sorption efficiency in the visible wavelength region, long
carrier diffusion length, tunable bandgap, and high tol-
erance for defect states. They are thus considered to be
one of the most promising next-generation solar energy
materials [6–9].
Generally, in order to improve the electron extraction, a

mesoporous TiO2 electron transport layer (ETL) is nor-
mally used in high-performance PSCs to increase the
contact area of TiO2 and the perovskite [10–11]. It is
usually prepared by using a spray pyrolysis technique or
spin-coating with the sol-gel method, followed by a high-
temperature (>450°C) sintering step, which is critical for
crystallizing the TiO2 layer to improve the electrical
conductivity [12]. However, the high-temperature process
is usually incompatible with flexible substrates and
monolithic tandem systems with a low-temperature-
processed bottom cell. Additionally, compared with me-
soporous PSCs, planar heterojunction structure (PHJ)
PSCs are easier to fabricate and have a lower cost. This
has recently rendered PHJ PSCs as prospective com-
mercial candidates [13–17].
Although low-temperature processes for fabricating

TiO2 films have been reported, such as chemical bath
deposition, atomic layer deposition and the electro-
deposited method, the performances of PSCs based on
these methods are still too low [18–19]. The TiO2 ETLs
derived from the low-temperature process can result in
the inferior PCE and the hysteresis of PSCs due to their
poor crystallinity, low electrical conductivity, and high
density of trap states [20–21]. To solve these problems,
doping and surface modifications have been widely re-
searched in recent years. Hu et al. [22] reported that upon
applying NH2-TiO2 nanoparticles as a novel ETL in the
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low-temperature process, the regular-structure PSCs ex-
hibited a significant PCE improvement to over 21%. Liu
and coworkers [23] introduced zinc ions into a compact
TiO2 lattice by a simple low-temperature solution process,
which improved the interfacial carrier extraction between
the ETL and perovskite, obtaining a PCE of 19.04% with
4.5% Zn-doped ETL PSCs. However, the TiO2/perovskite
interface still has many trap states responsible for severe
recombination loss, especially when exposed to UV light,
leading to strong hysteresis behaviors [24]. To pursue
high-performance and nonhysteretic PSCs, many passi-
vation methods, such as applying a fullerene self-
assembled monolayer or [6,6]-phenyl-C61-isomethyl
butyrate (PCBM) to the TiO2 surface, as well as chlorine-
capped TiO2 nanocrystal films, have been reported [25–
27]. However, these methods are complex and expensive,
so low-cost and high quality ETLs still urgently need to be
explored for high-efficiency and stable PSCs, as well as for
further possible commercialization.
On the other hand, tin oxide (SnO2) is a promising

alternative for high-performance PSCs in low-tempera-
ture preparations due to its low cost and high quality
(high charge extraction efficiency, high carrier mobility
and wide band gap) [28–30]. SnO2 can remarkably reduce
or even eliminate the hysteresis phenomenon of planar
PSCs. Therefore, combining the advantages of TiO2 and
SnO2 as the double layer ETL is a good choice to improve
the electron extraction and transport properties and re-
arrange the band alignment for high electron collection
efficiency. This topic has also been reported in recent
years. For instance, Song et al. [31] reported a 21.1% PCE
of the planar PSCs using a TiO2/SnO2 bilayer ETL. Ta-
vakoli et al. [32] employed an amorphous SnO2 on the
top of a compact TiO2 layer as the ETL, achieving a PCE
of 21.4%. However, the high-temperature process was still
employed to improve the film quality, limiting its appli-
cation in flexible PSCs and tandem solar cells.
In this work, a TiO2/SnO2 bilayer ETL is proposed for

planar PSCs to be fabricated at a low temperature
(≤150°C). The band alignment is properly tuned to im-
prove the open-circuit voltage (Voc) of the PSCs. By ad-
justing the bottom of the conduction band edge of the
ETL to reduce the conduction band edge offset with that
of the perovskite layer, the barrier height is decreased for
the effective electron extraction from the perovskite and
highly efficient transport to the electrode. Moreover, by
inserting an SnO2 layer to passivate the defects at the TiO2
surface, the hysteresis of the PSCs can be amended, and
the stability can also be improved against prolonged il-
lumination. As expected, the PSCs with bilayer ETL show

a noticeable improvement in Voc and the fill factor (FF),
demonstrating that this bilayer ETL is suitable in the low-
temperature manufacturing process for high-perfor-
mance PSCs.

EXPERIMENTAL SECTION

Materials
The indium tin oxide (ITO) glass substrates were sup-
plied by the CSG Holding Co., Ltd. The SnO2 colloid
precursor was purchased from Alfa Aesar. For-
mamidinium iodide (FAI; 99.5%), methylammonium
iodide (MAI; 99.5%) and spiro-OMeTAD (99.5%) were
obtained from Xi’an P-OLED Corp. The PbI2 and PbBr2
were received from Sigma-Aldrich. All other reagents
were all purchased from Aladdin.

Synthesis
The TiO2 nanoparticle solution was synthesized as fol-
lows: 470 μL tetrabutyl titanate was added dropwise into
2.5 mL of ethanol with 111 μL of nitric acid under mild
stirring of 500 rpm. After 2 h of stirring, 127 μL of
deionized water was put into the mix solvent for the
hydrolysis of tetrabutyl titanate. This reaction continued
for 1 h. Finally, the isopropanol was added into the
resulting solution to form the 0.127 mol L−1 TiO2 solu-
tion. This transparent solution of TiO2 was prepared for
spin-coating, without any washing, centrifugation and
dispersing. The SnO2 precursor (15% in H2O colloidal
dispersion) was diluted by water. To obtain the perovskite
precursor, 24.4 mg methylammonium bromide (MABr),
85.4 mg PbBr2, 214.5 mg FAI, and 607.9 mg PbI2 were
dissolved in 0.33 mL of dimethyl sulfoxide (DMSO) and
0.67 mL N,N-dimethylformamide (DMF) mixture, and
then stirred at 60°C for 12 h. The hole transport layer
(HTL) solution contained 72.3 mg of spiro-OMeTAD,
28.8 µL of 4-tert-butyl pyridine (TBP), 17.5 µL of a li-
thium bis(trifluoromethane-sulfonyl)imide (Li-TFSI) so-
lution (520 mg of Li-TSFI in 1 mL of acetonitrile), and
8 µL of a cobalt bis(trifluoromethanesulfonyl)imide (Co-
TFSI) solution (360 mg of Co-TSFI in 1 mL of acetoni-
trile) in 1 mL of chlorobenzene.

Device fabrication
The patterned ITO-coated glass substrates were ultra-
sonically cleaned by acetone, isopropanol, and deionized
water, and then dried immediately by a flow of pure ni-
trogen. Then, the substrates were further treated by UV-
ozone for 15 min for the subsequent deposition of films.
The TiO2 and SnO2 ETLs were both prepared by spin-
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coating with their nanoparticle precursor solutions on the
ITO glass at 5000 rpm for 30 s in ambient air, and then
annealed on a hot plate at 140 and 150°C for 30 min,
respectively. The TiO2/SnO2 bilayer ETL was also ob-
tained by spin-coating the SnO2 precursor solution di-
rectly onto the pre-prepared TiO2 samples using the same
process as the monolayer film deposition. Then, three
kinds of ETLs, TiO2, SnO2 and TiO2/SnO2, were ready for
depositing the perovskite absorber and HTL. The 20 μL
perovskite precursor was spin-coated at 4500 rpm for
40 s, during which 220 μL of chlorobenzene was dropped
rapidly (20 s) prior to the ending. Then, this wet per-
ovskite film was baked at 140°C for 10 min for crystal-
lization. The HTL solution was spin-coated on the
perovskite layer at 4500 rpm for 30 s. Finally, an 80 nm
sliver electrode was evaporated on the spiro-OMeTAD
layer for the integrated PSC.

Characterizations
The photovoltaic performance of PSCs was determined
using a solar simulator (Oriel, Sol3A) with a Xe-arc lamp
under Air-mass 1.5 illumination (100 mW cm−2). A
standard silicon solar cell from Newport Corporation
was used to calibrate the illumination intensity. All of
the PSCs were exposed to ambient air and masked by a
black metal mask with an active area of 0.1 cm2 during
the testing. For the electrochemical impedance spectro-
scopy (EIS) measurement, the PSCs were tested in a
frequency range between 1 MHz and 10 Hz. The external
quantum efficiency (EQE) spectra were recorded with a
commercial apparatus (Newport 2936-cpowermeter)
based on a 300 W xenon lamp. The morphology images
of the ETL films were obtained by the scanning probe
microscope (SPM, Veeco, Dimension 3100), while the
morphology of the perovskite surface on the three dif-
ferent ETL films (TiO2, SnO2 and TiO2/SnO2) and the
cross section of the device were characterized by the
scanning electron microscope (SEM, Thermo Scientific,
Verios G4 UC). The transmittance spectra of the samples
were acquired by using Ultraviolet-visible spectroscopy
(UV/Vis, Perkin-Elmer, Lambda 950). A HORIBA FL3-
111 fluorescence spectrometer was employed for the
steady-state and time-resolved photoluminescence. The
excitation wavelength was 460 nm and the PL spectra
were recorded in the wavelength range of 300–850 nm.
The thickness of the TiO2 and SnO2 layer was analyzed
via ellipsometry (Alpha-SE). The ultraviolet photoelec-
tron spectroscopy (UPS, Axis Ultra DLD, Kratos Ana-
lytical Ltd, UK) was used to measure the work function
of different ETLs.

RESULTS AND DISCUSSION
The structural schematic of the PSC with a TiO2/SnO2
bilayer ETL is shown in Fig. 1a, with the corresponding
cross-sectional SEM image shown in Fig. 1b. Clearly, the
device is composed of a ~200 nm ITO layer, a ~37 nm
TiO2/SnO2 bilayer ETL, a ~520 nm perovskite absorption
layer, a ~140 nm spiro-OMeTAD HTL, and a ~80 nm Ag
electrode film. The cross-sectional SEM images of the
PSCs based on TiO2 and SnO2 ETLs are shown in Fig. S1,
of which the optimum thicknesses are 20 and 28 nm,
respectively. Fig. 1c presents the current-voltage (J-V)
curves scanned in forward and reverse directions of the
champion PSC based on the TiO2/SnO2 bilayer ETL. The
top-view SEM images of the perovskite films deposited
onto the TiO2/SnO2 bilayer by an antisolvent method are
displayed in Fig. 1d, exhibiting a more uniform surface
and a larger grain size than those on the TiO2 and SnO2
ETLs demonstrated in Fig. S2.
To understand the charge transfer properties of dif-

ferent ETLs, steady and time-resolved photoluminescence
(PL and TRPL) spectroscopies were investigated. As
shown in Fig. 2a, the perovskite film deposited onto the
TiO2/SnO2 bilayer exhibits a much stronger quenching
effect than those on the monolayer TiO2 and SnO2 films,
suggesting a more efficient charge transfer from the
perovskite to the TiO2/SnO2 ETL, due to the decreasing
defects at the ETL/perovskite interface. Similarly, Fig. 2b
displays that the perovskite film on TiO2/SnO2 ETL ac-
celerates the PL decay in comparison with the monolayer
samples. Table S1 shows the lifetime and corresponding
amplitudes fitted by using a biexponential decay function.
Usually the fast decay component (τ1) is attributed to the
quenching of charge carriers at the interface of the ETL
and perovskite, and the slow decay component (τ2) re-
flects the nonradiative recombination of carriers through
the recombination center of the perovskite layer [33].
Both the fast and slow decay components of the per-
ovskite film on the TiO2/SnO2 ETL are the lowest among
the three samples, which are 13 and 369 ns, respectively.
This indicates that the TiO2/SnO2 ETL has better electron
transfer and extraction properties, which can be attrib-
uted to less electron accumulation at the ETL/perovskite
interface and a suitable conduction band alignment be-
tween the TiO2/SnO2 ETL and perovskite.
As seen in Fig. 3, the film surface morphologies of the

three different ETLs deposited on the ITO glass were
monitored by a SPM. The atomic force microscopy
(AFM) images (5 × 5 μm2 scan area) reveal that the values
of the root-mean-square roughness (RMS) of the TiO2,
SnO2, and TiO2/SnO2 films are 2.44, 1.83, and 1.67 nm,

SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ARTICLES

February 2020 | Vol. 63 No.2 209© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019



respectively. The lower roughness of the TiO2/SnO2 films
is a vital figure-of-merit for the PSCs, leading to a better
quality of the perovskite films and the crystal growth [34].
Additionally, both of the single TiO2 and SnO2 films
might cause pinholes in large scale, but the TiO2/SnO2
bilayer can fully cover the ITO substrate, which is im-
portant for reducing the current leakages at the interface
of the electrode in the device.
To understand the reason for the performance im-

provement, an UPS measurement was used to determine
the work function and valence bands of the different

ETLs. Fig. 3d shows the calculated Fermi level (Ef) and
valence band (Ev) values of the TiO2, SnO2, and TiO2/
SnO2. As exhibited in the UV-vis spectra in Fig. S3, the
optical bandgaps of TiO2, SnO2, and TiO2/SnO2 are 3.87,
4.13 and 4.13 eV, respectively. By associating the UV-vis
and UPS data, the valence and conduction bands of TiO2,
SnO2, and TiO2/SnO2 ETLs are figured out. As shown in
Fig. 3e, the conduction bands of TiO2, SnO2, and TiO2/
SnO2 ETLs are approximately 4.45, 4.03, and 3.94 eV,
respectively, and the values for the perovskite are refer-
enced in [35]. The decrease in the conduction band values

Figure 2 PL spectra (a) and TRPL curves (b) of perovskite film deposited on different ETLs: TiO2, SnO2, and TiO2/SnO2.

Figure 1 The schematic image (a) and cross-sectional SEM image of the PSC based on TiO2/SnO2 bilayer ETL (b), the J-V curves (c) of the champion
PSC under forward and reverse sweep, labeled as F and R respectively, and top view SEM image (d) of the perovskite film deposited on TiO2/SnO2

bilayer.
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means that the energy offset between the ETLs and per-
ovskite is narrowed, which is conducive to enhancing Voc
[32].
To find the optimum ETL fabrication process, we fur-

ther investigated the influence of the thickness and an-
nealing temperature on the photovoltaic performance of
the PSCs. From Fig. S5, we can deduce that the mono-
layer TiO2 PSC presents the best performance with an
annealing temperature of 140°C. Moreover, for the TiO2/
SnO2 bilayer, the TiO2 film was fixed at 12 nm to ensure
sufficient transmittance, so measurements with different
SnO2 film thicknesses (20, 25 and 30 nm) were per-
formed. The obtained photovoltaics results reveal that the
performance of the TiO2/SnO2 PSC is sensitive to the
annealing temperature and the thickness of the SnO2 film.
As shown in Fig. S6, the 25 nm SnO2 film is the optimized
thickness to achieve the maximum efficiency. These ex-
periments also suggest that the TiO2/SnO2 bilayer ETL is
better than the TiO2 and SnO2 monolayer ETLs.
To discuss the differences of the photovoltaic perfor-

mance for various ETLs, we prepared 45 pieces of PSCs of
every condition to analyze the results under light illu-
mination. Fig. 4a shows the J-V curves of the champion
devices with different ETLs scanned in the forward and

reverse directions under an AM1.5 solar simulator. The
statistical data of Voc, the short circuit current density
(Jsc), FF and PCE are summarized in Table 1. The TiO2/
SnO2 PSCs exhibit less hysteresis compared with the
monolayer TiO2 or SnO2 PSCs. Generally, charges or ions
accumulation and a charge transfer imbalance at the in-
terface of the ETL/perovskite are the prime reasons for
the hysteresis in PSCs. It is expected that revising the
band alignment and improving the electron extraction of
the TiO2/SnO2 bilayer ETL could reduce the hysteresis in
the PSCs. As expected, the TiO2/SnO2 devices show a
champion PCE of 19.11%, with a Voc of 1.15 V, a Jsc of
22.77 mA cm−2, and an FF of 72.38%. In this regard, the
SnO2 and TiO2 devices exhibit a PCE of 17.40% and
14.76%, respectively. Fig. 4b shows the EQE data of PSCs
with the various ETLs, and the integrated Jsc values of the
devices based on the TiO2, SnO2, and TiO2/SnO2 ETLs are
21.75, 21.54 and 19.23 mA cm−2, respectively, which are
also in good accord with the trend of Jsc under the si-
mulated light. The electrical conductivity of SnO2 is much
better than the amorphous TiO2. Thus, the Jsc is improved
significantly for SnO2 and TiO2/SnO2 PSCs, compared
with that of TiO2 PSC. Fig. 4c–f provide the PCE box-
chart and the other photovoltaic parameters of the J-V

Figure 3 3D-AFM images (a–c) of ITO/TiO2, ITO/SnO2 and ITO/TiO2/SnO2 films, respectively, (d) UPS measurements of above samples, (e) the
diagram of band alignment for different ETLs: TiO2, SnO2, and TiO2/SnO2.
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characteristics from the PSCs (total number of samples:
45 pieces of devices) based on the different ETLs, im-
plying a great reproducibility of our devices. Obviously,
the TiO2/SnO2-PSCs show the best performance com-
pared with the TiO2 and SnO2-based devices. It is worth
noting that the TiO2/SnO2 PSC shows the highest Voc of
1.18 V (Fig. S5) and the average Voc of 1.15 V, proving
that this bilayer ETL fabricated at a low temperature is an
effective way to improve Voc. It is considered that the

good conduction band alignment, excellent electron ex-
traction and low recombination at the interface are the
reasons for the amelioration of devices [36].
With the aim of further understanding the charge

transfer and recombination kinetics in PSCs, dark J-V
and EIS are performed. Fig. 5a shows the results in
semilogarithmic plots of the dark J-V data, where the
curves are in accordance with the Shockley diode equa-
tion:

Figure 4 The J-V (a) and EQE curves (b) of the champion devices with different ETLs and the box charts of the PSCs with the different ETLs (c–f),
the number of total samples accounted for statistics is 45.

Table 1 The photovoltaic statistical data of the PSCs based on the different ETLs (45 PSCs)

Samples Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

TiO2 1.09 (± 0.02) 19.92 (± 0.65) 65.54 (± 1.84) 14.18 (± 0.35)

SnO2 1.11 (± 0.01) 21.63 (± 0.42) 70.24 (± 1.34) 16.92 (± 0.29)

TiO2/SnO2 1.15 (± 0.01) 22.06 (± 0.67) 72.60 (± 1.46) 18.46 (± 0.27)
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J J qV
n T= exp 1 , (1)0

where J0 is the reverse saturation current density, T is the
temperature in Kelvin, n is the ideality factor, and κ is the
Boltzmann constant. Compared with the PSCs with single
TiO2 or SnO2 ETLs, the PSCs with a TiO2/SnO2 bilayer
ETL show lower J0 values and inflection points, suggest-
ing a more effective charge selective contact due to the
lower charge recombination and leakage [37]. The n value
is linked to the recombination upon the defect-state
density, obtained from the differentiation of the Shockley
diode equation [38]:

n T J
q V= ln . (2)

1

The n-V curves are depicted in Fig. 5b, which are de-
termined by the plateau within the range of 0.8 to 1.1 V,
in keeping with the linear relationship in Fig. 5a. The
actual n values are 2.38, 1.89 and 1.75 for the TiO2, SnO2
and TiO2/SnO2 PSCs, respectively, indicating that the
trap-assisted recombination is efficiently suppressed at
the interface of the TiO2/SnO2 layer and perovskites.
EIS is also an effective method for investigating the

electric role of ETLs in the performance of PSCs. The EIS

spectra and the equivalent circuit model are presented in
Fig. 5c and Fig. S7, respectively, while Z-view software is
used to fit the Nyquist plots with the fitting results listed
in Table S2. The series resistance (Rs) in the equivalent
circuits originates from the connecting wire and the di-
rect current (DC) resistance of PSCs. The high frequency
region is attributed to the charge transfer resistance (Rtr),
while the low frequency region is determined by the re-
combination resistance (Rrec) [39]. It is believed that the
structures of all the devices are supposed to be the same,
except for the ETLs. Thus, Rtr and Rrec directly reflect the
impact of the ETLs on the PSCs, of which the values are
summarized in Table S2. The TiO2/SnO2 PSC has the
smallest semicircle with the lowest Rtr value, giving rise to
a higher FF, which possibly originated from the highest
electron mobility and ability of charge extraction.
Meanwhile, the higher Rrec of the TiO2/SnO2 PSC evi-
dently decreases in the interfacial recombination, which
will lead to an improvement in Voc of the devices. These
results are in accord with the TRPL measurement on the
different ETLs. Fig. 5d displays the change in the current
density and PCE over time, reflecting the output stability
of the PSCs with the different ETLs. The static PCEs at
the maximum power point are 18.83%, 17.26% and
14.54% for PSCs based on TiO2/SnO2, SnO2, and TiO2

Figure 5 (a) The semi-logarithmic plots of the dark J-V curves, (b) the n-V curves, (c) the EIS spectra, and (d) the steady-state output performance of
the same set of PSCs.
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ETLs, respectively, which are measured under bias vol-
tages of 0.980, 0.917 and 0.871 V, respectively (the vol-
tages at the maximum power point in the J-V curves).
Therefore, the TiO2/SnO2 PSC displays the most stable
power output compared with other PSCs with monolayer
ETLs.

CONCLUSIONS
In summary, a low-temperature process is adopted to
prepare TiO2/SnO2 bilayer ETLs, which display superior
electrical properties. The characterization results give
direct evidence that the TiO2/SnO2 bilayer ETL improves
the electron extraction and transport properties and ad-
justs the band alignment between the ETL and perovskite
layers. Consequently, the TiO2/SnO2 PSCs achieve the
highest Voc of 1.18 V, which is much better than that of
the TiO2 or SnO2 PSCs. The champion TiO2/SnO2 PSC is
achieved with a PCE of 19.11%, a Voc of 1.15 V, a Jsc of
22.77 mA cm−2, and an FF of 72.38%. It is demonstrated
that the TiO2/SnO2 film annealed at a low temperature is
a prospective substitute ETL for conventional high-tem-
perature sintered ETLs, as well as for fabricating flexible
PSCs and tandem solar cells.
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低温TiO2/SnO2双电子传输层的光电性能及其在
钙钛矿电池中的应用
李楠1,2,闫锦1,2,艾余钱1,姜二帅1,2,林鎏金1,寿春晖3,闫宝杰1,
盛江1*, 叶继春1,2*

摘要 作为有机-无机钙钛矿杂化太阳能电池(PSCs)常用的电子传
输层(ETL), 氧化钛(TiO2)须在高温下烧结才能结晶, 因而难以适用
于柔性和串联叠层太阳能电池. 本文介绍了一种低温溶液法制备
TiO2/氧化锡(SnO2)电子传输层, 并通过对TiO2/SnO2 ETL的系统光
学和电学性能测试, 证明TiO2/SnO2 ETL与钙钛矿层界面之间具有
更好的电荷抽取能力和较少的载流子复合, 这有利于光致载流子
的分离和传输. 因此, 与单一的ETL相比, 基于TiO2/SnO2的PSCs展
现出更好的光伏性能, 其最大光电转换效率(PCE)为19.11%, 开路
电压(Voc)为1.15 V, 短路电流密度为22.77 mA cm−2, 填充因子为
72.38%. 此外, 由于TiO2/SnO2电子传输层与钙钛矿层能带更匹配,
电池的Voc最高达到了1.18 V. 综上所述, 本文提出了一种具有广泛
应用前景的TiO2/SnO2电子传输层.
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