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Tin oxide (SnO-) film with high mobility and good transmittance has been reported as a promising
semiconductor material for high performance perovskite solar cells (PSCs). In this study, ultrathin SnO,
film synthesized by radio frequency magnetron sputtering (RFMS) method at room temperature was
employed as hole blocking layer for planar PSCs. The room-temperature sputtered SnO; film not only
shows favourable energy band structure but also improves the surface topography of fluorine doped

SnO, (FTO) substrate and perovskite (CH3NH3Pbls) layer. Thus, this SnO, hole blocking layer can effi-
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ciently promote electron transport and suppress carrier recombination. Furthermore, the best efficiency
of 13.68% was obtained for planar PSC with SnO, hole blocking layer prepared at room temperature. This
research highlights the room-temperature preparation process of hole blocking layer in PSC and has a
certain reference significance for the usage of flexible and low-cost substrates.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite solar cell (PSC) has been developed greatly in recent
years. The efficiency of perovskite solar cell has been increased to
22.1% from 9.7% in a very short period of time [ 1-6]. PSC was devel-
oped from the solid-state dye sensitized solar cell, and PSC with
TiO, compact layer and mesoporous layer has achieved the high-
est efficiency of 22.1% [6]. Though PSC with mesoporous layer has
advantages such as high efficiency and hysteresis-free, its complex
and high-temperature preparation process still limits its develop-
ment. Some researches have shown that perovskite materials can
transport holes and electrons due to their great carrier diffusion
lengths [2,7]. Therefore, meso-superstructured solar cell and planar
PSC emerged and caused a lot of interest [2-4,8].

The most used hole blocking layer (HBL) in planar PSC is
TiO, compact layer. However, TiO, film has some limitations
such as high-temperature sintering process, low electron mobility
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and surface defect [9,10]. In order to lower the fabrication tem-
perature, titanium oxide compact layer were prepared by some
low-temperature technologies including solution method [11],
physical deposition approach [12] and chemical bath deposition
[13]. Doping [14] and modification [15] of TiO, film are also applied
in planar PSC to improve its electron mobility and reduce its surface
defect. In addition, some new oxide materials, such as Zn;SnQOy,
In,03, WOy, ZnO and SnO,, are studied to replace TiO, compact
layer in order to solve the above mentioned problems [16-20].
Among them, SnO, is a competitive substitution for TiO, because
of its advantages such as low-temperature preparation, high elec-
tron mobility, wide band gap, suitable band structure and high
transparency [9,20-26]. Therefore, there have been emerged many
studies on the application of SnO; in PSC.

Ke et al. have demonstrated that low-temperature solution-
processed SnO, film can make planar PSC achieve efficiency as
high as 17.21%, in which SnO, thin film was annealed in air at
180°C for 1h [20]. SnO, film prepared by atomic layer deposi-
tion (ALD) under 118°C was applied in planar PSC and showed
a higher performance and better stability than TiO, film due to
the deeper conduction band and barrier-free charge transport of
SnO, film [24]. Microwave-assisted non-aqueous synthesized SnO,
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nanocrystals were also applied in planar PSC and the reaction tem-
perature was set as 130°C [25]. In addition, Chen et al. utilized an
electrochemical deposition technique to prepare SnO, films at a
reduced temperature below 100°C, and planar PSC based on this
electrodeposited SnO, film showed efficiency up to 13.88% [26].

As mentioned above, low-temperature solution method is the
most common method to prepare SnO, electron selective layer for
PSC [20-23]. But the spin-coating method and thermal annealing
still limit the application and industrialization of PSC. In addition,
ALD technology requires a relatively long time and high-cost for
the thin film preparation [12], which is also a limitation factor in
terms of cost. Therefore, exploring the appropriate methods to pre-
pare SnO, film for planar PSC is essential to the development of
PSC. As we know, radio frequency magnetron sputtering (RFMS) is
a low-cost method for preparing semiconductor thin films on var-
ious substrates and it is an alternative way to realize large area,
low cost and commercialized devices [12]. RFMS method has been
applied in the preparation process of PSC to enhance device perfor-
mance, decrease preparation temperature and simplify fabrication
technology [27-30]. And it can be utilized to deposite suitable elec-
tron transport layers and hole transport layers for both mesoporous
and planar PSCs [27-30]. However, there are few reports about the
research on the application of room-temperature sputtered SnO,
film in planar PSC.

In this paper, SnO; thin film prepared by RFMS method at room-
temperature is studied as hole-blocking layer (HBL) in planar PSC.
Through this study, SnO, films with high mobility, good trans-
mittance, wide band gap and suitable energy level position are
prepared at room temperature. And these characteristics make pla-
nar PSC based on room-temperature sputtered SnO, HBL obtain
excellent carrier transport and hole-blocking performance. In addi-
tion, this ultrathin SnO, film also contributes to the formation
of smooth perovskite layer, which is crucial to the photoelectric-
ity properties of PSCs. Finally, the efficiency of planar PSC with
room-temperature sputtered SnO, HBLis optimized to 13.68%. This
research demonstrates aroom-temperature preparation method to
prepare SnO, HBL in planar PSC, which is beneficial to the use of
flexible and low-cost substrates.

2. Experimental section
2.1. Deposition of SnO, film

SnO, films were deposited on Fluorine-doped SnO, (FTO) con-
ductive glasses via RFMS method. FTO glasses were washed in an
ultrasonic bath using deionizer water, ethanol and acetone sequen-
tially and then were dried under air atmosphere. The cleaned FTO
substrates were fixed in vacuum chamber and SnO, target with a
purity of 99.99% was also put into it. The distance between SnO,
target and FTO substrate was approximately 60 mm. Before depo-
sition, the chamber was evacuated to a pressure of 1 x 10~3 Pa. The
sputtering atmosphere was consisted of argon (Ar)and oxygen (O5).
The gas flow rates of Ar and O, were controlled by gas-flow meters
and the gas flow ratio of Ar and O, was set as 4:6. The sputtering
process was under room temperature. The striking potential and
sputtering potential were controlled as 3 Pa and 1 Pa, respectively.
Then, 10 min pre-sputtering process was introduced before depo-
sition in order to clean the surface of SnO, target. The SnO, target
was sputtered with a sputtering power of 60 W. And the sputter-
ing time was set as 20, 30 and 40 min (defined as sample RFMS-20,
RFMS-30 and RFMS-40), respectively.

2.2. Fabrication of planar PSC

Bare FTO glass (defined as sample FTO) was used as the contrast
sample. Perovskite (CH3NH3Pbl3) layer was deposited through
two-step solution method. Pbl, solution (462 mg/ml) was spin-
coated on samples to form Pbl, films in a glove box, and the
solvent of Pbl, solution contained 1ml N,N-dimethylformamide
(DMF) and 80 .l dimethyl sulfoxide (DMSO). The spin-coating
speed was 2000 rpm for 45s and the annealing condition of Pbl,
film was 70°C for 30 min. After cooling down, Pbl, films were
dipped into CH3NHj3! solution (10 mg/ml) for 5 min at 50 °C. Then,
the samples were taken out and rinsed with cleaned isopropanol
and annealed at 70°C for 30min. The hole transport mate-
rial solution (HTM) containing 20 ml 4-tert-butylpyridine (TBP),
200 ml bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), 2 ml
chlorobenzene and 183.38 mg Spiro-OMeTAD was spin-coated on
perovskite layer at 2000rpm for 45s. Finally, Au electrode was
deposited on HTM layer via thermal evaporation method to form
planar PSCs. And their active areas were 0.09 cm?. The structure
diagram of this planar PSC was shown in Fig. 1a.

2.3. Measurement of planar PSC

The morphology and roughness of samples were characterized
by atomic force microscope (AFM, SPM-9500j3). The morphology
of SnO, films and perovskite films were observed by scanning elec-
tron microscopy (SEM, JSM 6700F, Japan). The composition and
kinetic energy spectrum of sputtered SnO, film were characterized
by X-ray photoelectron spectroscopy (XPS) and ultraviolet pho-
toelectron spectroscopy (UPS) methods using a XPS/UPS system
(Thermo Scientific, Escalate 250Xi). The UV-vis transmission spec-
trum was measured with UV-vis-NIR spectrophotometer (Cary
5000, Varian). The electrical characteristics of sputtered SnO, films
were measured by a LakeShore 7704 Hall Measurement System at
room temperature. The photovoltaic characteristics of PSCs were
measured by a CHI 660D electrochemical work station (Shang-
hai Chenhua Instruments, China) under illumination of simulated
100 mW cm~2 (AM 1.5) solar light from a solar simulator (ABET Sun
2000 Solar Simulator). Electrochemical impedance spectroscopy
(EIS) was tested by the same CHI 660D electrochemical work sta-
tion. The incident photon-to-electron conversion efficiency (IPCE)
was measured as a function of wavelength from 300 to 800 nm by
using a Model QE/IPCE system (PV Measurements Inc.).

3. Results and discussion

The mobility of SnO; film prepared by RFMS method is measured
through hall measurement. Result indicates that the sputtered
SnO, film has a high resistivity of 16,3402 cm and a superior
mobility of 32.35 cm?/Vs. The mobility of sputtered SnO, film is
higher than that of traditional TiO, film, which can contribute to
the relatively good performance of PSC [9]. The incremental car-
rier mobility can decrease the interfacial recombination rate of
device, which has a positive effect on device performance [31,32].
In order to investigate the composition of room-temperature sput-
tered SnO, film, the sample sputtered on silicon substrate was
observed by XPS and the result is shown in Fig. S1. The survey of full
XPS spectra in Fig. S1a confirms the presence of Sn and O in sput-
tered SnO,, film. The binding energies of 487.1 and 495.5 eV shown
in Fig. S1b correspond to Sn 3dsj; and Sn 3dsj,, which indicates
that Sn is tetravalent in the sputtered film [20,33]. The scan of O
1s is shown in Fig. S1c and the main binding energy at 530.7 eV
is attributed to 02~ state of sputtered SnO, film. And the peak
at 531.9eV belongs to chemisorbed oxygen atoms, hydroxide or
oxy-hydroxide groups [20,24,33].
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1. (a) Structure diagram and (b) band diagram of planar PSC with sputtered SnO, film.
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Fig. 2. (a) Transmittance spectrum and Tauc plot of SnO, film sputtered on glass and (b) UPS spectrum of SnO; film sputtered on silicon wafer.

The transmission spectrum shown in Fig. 2a demonstrates high
light transmittance of sputtered SnO, film, which is beneficial to the
light absorption of perovskite layer. And the band gap of sputtered
SnO, film was worked out as 3.8 eV from transmission spectrum,
which is shown in the inset figure [34,35]. The UPS spectrum of
sputtered SnO, film can reflect the positions of fermi level and
valence band [36]. As shown in Fig. 2b, the positions of valence
band and conduction band are —8.04 eV and —4.24 eV, respectively.
Fig. 1b shows the band diagram of planar PSC based on room-
temperature sputtered SnO; film. It is obvious that the energy band
structure of sputtered SnO,, film is beneficial to the electron trans-
port and hole blocking performances of planar PSC. The valence

band of sputtered SnO, film is much lower than that of perovskite
layer and does not allow holes in perovskite layer pass it. Therefore,
room-temperature sputtered SnO, film can effectively act as HBL
in planar PSC.

The surface image and roughness of SnO, film sputtered on
FTO substrate were observed via AFM, and bare FTO was used
as the contrast sample. As shown in Fig. 3a and b, the roughness
of sample RFMS-30 is 12.9 nm, while bare FTO shows the higher
roughness of 14.1 nm. It can be deduced that SnO, nanoparticles
were deposited on the surface of FTO and refilled into gap in the
grain, which is conducive to lower surface roughness of sample. In
order to explore the effect of this ultrathin SnO, HBL on perovskite
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Fig. 3. AFM images of surface morphology of FTO substrate without and with sputtered SnO; film (a and b); SEM images of perovskite films deposited on FTO substrate

without and with sputtered SnO, film (c and d).

layer, the surface morphologies of perovskite films deposited on
different substrates were also observed. Fig. 3¢ and d shows SEM
images of perovskite films deposited on bare FTO without and with
sputtered SnO, film, respectively. The perovskite film deposited
on bare FTO substrate is rough because of the grain precipitation
and size inhomogeneity. However, perovskite layer on sputtered
SnO, film shows smoother surface and its grain sizes are more uni-
form. So it can be inferred that sputtered SnO, underlayer has a
positive effect on the following deposition of perovskite layer. It
is well known that the perovskite film morphology and coverage
are highly affected by the HBL/ perovskite or substrate/perovskite
interface. On one hand, SnO, film sputtered on FTO can modify the
substrate surface and provide more favorable sites for the crystal-
lization of perovskite grains, which is beneficial to the formation of
large and homogeneous perovskite grains [20-22,37]. On the other
hand, as mentioned above, the reduced surface roughness caused
by sputtered SnO, film indicates the improved surface smoothness
of sample, which can contribute to the deposition of perovskite
layer with large grains and low density of pinholes [38]. And the
negligible number of pinholes demonstrates the high coverage of
perovskite on sputtered SnO, film [27]. Therefore, the sputtered
SnO, films can not only play the role of hole blocking, but also
improve the crystal morphology and surface coverage of perovskite
layer. Furthermore, the improvement of surface topography of per-
ovskite layer can be beneficial to the performance of PSC, which will
be furtherly verified by the photoelectric parameters of devices.
As HBL of planar PSC, the deposition rate and sputtering time
of SnO,, film are crucial to device performance. AFM measurement
system was applied to analyze the deposition rate of sputtered SnO,
film. Under the same sputtering atmosphere, potential and power,
Sn0, film was sputtered on glass substrate with sputtering time

Table 1

Photoelectric parameters of different planar PSCs.
Sample Sputtering time Voc/V Jsc/mA cm—2 FF PCE/%
FTO 0min 1.01 13.01 0.39 5.11
RFMS-20 20 min 0.98 19.58 0.53 10.09
RFMS-30 30 min 1.00 20.40 0.61 12.42
RFMS-40 40 min 0.78 19.46 0.59 8.97

of 80 min, which is defined as sample RFMS-80. AFM measurement
result shows that the thickness of sample RFMS-80 is around 50 nm.
So it can be inferred that the room-temperature deposition rate of
SnO, film is approximately 0.63 nm/min. That is to say, the thick-
nesses of sample RFMS-20, RFMS-30 and RFMS-40 are about 12.6,
18.9 and 25.2 nm, respectively. In addition, the effect of sputter-
ing time on photoelectric properties of PSC was studied and the
corresponding results are shown in Fig. 4a and Table 1. The effi-
ciency of planar PSC based on bare FTO is only 5.11%, which is due
to the poor short-circuit current density (Jsc) and fill factor (FF).
After introducing sputtered SnO, film as HBL, the J; of devices
have significant increase and exceed 19 mA/cm2. The remarkable
improvement of Js. can be attributed to two factors. On one hand,
sputtered SnO, film between FTO substrate and perovskite layer
has suitable energy level of conduction band and valence band and
plays an active role in promoting carrier transport and suppress-
ing interface recombination [39]. On the other hand, as discussed
above, perovskite layer on sputtered SnO, film is smoother than
that on bare FTO, which is beneficial to improve the Jsc of planar
PSC [28,40].

Through comparison, it can be concluded that 30 min is the most
appropriate sputtering time and sample RFMS-30 shows the best
photoelectricity performance. The FF of sample RFMS-20 is only
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Table 2 ) firms that sputtered SnO, HBL has a positive effect on decreasing
Impedance values of different planar PSCs. interface recombination, improving electron extraction and hole-
Sample Rrec/kQ Rs/Q Reo/Q2 blocking performance of planar PSC. That is to say, the increased
FTO 129.00 125.10 504.42 Rrec, decreaseq Rs and R, explain well the optimized values of J
REMS-30 368.90 53.00 246.38 and FF of devices and confirm the effect of SnO, HBL sputtered at

0.53, which indicates that short sputtering time affects the cov-
erage of SnO, HBL and results in the direct contact between FTO
substrate and perovskite layer. In addition, the low value of open
circuit voltage (V,.) of sample RFMS-40 leads to the sharp decline
of efficiency and the decreased V, may be caused by high resistiv-
ity of sputtered SnO, film. The above phenomenon can be verified
by the J-V curves of devices measured in dark which is shown in
Fig. 4b. The leakage currents of sample FTO and RFMS-20 are very
large, which illustrates low values of FF of the two samples [41].
And the small onset potential of sample RFMS-40 explains its low
value of V. [42].

In addition, we utilized electrochemical impedance spec-
troscopy (EIS) to analyze the internal impedance changes of planar
PSCs caused by sputtered SnO, HBL. Fig. 5a show the Nyquist plots
of planar PSCs based on FTO substate with and without sputtered
SnO, HBL measured under AM 1.5 illumination with 0 mV of bisa
voltage. Nyquist plots measured under illumination condition can
reflect the series resistances (R;) and contact resistance (R¢, ) of solar
cell, the high-frequency intercept on the real axis represents the
value of R and the radius of the impedance semi-circles at high
frequency represents the value of R, [43,44]. The Nyquist plots
of sample FTO and RFMS-30 measured in dark with 0 mV of bisa
voltage are also shown in Fig. 5b. The large arc at low frequency
of Nyquist plot in dark reflects the recombination resistance (Ryec)
and the larger value of Ry should lead to the less recombination
[45]. Through analyzing, the corresponding impedance values of
above two samples are listed in Table 2. The value of Ryec of planar
PSC without HBL is only 129.00 k2, which is much smaller than
that of planar PSC with sputtered SnO, HBL. The sample RFMS-30
has a high Ry of 368.90 k2, which reflects the inhibiting effect of
sputtered SnO, film on carrier recombination of planar PSC. And
the significant improvement of FF caused by sputtered SnO, HBL
can be attributed to the suppressed charge recombination [45]. In
addition, the impedance semi-circle at high frequency in Nyquist
plot represents R, at the FTO/perovskite or SnO, /perovskite inter-
face. Compared with sample FTO, planar PSC with sputtered SnO,
HBL shows a reduced value of Ry, which is due to the suitable
energy level of conduction band of sputtering SnO, film [44]. The
reduced R, indicates the improved extraction of electrons at the
Sn0,/perovskite interface and is in keeping with the increased
value of Js of device. R represents the series resistance of device.
After introducing sputtered SnO, HBL, the value of Rs of planar
PSC decreases from 125.10 €2 to 53.00 2. This phenomenon con-

room temperature.

In order to further analyze the effect of sputtered SnO, HBL on
planar PSC, we measured the open circuit voltage decay (OCVD)
curves of planar PSCs based on FTO substrate with and without
sputtered SnO, HBL. As shown in Fig. 6a, after turning off illumi-
nation, the V. of sample RFMS-30 declines more slowly than that
of sample FTO. The electron lifetime of above samples can be cal-
culated from OCVD curves and the relevant results are shown in
Fig. 6b. It is obvious that the electron lifetime of sample RFMS-30 is
much longer than that of sample FTO, which further confirms the
effect of room-temperature sputtered SnO, film as HBL in planar
PSC.

The improvements of photoelectric properties caused by sput-
tered SnO, HBL are mainly due to the enhancements of Ji. and
FF. Therefore, we measured the external quantum efficiency (EQE)
curves of planar PSCs with and without sputtered SnO, HBL that
is shown in Fig. 7a. It is obvious that sputtered SnO, HBL greatly
improves the intensity and range of EQE curve of PSC. On one hand,
the improved deposition of perovskite layer caused by sputtered
SnO, HBL could enhance the light absorption property of device.
On the other hand, room-temperature sputtered SnO, HBL, as an
interface layer between FTO substrate and perovskite film, greatly
improves the carrier transport and hole blocking performance of
PSC. The estimated value of Jsc of sample RFMS-30 is figured out
to be 20.78 mA/cm? by the fitting analysis of EQE curve and it is
close to the experiment value. This further verifies that SnO, film
prepared by RFMS method at room temperature is a promising HBL
material for PSC. What's more, through optimizing the deposition
of perovskite layer, we obtained the best photoelectric efficiency
of sample RFMS-30 which is shown in Fig. 7b. The values of Vi, Jsc,
FF and efficiency (PCE) are 1.03V, 20.06 mA/cm?, 0.66 and 13.68%,
respectively.

In addition, in order to verify the repeatability of planar PSC
based on room-temperature sputtered SnO, HBL, J-V curves of 30
devices with SnO, HBL sputtered at room temperature were mea-
sured. Fig. 8 shows the histograms of Vi, Jsc, FF and PCE of 30
planar PSCs. These histograms can reflect the average performance
of devices. The average values of Vy, Jsc, FF and PCE are around 1V,
20.3mA/cm?, 0.6 and 12%, respectively. This result demonstrates
that planar PSC based on room-temperature sputtered SnO, HBL
has a good repeatability.

The comparisons of SnO, films obtained by different meth-
ods and related device performances are listed in Table S1
[21,24-26,46-47]. As shown in Table S1, the preparation meth-
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ods of SnO, HBL are various and all below 200°C. As reported
by Fang [46], PSCs based on high crystalline SnO, films sin-
tered at high-temperature even exhibited the worse photoelectric
properties. And these related reports support the feasibility of
room-temperature processed SnO, HBL. Compared with other
methods, room-temperature sputtering method without sinter-
ing in this work shows some advantages such as easy-operation,
low-cost and celerity. In terms of film thickness, it is obvious that
the thicknesses of SnO, layers are mostly controlled very thin in
order to optimize the efficiencies of PSCs. Taking into consideration
the compositions of perovskite layers and performances of PSCs, it
is found that mixed halide/cation perovskite material makes PSC
based on SnO, HBL achieve the best photoelectric performance
in Table S1 [24], which indicates the importance of interaction
between SnO, film and perovskite material. In conclusion, the PSC
based on room-temperature sputtered SnO, HBL exhibits favor-

able performance, and relevance research of sputtered SnO, HBL
and perovskite material is required in the future.

4. Conclusion

In conclusion, this research illustrates the potential application
of SnO, film sputtered at room temperature as HBL in planar PSC.
SnO, film prepared by RFMS method shows high mobility, high
transmittance and suitable energy band structure for planar PSC.
The ultrathin sputtered SnO, film between FTO substrate and per-
ovskite layer can effectively improve the performance of electron
extraction and hole blocking of planar PSC because of the preferable
energy band structure. In addition, room-temperature sputtered
SnO, HBL can also improve the smoothness of perovskite layer,
which is helpful to increase value of Ji.. These optimizations of
photoelectric properties are well explained by the increased Ry,
decreased Ry and R, of devices. And the remarkable enhance-
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Fig. 8. Histograms of (a) V., (b) Jsc, (¢) FF and (d) PCE of 30 PSCs based on SnO, HBL sputtered at room temperature.

ment of J;- caused by sputtered SnO, HBL is corresponding to EQE
results. What’s more, the planar PSCs with sputtered SnO, HBL also
show good repeatability. After optimization, the planar PSC with
room-temperature sputtered SnO, HBL obtains the best efficiency
of 13.68%. Notably, both the room temperature preparation pro-
cess and excellent properties of SnO, HBL can help to realize the
fabricated technology of PSC at low temperature and improve the
applicability of PSC.
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