energies

Article

Prospect of SnO; Electron Transport Layer Deposited by
Ultrasonic Spraying

Wu Long !, Aoxi He !, Shenghui Xie !, Xiutao Yang ! and Lili Wu 12*

check for
updates

Citation: Long, W.; He, A.; Xie, S.;
Yang, X.; Wu, L. Prospect of SnO,
Electron Transport Layer Deposited
by Ultrasonic Spraying. Energies 2022,
15,3211. https://doi.org/10.3390/
en15093211

Academic Editor: Kun-Mu Lee

Received: 16 March 2022
Accepted: 25 April 2022
Published: 27 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Materials Science and Engineering, Sichuan University, Chengdu 610065, China;
longwu@stu.scu.edu.cn (W.L.); heaoxi@outlook.com (A.H.); 18848253924@163.com (S.X.);
yangxiutao532624@foxmail.com (X.Y.)

Engineering Research Center of Alternative Energy Materials & Devices, Ministry of Education,
Chengdu 610065, China

*  Correspondence: wulili@scu.edu.cn

Abstract: The SnO; electron transport layer (ETL) has been characterized as being excellent in optical
and electrical properties, ensuring its indispensable role in perovskite solar cells (PSCs). In this
work, SnO; films were prepared using two approaches, namely, the ultrasonic spraying method and
the traditional spin-coating, where the different properties in optical and electrical performance of
5Sn0O, films from two methods were analyzed by UV-Vis, XRD, AFM, and XPS. Results indicate that
the optical band gaps of the sprayed and the spin-coated film are 3.83 eV and 3.77 eV, respectively.
The sprayed SnO, film has relatively low surface roughness according to the AFM. XPS spectra
show that the sprayed SnO, film has a higher proportion of Sn?* and thus corresponds to higher
carrier concentration than spin-coated one. Hall effect measurement demonstrates that the carrier
concentration of the sprayed film is 1.0 x 10'* cm~3 which is slightly higher than that of the spin-
coated film. In addition, the best PCSs efficiencies prepared by sprayed and spin-coated SnO,
films are 18.3% and 17.5%, respectively. This work suggests that the ultrasonic spraying method
has greater development potential in the field of flexible perovskite cells due to its feasibility of
large-area deposition.

Keywords: ultrasonic spraying; SnO, films; spin-coating; perovskite cells

1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have excellent photovoltaic
performance and low manufacturing costs, and the power conversion efficiency (PCE) has
rapidly increased from 3.8% in 2009 to 25.5% in 2021 [1-6]. High absorption coefficient [7],
low trap-state density [8], and convenient solution preparation process [9] have led to its
great potential, which also includes the role of a suitable electron transport layer (ETL)
5n0O,. SnO; has a wide band gap (3.64.5 eV) [10], high light transmittance [11], high
electron mobility, good energy-level matching with the perovskite absorption layer [12],
and low-temperature processability. In recent years, it has been widely used in the ETL of
perovskite solar cells. There are many methods for preparing SnO, thin films, including
spin-coating [13], chemical vapor deposition (CVD) [14], atomic layer deposition (ALD) [15],
sputtering [16], spray pyrolysis [17], etc. Using the spin-coating method makes it difficult
to control the uniformity of large-area thin films. The sputtering method requires a vacuum
environment. The ALD preparation method can be prepared in a large area, but the
cost is too high and it is difficult to expand. The spray pyrolysis method requires high-
temperature heating of the substrate, which makes it difficult to apply to flexible perovskite
cells. Therefore, we adopted a simple method with high feasibility at low temperature—
ultrasonic spraying to prepare SnO, thin films.

The ultrasonic spraying method is a rapid-deposition method that can prepare SnO,
thin films in a large area at room temperature. For example, in 2018, Mahmood et al.
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used electrospray technology to prepare SnO, films for MAPbI; cells and obtained 15.69%
PCE [18]. Recently, Taheri et al. used sprayed Np-SnO, as the ETL, and solar cells based
on MAPbI3 showed a maximum PCE of 16.77% [19]. Bishop et al. used ultrasonic spraying
to deposit SnO, film, trication perovskite, and Spiro-OMeTAD, and prepared a perovskite
solar cell with the best PCE of 19.4%. They obtained the best PCE of 16.3% by full spraying
on a large-area substrate of 25 mm x 75 mm [20]. Although there have been many studies
on ultrasonic spray deposition of SnO; thin films and preparation of perovskite cells based
on this, most of these studies are based on ITO substrates with low surface roughness. At
present, there are few reports on the SnO, film based on FTO substrate. Compared with
ITO substrate, FTO substrate does not need to be doped with the rare metal indium, and
possibly has better interface matching with ETL of SnO, due to the same material.
Spin-coating is not suitable for large-area film deposition due to its non-uniformity,
while the spray method is optimal for large-area deposition. Therefore, in this work, we
used the same SnO, raw material (SnO, (15 wt.% in H,O colloidal dispersion)) to prepare
film by spin-coating and spraying. The properties of the films prepared by the two methods
were characterized. Then, the performances of perovskite solar cells based on the two kinds
of SnO, films were compared to find out whether spraying method has potential to take
the place of the spin-coating method in the large-area production of perovskite modules.

2. Experiment
2.1. Materials

FTO-coated glass substrates (Tec10, 9.6 (3/sq) were purchased from Pilkington Group
Limited (Shanghai, China). SnO, (15% in H,O colloidal dispersion) was purchased from
Alfa Aesar (Alfa Aesar (China) Chemical Co., Ltd., Shanghai, China). Sigma-Aldrich
(Sigma-Aldrich (Shanghai) Trading Co., Ltd., Shanghai, China) provided dimethyl sul-
foxide (DMSO, anhydrous, >99.5%), N,N-dimethylformamide (DMF, anhydrous, 99.8%),
acetonitrile (anhydrous, 99.8%), isopropanol (IPA, anhydrous, 99.5%), chlorobenzene (CB,
anhydrous, 99.8%), bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI, 99.95%), and
4-tert-butylpyridine (tBP, 96%). Lead iodide (Pbly, 99.99%) was purchased from TCIL
FAI (>99.95%), MACI1 (>99.95%), Csl (>99.99%), FABr (>99.95%), MABr (>99.95%), and
2,2'7,7'-tetrakis[N,N-di(4-methoxyphenyl)-amino]-9,9’-spiro-bifluorene (Spiro-OMeTAD,
>99.8%) were provided by Xi’an Polymer Light Technology Corp.(Xi’an, China). Bei-
jing Licheng Innovation Metal Material Technology Co. Ltd. (Beijing, China) provided
Au (99.999%). All materials were used as received, without subsequent processing or
further purification.

2.2. Preparation of SnO, Thin Films

Tec10 glass was immersed in Amway cleaner (Amway home Multi-Purpose Cleaner,
Amway (China) Commodity Co., Ltd. Guang Zhou, China.), ultrasonically cleaned with
deionized water, and dried. Before ultrasonic spraying, the substrate was treated with
UV-ozone (UVO CLEANER, Model No. 342-220, Jelight Company Inc. Irvine, CA, USA)
for 15 min. The SnO, raw material was diluted with 18 M(Q) deionized water, and a small
amount of absolute ethanol was added during dilution to speed up the evaporation of the
solvent during annealing. The SnO, precursor was prepared by mixing SnO, colloidal
dispersion, deionized water, and absolute ethanol at a volume ratio of 1:40:10, and we
aspirated the precursor with a disposable syringe and filtered it through a 0.22 um pore
size Teflon filter after 20 min of stirring.

The equipment model of the ultrasonic atomization system is Perfect -Coat, provided
by Zhenzhi Nano-coating Equipment Co., Ltd., Guangzhou, China. We sprayed SnO; on
the substrate at room temperature with the nozzle height of 40 mm, the nozzle moving
speed of 25 mm/s, and the spraying pressure of 0.1 MPa. The spraying time was 36 s, and
the size of the substrate was 2.5 x 2.5 cm?. After spraying, the substrate was immediately
transferred to a heated plate at 180 °C and annealed for 20 min [21-23]. The thickness of the
film was about 20 nm. The spraying and spin-coating films are obtained from solutions of
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the same starting substances. The SnO, precursor was prepared by mixing SnO, colloidal
dispersion and deionized water at a volume ratio of 1:3. A total of 100 uL of SnO, precursor
was spin-coated at 4000 rpm for 20 s. Then, the substrate was annealed at 180 °C for
20 min [24].

2.3. Preparation of the Device

The sprayed and spin-coated SnO, films were laser-scribed (Model Laser 300, Wuhan
Iridium Kesai Technology Co., Ltd. Wuhan, China) into a template, and the surface was
purged with nitrogen to remove the particles left by the laser-scribing. The substrate was
exposed to UV-ozone for 15 min. The Csg0sMAq 1FAg g4Pb(Ig9Brgg7Clp 03)3 solution was
spin-coated at 3000 rpm for 30 s by one-step method. Antisolvent chlorobenzene was added
after 26 s. Then, the substrate was annealed at 120 °C for 40 min. After the substrate was
cooled to room temperature, 60 pL of Spiro-OMeTAD solution (72.3 mg Spiro-OMeTAD
was dissolved in 1 mL of CB, and then 22 uL of Li-TFSI (520 mg Li-TFSI was dissolved in
1 mL of acetonitrile) and 30 pL of tBP was added as additive) was added to the perovskite
layer. Then the solution was spin-coated at 3000 rpm for 30 s. After that, the sample was
oxidized overnight (about 12 h) in a low-humidity environment, and finally, a 100 nm thick
gold layer was thermally evaporated at a rate of 0.08-0.15 A /s.

2.4. Test and Characterization

The thickness of the SnO, film was tested by KLA Tencor D-600 Stylus Profiler (Shang-
hai Nateng Instrument Co., Ltd., Shanghai, China). The carrier concentration was obtained
by a Hall test system (model LX-2-DM). The transmittance was measured by a PerkinElmer
Lambda950 ultraviolet—visible spectrophotometer. The surface of the SnO, film sample was
observed by a Bruker atomic force microscope. The XRD data of the SnO; thin film were
obtained by a Shimadzu X-ray diffraction-6100 (Shimadzu Corporation, Japan) diffractome-
ter under 40 kV and 30 mA Cu-Ko (A = 0.15406 nm) irradiation. Thermo Scientific K-Alpha
(Shanghai Yuzhong Industrial Co., Ltd., China) equipment was used to perform XPS testing
of the SnO, thin film. The excitation source was Al K« rays (hv = 1486.6 eV, A = 0.8341 nm).
The vacuum pressure of the analysis chamber was lower than 5.0 x 10> Pa. The pass
energy of the full-spectrum scan was 100 eV, and the step length was 1 eV. The pass energy
of the narrow-spectrum scan was 50 eV, and the step length was 0.05 eV. The J-V curve
was measured with a Keysight Technologies B2901A source meter under simulated AM
1.5 G sunlight at 100 mW cm 2 (1 sunlight). The light intensity was calibrated by a silicon
reference cell (SRC-00205, Enli Tech, Guangyan Technology Co., Ltd., Taiwan, China) and a
solar simulator (55-F5-3A, Enli Tech, Guangyan Technology Co., Ltd., Taiwan, China).

3. Results and Discussion

Figure 1 shows the transmission spectra and Tauc diagram of the spin-coated and
sprayed SnO; films. The transmission spectra of FTO substrate, spin-coated and sprayed
SnO; films in the wavelength range of 250-1100 nm were tested by an ultraviolet spec-
trophotometer. It can be seen that the transmittance of the SnO, films prepared by spin-
coating and spraying are very similar despite the interference of light, and both of them
were slightly higher than that of the FTO substrate. The Tauc curves of the films show that
the band gap of the SnO, film prepared by spraying was 3.83 eV, which is a bit larger than
the 3.77 eV of the SnO; prepared by spin-coating. A larger optical band gap allows more
photons to pass through the film, which improves the utilization of light.
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Figure 1. Transmission spectrum (a) and Tauc diagram (b) of spin-coated and sprayed SnO, films.

Figure 2 shows the XRD patterns of spin-coated and sprayed SnO, films on ultra-clear
glass (size 45 mm x 60 mm x 1.1 mm, Luoyang Tengjing Glass Co., Ltd. Luoyang, China).
The results showed that the SnO; films prepared by the two methods were amorphous films.
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Figure 2. XRD patterns of spin-coated and sprayed SnO, films.

In order to study the differences in surface morphology of SnO, films prepared by the
two methods, we prepared SnO, films with thickness of 20 nm on the FTO substrate by
spin-coating and spraying, respectively. The AFM test results of the films are shown in
Figure 3. The root-mean-square roughness (RMS) of the film prepared by the spin-coating
is 14.2 nm and the maximum fluctuation is 92.3 nm, while the RMS of the film prepared by
spraying is 5.78 nm and the maximum fluctuation is 41.3 nm. For the absorption layer of
about 500 nm in the perovskite solar cell, if the surface roughness of the SnO; film is too
large, it may affect the interface between the SnO, ETL and the absorption layer, resulting
in interfacial charge recombination, and thus reduce the Voc and FE.
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Figure 3. AFM images of spin-coated (a) and sprayed (b) SnO; thin films.

We tested the XPS spectra of SnO; films prepared by spin-coating and spray. The fit
of each peak was represented by the sum of Gaussian (70%) and Lorentz (30%) lines, and
the secondary electron background was subtracted by the Sherry function (yellow line in
the figure). Figure 4 shows XPS spectra of spin-coated and sprayed SnO, films. It can be
seen from Figure 4a that the elements contained in both films are Sn and O. The binding
energies of the O-Sn?* and O-Sn** peaks were 530.1 eV and 530.6 eV, respectively [25]. The
532.43 eV peak of the spin-coated film and the 531.6 eV peak of the sprayed film could be
the peak of C=0 and the peak of O, adsorption [26-28]. By fitting the peak area ratio, it
can be obtained that the ratio of O-Sn?*/O-Sn** for the spin-coating film is 0.72, and the
ratio of O-Sn?*/O-Sn** for the spraying film is 0.83. This indicates that the SnO content of
the sprayed film is higher, which suggests more oxygen vacancies.
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Figure 4. XPS spectra of spin-coated and sprayed SnO, films: (a) full spectra, (b) high-resolution O1s
spectra, (c) high-resolution Sn3d spectra.

The Sn3d spectra both for the spin-coated and sprayed films are almost the same,
which show two peaks at 486.1 eV and 486.54 eV, corresponding to the binding energy of
Sn?*-O and Sn*"-O, respectively [29]. The integration area of the two peaks reflects the
relative amount of Sn?*/Sn**. The ratios of Sn?* /Sn** of the spin-coated and sprayed film
are 1.19 and 1.25, respectively, which suggests that the proportion of Sn?* in the sprayed
film is higher.

Figure 5 shows the XPS valence band spectrum of spin-coated and sprayed SnO, thin
films. It can be seen that the distance from the valence-band maximum (Eygy) to the Fermi
level (Er) of the spin-coated film is 2.93 eV, while the sprayed film is 3.03 eV. Since the
optical band gaps of them are 3.77 eV and 3.83 eV, respectively, the distance between the Ep
and conduction band minimum (Ecpy) of the spin-coated film is 0.84 eV, and spin-coated
film is 0.80 eV. The carrier concentration can be calculated from the following formula:

Ec—E
ng = Ncexp <_CkgTF)

where ny is the carrier concentration, N¢ is the effective density of states in the conduction
band, E is the conduction band, Ef is the Fermi level, kg is the Boltzmann constant, and T
is the thermodynamic temperature. Since koT is about 0.026 eV at room temperature, it can
be estimated that the carrier concentration ratio of sprayed and spin-coated SnO, film is
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4.66, which is demonstrated by the Hall effect. We tested 200 nm thick SnO; films from
two methods. The results show that the carrier concentration and carrier mobility of the
sprayed SnO, film is 1.0 x 10! cm ™3 and 65 cm?/Vs, and that of the spin-coated SnO, film
is 1.8 x 10'3 cm 3 and 678 cm?/Vs. This is consistent with the XPS analysis.
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b I
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Figure 5. XPS valence band spectrum of spin-coated (a) and sprayed (b) SnO, films.

Based on spin-coating and spraying methods, we prepared perovskite cells with
device structures of FTO/SnO, /PVSK/Spiro/Au and compared the performance of the
cells prepared by the two methods through light I-V tests. The effective area of the cell
was 0.0975 cm?. The whole process is exactly the same except for the SnO, preparation.
Figure 6 shows the -V and EQE curves of the two cells with the highest efficiency among
the two types of cells. Figure 7 shows the box-plot of light I-V parameters of the two types
of perovskite cells. Cells based on sprayed SnO, film have larger open circuit voltage (Voc),
higher fill factor (FF), and lower series resistance, which is mainly attributed to the higher
carrier concentration of SnO,. High carrier concentration means that the Fermi level is
closer to the conduction band minimum, and the chemical potential between the electron
and hole transport layer is higher. Therefore, the cells based on sprayed SnO, have higher
Voc and FE It can be seen that the short-circuit current density (Jsc) of cells based on
spin-coated SnO, were slightly higher from Figure 6 (300-500 nm) and Figure 7d. It might
be attributed to the larger surface roughness for the spin-coated SnO; film, resulting in a
light trapping effect and increasing the absorption of light by the perovskite film. Because
the absorption length for the 300-500 nm light is very short (~55 nm), the rough surface
usually has an obvious effect in this range which leads to the EQE improvement. The
highest efficiency of the perovskite cell prepared based on the spraying method of SnO; is
0.8% higher than that of the spin-coating method, and the average efficiency is about 1.1%
higher due to the lower roughness and higher carrier concentration of SnO,. The ultrasonic
spraying method is very suitable for preparing the SnO, ETL on a large-area substrate.
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4. Conclusions

In this paper, SnO, film with thickness of about 20 nm was prepared by ultrasonic
spraying. Compared with the spin-coated SnO; film of the same thickness, the film
prepared by spraying has a higher optical transmittance and a wider optical band gap of
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3.83 eV. The surface roughness of the film prepared by the spraying method is lower. The
carrier concentration of the sprayed film is 1.0 x 10'* cm~3, which is slightly higher than
that of the spin-coated film. The highest efficiency of the perovskite cell prepared based
on the spraying method of SnO; is 0.8% higher than that of the spin-coating method, and
the average efficiency is about 1.1% higher due to the lower roughness and higher carrier
concentration of SnO,. The ultrasonic spraying method is very suitable for preparing the
SnO; ETL on a large-area substrate, so it has greater development potential in the field of
flexible perovskite cells.
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