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Abstract: Tin oxide (SnO2) is used as an electron transport layer (ETL) in perovskite solar cells with a planar 
structure due to its good transparency and energy level alignment with the perovskite layer. The modification 
interface of the electron transport layer and the perovskite absorber layer plays an important role in the efficient 
charge extraction process at the interface. In this study, planar perovskite solar cells with configuration 
(FTO/SnO2/mixed-cation perovskite/CuInS2/Au) were prepared to investigate the effect of UV-Ozone (UVO) treated 
SnO2 as ETL on the performance of devices. ETL treatment was performed at different times (0 to 60 min). It is 
shown that surface wetting was improved by UVO treating the SnO2 films prior to deposition of the perovskite layer.  
The latter improves the contact between the ETL and the perovskite layer, allowing more efficient electron transport 
at the interface. Contact angle, SEM, photoluminescence spectra, and the current density-voltage tests were 
conducted to characterize the photovoltaic of the cells. The best PSC performance with a power conversion 
efficiency of 10.96% was achieved using UVO-treated SnO2 ETL for 30 min, whereas the power conversion 
efficiency of the perovskite solar cells with SnO2 ETL without UVO treatment was only 4.34%. 

Keywords: SnO2, UV-Ozone, treatment, planar perovskite solar cell. 
 

1. INTRODUCTION 

Perovskite solar cells (PSCs) have attracted the 
attention of many researchers around the world 
due to their rapid development and high 
efficiency, as well as a simple and low-cost 
synthesis [1, 2]. At present, the planar structure is 
one of the most important perovskite solar cell 
architectures. In a typical planar PSC, an absorber 
layer is sandwiched between two contacts that can 
inject and extract electrons and holes called the 
electron transport layer (ETL) and hole transport 
layer (HTL) respectively [3]. The ETL layer 
plays an important role in the planar solar cell by 
transferring electrons from the adsorbent layer to 
the electrode, which also acts as a hole blocking 
layer to prevent charge recombination [4]. TiO2 is 
frequently used as ETL material for PSCs which 
require a high temperature sintering process [5]. 
To further reduce the manufacturing cost and to 
be compatible with flexible and temperature-
sensitive substrates, low temperature solution-
processed ETLs are proposed [6, 7]. For planar 
PSCs, SnO2 is a suitable candidate as an ETL by 
low temperature process. It has much higher 
electron mobility than TiO2 and also has excellent 
optical properties, wide band gap, high 

transparency, and good stability [8]. However, 
SnO2 ETL suffers from some restraints for further 
use in PSCs [3, 9, 10]. According to reports, the 
poor quality of SnO2 film was produced by simple 
hydrolysis [11]. One of the strategies used to 
modify the SnO2 layer is a surface treatment. So 
far, various surface modifications have been used 
to improve the wetting of SnO2 films, such as 
Plasma [12], optical [13], and UVO [14] 
treatments. Among these methods, UVO 
treatment is considered because it is cost-effective 
and does not require vacuum environments [15]. 
This treatment is also suitable for gases, solutions, 
and solvents at room temperature as well as for 
heat unstable materials [15]. 
High temperature sintering is commonly applied 
to remove organic groups, which leads to defects 
in the SnO2 film. As a result, prior to perovskite 
deposition, UVO treatment of the SnO2 layer 
coated at low temperature is required to remove 
residual solvents from the SnO2 surface [16]. 
Wetting of ETL due to UVO treatment aids in the 
production of a perovskite layer with decreased 
roughness and improved surface coverage in 
planar PSCs [8, 17]. In UVO treatment, 
ultraviolet light is produced simultaneously at two 
wavelengths of 253.7 and 184.9 nm with energy 
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photon energies of  472 and 647 kJ/mol, 
respectively [18]. Both photon energies are higher 
than those of Sn-Cl and O-H bonds with bond 
energies of 350 and 459 kJ/mol, respectively. 
They are also higher than the bond energy of  
C-C, C-H, and C-O, about 346, 411, and 358 
kJ/mol, respectively [7]. Therefore, UV light can 
easily break these chemical bonds so that the 
reaction continues. UV light with a wavelength of 
184.9 nm can convert O2 oxygen molecules to O3 
active ozone molecules, which facilitates the 
formation of SnO2, decomposition as well as 
oxidation of organic compounds, and the final by-
product is released as carbon dioxide (CO2) 
vapor and water (H2O) [14]. 
In this study, a solution-based method is used for 
the synthesis of SnO2 owing to the production 
process at low temperatures as well as the easy 
manufacturing process. 
Various technologies are used to deposit of SnO2 
layer such as the Solution-based method [19], 
sputtering [20], atomic layer deposition [21], 
chemical bath deposition [22], and so on. Among 
different methods for SnO2 synthesis, solution-
based methods are considered owing to the low 
cost and do not need complicated equipment, and 
could be performed at ambient conditions [23]. 
For SnO2 preparation, either SnCl4, SnCl2, and 
their hydrates SnCl2.2H2O, SnCl4.5H2O tin 
precursors, or often commercial Alfa-SnO2 
colloid solution (Tin(IV) oxide, 15% in H2O 
colloidal dispersion) is employed [13, 24–27]. 
Solution-based methods are divided into two 
categories: colloidal and molecular solutions. The 
commercial Alfa-SnO2 precursor (Tin (IV) oxide, 
15% in H2O colloidal dispersion) is a well-known 
colloidal precursor. 
In this study, we used chloride salt to synthesize 
SnO2 as the electron transport layer. UV treatment 
is an important process to improve PSCs based on 
SnO2 ETL performance, which must be optimized 
depending on the type of precursor. More 
contaminants were produced during the synthesis 
of SnO2 as ETL with SnCl4.5H2O salt. To improve 
the performance of PSCs, these contaminants 
should be removed. Hence, it seems that the use 
of UVO treatment is a suitable and urgent 
procedure. It can be attributed that the as-prepared 
SnO2 films could not carry out enough hydrolysis, 
resulting in the unreacted salts residuals in the 
films. In a paper reported by Mendez et al, they 
used commercial Alfa SnO2 nanoparticle colloid 

as ETL. Using this commercial material without 
UV-Ozone treatment has high efficiency, as can 
be seen from the results in the article. Therefore, 
the value of the percent change in PCE before 
and after treatment is not very high.  
Also, it is worth noting that in our work, low-cost 
Copper indium disulfide (CIS) mineral 
nanoparticles were used as HTM, which is much 
cheaper than spiro-OMeTAD but reduces the 
efficiency to some extent. The high price of Spiro-
OMeTAD as an organic material is a barrier 
against commercializing perovskite solar cells On 
the other hand, in the mentioned paper, single-
cation perovskite is used, which is different from 
the triple-cation perovskite applied in our article 
in terms of energy levels. In the present study, 
significant differences were observed in cell 
performance before and after UVO treatment. It 
is indicated that UVO treatment of synthesized 
SnO2 with chloride salt is required and, 
specifically, that UVO treatment can be 
systematically used in PSCs to increase solar cell 
performance. This is an important point that can 
be considered in future cells construction studies 
to increase the efficiency of this method. 
To remove organic molecules, increase 
wettability and improve the surface adhesion 
between ETL and perovskite, UVO treated-SnO2 
layer was used and the effect of treatment at 
different exposure times was investigated. 
Finally, devices were fabricated with an 
FTO/SnO2/mixed-cation perovskite/HTL/Au 
structure (FTO/ SnO2/ mixed-cation perovskite/ 
HTL/ Au). Low-cost indium copper sulfide (CIS) 
mineral nanoparticles are used instead of spiro-
OMeTAD as HTL. 

2. MATERIALS AND METHODS  

2.1. Materials 

In this research Fluorine-doped tin oxide (FTO, 
NSG-Pilkington, 15 Ω.sq-1) was used as substrate. 
N, N-dimethylformamide (DMF, 99.8%), 
dimethylsulfoxide (DMSO, 99.9%), chlorobenzene 
(99.9%), ethanol (99.99%), and acetonitrile 
(99.9%) were supplied by the Merck Co. Tin 
chloride pentahydrate (SnCl4.5H2O, 98%), CsI 
(99%) were provided by Sigma Aldrich Co. 
Besides, lead (II) iodide (PbI2, IRASOL), lead (II) 
bromide (PbBr2, IRASOL), formamidinium 
iodide (FAI, dyesol), methylammonium bromide 
(MABr, IRASOl), and Copper indium disulfide 
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nanoparticles (CuInS2 (CIS), IRASOL) were 
used. 

2.2. PSCs fabrication  

Patterned FTO substrates were sequentially 
cleaned in detergent solution, deionized water, 
acetone, and ethanol. Then, the substrates were 
heated at 500°C for 30 minutes and exposed to 
UVO for 20 min. To produce SnO2 films, 
SnCl4.5H2O was dissolved in ethanol to form a 
solution with a concentration of 0.1 M and the 
precursor solution was spun on FTO substrate at 
5000 rpm for 30 s in ambient conditions. 
Deposited SnO2 films were placed over a hotplate 
set to 180°C for 30 min. prior to perovskite 
absorber layer deposition, the prepared SnO2 
films were treated with UVO at different times of 
0, 10, 20, 30 min. The synthesis of mixed-cation 
perovskite 
Cs . MA . FA . . Pb I . Br .  

precursor solution was carried out as previously 
reported [19]. Generally, a precursor solution was 
composed by mixing PbI2 (1.5 m), PbBr2 (1.5 m), 
MABr (25 mg), and FAI (200 mg) in 1 mL of a 
mixed solvent of DMF/DMSO (4:1 v/v). Then, 
50.6 μL of CsI solution (1 m in DMSO) was added 
to form a mixed cation (Cs/MA/FA) perovskite. 
Perovskite layers are deposited by two-step spin 
coating method, at 1000 and 6000 rpm for 10 and 
20 s, respectively. During the last 8 s of the second 
step, 0.27 ml of chlorobenzene as anti-solvent was 
dropped on the substrates, and films were 
immediately annealed on a hot plate at 100°C for 60 
min. CIS solution was deposited on perovskite layer 
by spin-coating at 3000 rpm for 30 s, followed by 
heating at 100°C for 10 min. This step was 
repeated two times. Finally, Au thin film was 
deposited by thermal evaporation under 2.0 ×10−5 torr 

vacuum pressure. The scheme of fabrication 
process for the PSCs is depicted in Fig 1. 

2.3. Characterization 

The Motto-Schottky plots were obtained at 1000 
Hz by using an Autolab system (Metrohm-
Autolab potentiostat). The absorption spectrum 
was measured using a UV−Vis spectrometer 
(PerkinElmer, Lambda 25). Measurement of 
contact angle to check the hydrophilicity of the 
surface was performed by a system equipped with 
a CCD camera capable of photographing the drop 
and having software for measuring the contact 
angle of the drop with the desired surface. 
Photoluminescence spectroscopy (PL, excited at 
405 nm) was performed with Avantes TEC 2048. 
Scanning electron microscopy (SEM, Vega 2 
Tescan) was used to study the surface 
morphology of the perovskite films. The current 
density-voltage (J-V) curves were recorded under 
AM1.5 standard illumination using Palmsens 
potentiostat and IRASOL SIM- 1020 solar 
simulator. 

3. RESULTS AND DISCUSSION 

The Mott−Schottky (MS) plot (inverse square 
capacitance (1/C2) vs applied bias (V) is 
performed to evaluate the flat−band potential 
(Vfb) and nature of the carrier type of ETLs. The 
measurements were conducted on the same 
electrochemical workstation in the standard 
three−electrode cell. A 0.5 M Na2SO4 aqueous 
solution was used as the electrolyte. The potential 
ranged from −0.8 to 0.4V (vs Ag/AgCl) at a fixed 
frequency of 1 kHz. 
Fig 2a shows the MS plot of the SnO2 film and 
FTO.

 
Fig. 1. Scheme of fabrication process for the PSCs. 
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Fig. 2.  (a) Mott-Schottky plots of FTO and SnO2 spin-coated on FTO substrate, (Inset: plot of (αhv)2 versus hv 

for SnO2 film), and (b) Energy level diagram of materials used in the planar PSC. 

 
The flat band potential is determined from the 
intersection of the linear part of the curve with the 
horizontal axis. The value of the flat band 
potential for FTO and the SnO2 layer was 
estimated at -4.55 and -4.44 eV, respectively. The 
slope of the MS curve indicates the behavior of 
the film; the positive slope suggests the n-type 
semiconductor of SnO2. 
Mott Schottky equation (1) is as follows: 

1            (1) 

Here C, A, ND, V, T, K, e, ε, and ε° are interfacial 
capacitance, semiconductor/electrolyte interfacial 
area, carrier concentration, applied voltage, 
absolute temperature, Boltzmann constant, 
electronic charge, vacuum permittivity, and 
dielectric constant of semiconductor, respectively 
[20]. 
The absorption spectrum was measured for the 
SnO2 layer and the direct band gap is calculated 
using the Tauck equation (2). 

					                  (2) 

where A is a constant, Eg is the optical band gap, 
(hv) is incident photon energy, and α absorption 
coefficient [21]. The optical band gap is 
determined from the extrapolation of the straight-
line portion of (αhv)2 vs hv plot (as see in the 
insets of Fig 2a) to the (hv) axis. The estimated 
band gap of the SnO2 film was about 3.82 eV. In 
addition, combined with the UV-Vis analysis and 
mott Schottky the energy band structures could be 
calculated for SnO2 film (Fig 2b). Fig 2b shows 
the energy levels of individual layers used in a 
device, which consist of a perovskite adsorbent 

layer, an electron transport layer (SnO2), and a 
hole transport layer (CIS). FTO and gold (Au) 
have also been utilized as anode and cathode, 
respectively. Combined with the UV-vis 
analysis and Mott Schottky the energy level 
structures could be calculated for SnO2 film 
(Fig 2b) [22]. The energy levels of perovskite, 
CIS, and Au are from the literature [23]. In In 
order to In order to observe the increase of 
surface wettability of the SnO2 films after 
treatment with UVO, contact angle 
measurement was performed.  
Fig 3(a-d) displays the contact angles of water 
droplets on UVO-treated SnO2 films at different 
times of 0, 10, 20, and 30 min, respectively. As 
shown in Fig 3(a-d), contact angles decreased 
from 58.5° to 24.5° after 30 min of UVO 
treatment, which indicates the enhanced 
hydrophilic property of the SnO2 surface. 
Increasing the hydrophobicity can be attributed to 
the active oxygen radicals generated by UVO, 
leading to the formation of hydroxyl groups in the 
Sn-O bond and replaces them with the Sn-OH 
hydroxide groups [15] (The OH groups formed on 
the surface after exposing the samples under 
UVO are shown in schematic Fig 3e). 
Interface modification of the ETL and perovskite 
absorber layer has a significant impact on the 
surface morphology of perovskite layer. The top-
view SEM images of perovskite film deposited on 
UVO-treated SnO2 at different times are 
represented in Fig 4(a-d). The continuity of the 
SnO2 films treated with UVO for 0 and 10 
minutes, as shown in Fig 4 a, b, is poor, with voids 
and non-uniformity covering visible.  
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Fig. 3. The contact angle of SnO2 thin films at different UVO exposure times: (a) 0 min, (b) 10 min, (c) 20 min, 

(d) 30 min, and (e) a schematic illustration of surface hydroxyl groups after UVO treatment. 

 
Fig. 4. Top-view SEM images of perovskite films deposited on SnO2 layer at different UVO exposure times: (a) 

0 min (b) 10 min, (c) 20 min, and (d) 30 min. 

 
These non uniformity causes cracks between the 
ETL and HTL layers, which generates 
recombination centers and negatively impacting 
PSC performance. It was found that as the UVO 
treatment time increased, pinhole and crack-free 
thin films were formed (Fig 4 c, d). 
To investigate the effect of the UVO-treated SnO2 
ETL on the performance of planar PSCs, devices 
with structure (FTO/SnO2/mixed-cation 
perovskite/CIS/Au) were prepared. The current 
density–voltage (J-V) curves and photovoltaic 
characteristics are illustrated in Fig 5a and Table 
1. As shown in Table 1, the device based on 
optimized UVO-treated SnO2 for 30 min 
exhibited the highest power conversion efficiency 
(PCE) of 10.94% with a fill factor (FF) of 58.3%, 
an open-circuit voltage (VOC) of 0.93 V, and a 
short circuit current density (JSC) of 39.9  
mA.cm-2.  
It can attribute that UVO treatment enhances the 
interaction between the ETL and the perovskite 
layer, and coverage of the perovskite layer 
improves; thereby facilitating electron transport 
from the perovskite layer to the ETL. It is 
noteworthy that cells based on SnO2 for the UVO 
treatment time of more than 30 min did not cause 
a significant change in the solar cell efficiency. 
Fig 5b shows photoluminescence (PL) spectra of 
perovskite films spin-coated on glass, glass/ 
UVO-treated SnO2 ETL at different times (0, 10, 
20, 30, 40, 50, and 60 min), respectively. All 

samples show a peak intensity of about 760 nm. 
Meanwhile, the peak position in Fig 5b displays 
nearly no shift. As indicated in Fig 5b, the PL 
intensity for glass/perovskite is higher than that of 
glass/ETL/perovskite, arising due to the radiative 
recombination.  
The PL quenching for the perovskite/SnO2 treated 
with UVO (30, 40, 50, and 60 min) samples is 
most efficient, implying an evaluated electron 
extraction ability. 
Fig 5. (a) Current density-voltage curves of solar 
cells based on UVO-treated SnO2 ETL at different 
times (0, 10, 20, 30, 40, 50, and 60 min), (b) The 
photoluminescence spectra of the perovskite layer 
deposited on the glass and UVO-treated SnO2 
layers at different times (0, 10, 20, 30, 40, 50, and 
60 min). 
The main parameters that are applied to 
characterize the performance of solar cells are 
listed in Table 1. The results show that the best 
treatment time is 30 minutes. During this time, 
improving the wettability of the SnO2 film 
provided better contact at the ETL/perovskite 
interface, suppressed recombination process, and 
improved electron injection at the interface [24]. 
The following are the consequences of UVO 
treatment: 1) to improve the perovskite layer 
wettability, and 2) to passivate the Surface of ETL 
by reducing the recombination centers (see PL 
test) and enhancing the Jsc, which is consistent 
with reported results by Mendez et al. [15]. 
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Fig. 5. . (a) Current density-voltage curves of solar cells based on UVO-treated SnO2 ETL at different times (0, 

10, 20, 30, 40, 50, and 60 min), (b) The photoluminescence spectra of the perovskite layer deposited on the glass 
and UVO-treated SnO2 layers at different times (0, 10, 20, 30, 40, 50,  and 60 min). 

Table 1. Photovoltaic parameters of devices based on UVO-treated SnO2 films at different times. 
UVO-SnO2 time JSC (mA.cm-2) VOC (V) FF (%) PCE (%) 

0 min 
10 min 
20 min 
30 min 
40 min 
50 min 
60 min 

12.20 
12.38 
20.32 
20.39 
20.72 
20.69 
20.40 

0.86 
0.93 
0.83 
0.92 
0.91 
0.90 
0.93 

41.1 
40.0 
53.8 
58.3 
56.1 
58.1 
57.0 

4.34 
4.61 
9.07 

10.96 
10.51 
10.81 
10.81 

 
 
It is worth noting that UV treatment of as-
prepared SnO2 films2 as ETL, the precursors 
obtained from the chloride salts, was an essential 
step before the perovskite deposition. The 
principal purpose of performing this treatment 

was to clean up the surface of the substrates from 
volatile organic compounds as well as the 
enhancement of wettability. Also, the PCE histogram 
for UVO treated SnO2 films at different times is 
plotted in Fig 6a (7 samples for each condition).  
 

 
Fig. 6. (a) Histogram of PCE and (b) Box plots of the photovoltaic parameters (JSC, VOC, FF, and PCE) for 

forward potential scan (fw) and reverse potential scan (rev) of devices based on UVO-treated SnO2 at 
different times (0, 10, 20, 30, 40, 50, and 60 min). 
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Due to the distribution of data, the device based 
on UVO-treated SnO2 film for 30 minutes has the 
maximum efficiency and reproducibility, which 
agrees to the treatment impact of UVO on SnO2 
film and the ETL/perovskite interface mentioned 
above. Fig 6b shows photovoltaic parameters 
measured by the reverse and forward scan for 7 
different devices fabricated. Interestingly, 
hysteresis was observed for devices without UV-
Ozone, where the parameters measured during 
reverse scan were larger than the ones measured 
during the forward scan. To quantify the extent of 
hysteresis, a hysteresis factor (HF) is introduced  

	 [34]. The calculated 

HF for the best solar cells based on treated SnO2 
by UVO for 0, 10, 20, 30, 40, 50, and 60 min are 
0.58, 051, 0.32, 0.24, 0.22, 0.23 and 0.22, 
respectively. The hysteresis for the treated solar 
cell is improved with increasing UVO exposure 
time. 

4. CONCLUSIONS  

In summary, the performance of planar PSCs was 
modified by the UVO treatment on the SnO2 
ETLs at different times. The optimal treatment 
time was determined as 30 min. The 
characterization results showed that by increasing 
the UVO exposure time (30 min), SnO2 film 
became more hydrophilic, with a contact angle of 
24.5°, evidencing the removal of organic residue 
related to the precursor reagents from the surface 
of SnO2 film.  
Results of PL spectra indicated a better electron 
transfer at the interface by UVO treatment which 
is associated with good contact between ETL and 
perovskite layer. Finally, devices were prepared 
with the structure of (FTO/SnO2/mixed-cation 
perovskite/CIS/Au), and for the device based on 
UVO (30 min) - treated SnO2 ETL a maximum 
PCE of 10.96% was achieved.  
The result which is significantly higher than that 
of a device based on SnO2 ETL without UVO 
treatment (4.34%). 
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