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Abstract

Tin oxide (SnO2) is widely used as electron transporting layer (ETL) in perovskite solar cells 
(PSCs) because its good transparency, band alignment to perovskite and stability. The interface 
between the ETL and the perovskite in the PSCs affects the charge extraction process and may 
influence the optoelectronic properties. Surface treatment of SnO2, such as the UV-ozone (UVO) 
treatment has been shown to enhance the efficiency and reduce the light soaking effect of the 
PSCs. Herein, we report the success in control and suppressing hysteresis reaching as highest 
photoconversion efficiency 19.4% with negligible hysteresis for the devices growth on 60 
minutes UVO treated SnO2. The wettability of treated SnO2 is well-matched with the polar 
solvent of the perovskite solution, leading to complete coverage of the substrate, although the 
treatment does not affect the morphology and the crystallinity of the perovskite thin films. 
Impedance spectroscopy measurements analysis, clearly indicate the decrease of 
recombination rate after UVO treatment and the reduction of low frequency capacitance 
causing a reduction of current-potential curve hysteresis.

1. Introduction

The power-conversion efficiencies of perovskite solar cells (PSC) overcomes a power 
conversion efficiency (PCE) of  24%.[1] In a typical perovskite solar cell either with or without 
mesoporous scaffold, an absorber layer is sandwiched between electrode-modified layers 
including the electron and hole transport layers, ETLs and HTLs, respectively, acting as charge 
selective contacts. Currently, a lot of n-type metal oxides such as TiO2,[2] SnO2,[3] ZnO,[4] WO3,[5] 
In2O3,[6] SrTiO3,[7] and Nb2O5,[8] have been investigated as ETLs in PSCs architectures. Among them, 
SnO2 is the most common ETL in PSCs, especially in most of highly efficient PSCs,[9] including 
current published record device (steady-state PCE of 23.32%).[1a] Furthermore, for fabrication of 
SnO2 ETLs a low temperature process is especially favorable, due to its degradation tendency at 
high temperature[10] with the advantages of low cost, easy preparation, and outstanding 
performance in PSCs.[9] Moreover SnO2 shows an excellent optical transparency in the visible 
range and better electric properties, band alignment to perovskite,[11] and stability,[12] making it a 
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promising candidate for commercialization of perovskite photovoltaic technology,[13] in planar 
configuration that present significant advantages in terms of cost and environmental impacts 
respect the mesoporous configuration.[14]

The implementation of SnO2 as ETL was either demonstrated in dye-sensitized solar cells 
(DSSCs),[15] or in PSCs [11] and an impressive certified record efficiency of 20.9%, was achieved 
with SnO2 nanoparticle in a planar architecture.[16] Currently, the explored techniques for the 
preparation of SnO2 ETLs have been over ten different methods, [3, 9, 11, 17] and the most widely 
used are sol–gel technique with a spin-coating process.[18] Moreover a broad range of 
comparative studies[19] show the performance of SnO2 PSCs is higher after surface modification 
made with several methods, that can be summarized in three main categories: surface 
treatments (with TiCl4

[20] or UV ozone (UVO) treatments[21]), SnO2-based bilayer (fullerene[9] or 
TiO2 interlayer[22]) and elemental doping[23]. The UVO treatment in particular is used as low 
temperature in situ sintering of SnO2

[24] to facilitate the deposition on flexible substrates or as 
surface treatment for removing organic residual. In this broad context we found that fresh-
prepared SnO2 films used in PSCs reported in literatures are UV-treated for few minutes before 
the perovskite deposition. [11, 17b] However, only few works reports the performances without 
UVO treatment as in the Wang et al. study, in which the PCE dramatically increases from 0.9% 
to 18%[21] or in the work of Bu at el., in which they demonstrate that a proper thermal-UVO 
treatment has some benefits for the charge transport, leading to an hysteresis free solar cells.[25] 
Here we investigate systematically the effect on PSCs efficiency of UVO treated-SnO2 layer, 
deposited from a commercial colloidal solution, at different exposure time. By impedance 
spectroscopy (IS) we explain the reason why the treatment is so effective, highlighting the 
potential of SnO2 without any significant surface modification towards an outstanding PCE of 
19.4%. In details the treatment of SnO2 affects the performance of PSCs in a number of ways: i) 
to improve wettability of the active absorber layer, ii) to reduce the hysteresis of the devices 
and iii) to passivate the surface states with the reduction of recombination and the increase of 
the open circuit-voltage.

2. Results and discussion

Several surface modification techniques have been developed to improve wetting, 
adhesion, and compatibility of ETL-perovskite interface. Surface modification methods, such as 
plasma treatment or ultraviolet-ozone (UVO) are employed to introduce functional groups on 
surfaces with minimal alteration of bulk properties, resulting in improved perovskite 
deposition, spreading, and crystal growth.[26] UVO treatment has many advantages over other 
methods for surface modification of ETL because it is cost effective and involves only simple 
apparatus with no requirement of vacuum systems. Ozonation treatment with UV light can also 
easily be carried out in various gasses, solvents and solutions at room temperature and this 
method is suitable for heat unstable materials such as organic substrates (Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) PEDOT:PSS, Poly[N,N’-bis(4-butylphenyl)-N,N’-
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bis(phenyl)- benzidine] p-TPD or Poly(triaryl amine) PTAA), common implemented in the 
inverted solar cell architectures.[26]

The reactive oxygen radicals, produced by UVO attack, lead a partial surface 
hydroxylation of the tin-oxygen bounds (Sn–O) and substitute them with tin-hydroxide (Sn– 
OH), see scheme in Figure 1a. The enhancement of hydrophilicity of the surface after the UVO 
treatment is confirmed using water contact angle measurement, which decreased from 80° to 
17° (Figure 1a) after one hour of UVO treatment. This effect is reported in literature and only 
few minutes of treatments are enough to improve the wettability of the perovskite solution.[26] 
The surface morphology of the SnO2 layer is completely uniform, as the Scanning Electron 
Microscopy (SEM) images show in Figure 1b and the UVO treatment does not affect the 
crystallinity, as the X-Ray Diffraction (XRD) patterns before and after the treatment are similar 
(Figure 1c). The SnO2 layer before and after the UVO treatment shows four peaks located at 2θ 
= 26.6°, 33.8°, 37.8° and 51.5° correspond, respectively, to the (110), (101), (200) and (211) 
crystalline planes of SnO2 with tetragonal cassiterite structure.[27] 

Figure 1. a) Contact angles of FTO/SnO2 substrates without treatment and with 20 min and 60 min of UVO 
treatment; a schematic representation of the surface hydroxylation after UVO treatment is reported; b) SEM top 
view of SnO2 layer; the scale bar is 1 m and the inset is a zoom with a scale bar of 400 nm; c) XRD pattern of the 
SnO2 layer with and without UVO treatments. d) Sketch of the perovskite solar cells based on glass/FTO/SnO2 (40 
nm)/Perovskite (250 nm)/spiro-OMeTAD (200 nm)/Au. 
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In order to quantify the effect of UVO treatment in the interfacial properties and 
ultimately in the final PSC performance, we fabricated and characterized PSCs with planar 
architecture as it is shown in Figure 1d (Glass/FTO/SnO2/MAPbI3/Spiro-OMeTAD/Au). The 
comparative analysis has been made between solar cells with untreated SnO2, (UV-SnO2 0 min) 
even the coverage is not complete (Figure S1), and with 20 min (UV-SnO2 20 min) and 60 min of 
UVO treatment (UV-SnO2 60 min). Our results are summarized in Figure 2 and Table 1. 
Immediate observations that can be made are: (i) the average power conversion efficiency 
(PCE) increases with the treatment time (Table 1), in the case of the champion cells PCE 
increases from 16.1% for devices prepared without UVO treatment to 17.7% for UVO-20 min 
SnO2 based devices to 19.4% for cells prepared with 60 min UVO treatment; (ii) all solar cell 
parameters, the open-circuit voltage (Voc), the photocurrent (Jsc) and the fill factor (FF), increase 
with the UVO exposure time (Figure 2) and (iii) devices where UVO is used display a significantly 
reduced hysteresis (Figure 3). This superior photovoltaic performance that is observed for the 
devices from treated substrates, on the one hand, can be attributed to the formation of a very 
uniform perovskite layer caused by the improved wettability (Figure 1a). This can have a few 
likely benefits: such a uniform layers can prevent undesirable recombination processes that 
occur through direct contact between SnO2 and a hole-transporting layer; it, thus, assists in 
increasing the charge collection efficiency 

Figure 2. Statistical analysis of forward potential scan (fw) and reverse potential scan (rev) results of a) Jsc, b) Voc, 
c) FF, d) PCE of the perovskite solar cells fabricated without UVO treatment, and with UVO treatment of 20 min 
and 60 min. The data from 40 cells were statistically analyzed; e) J-V curves of the best performance perovskite 
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solar cells recorded at reverse scan; f) IPCE spectra and integrated photocurrent of the best solar cells without and 
with the UVO treatment.

Table 1. Figures of merits, Jsc, FF, Voc, PCE, expressed as mean and standard deviation, in forward and 
reverse scan and the best PCE of PSCs with UVO-SnO2 (20 min and 60 min) and without treatment.
UVO time Jsc (mA/cm2) FF Voc (mV) PCE (%) Best PCE (%)

0 min rev 17.9 ± 1.4 67.5 ± 5.1 1056 ± 26 13.4 ± 1.3 16.1

0 min fw 17.8 ± 1.4 64.8 ± 4.6 1056 ± 26 12.4 ± 1.4 13.9

20 min rev 19.2 ± 1.5 74.8 ± 2.8 1069 ± 13 16.7 ± 1.6 17.7

20 min fw 19.2 ± 1.5 71.5 ± 3.8 1069 ± 14 14.7 ± 0.7 14.7

60 min rev 20.4 ± 1.5 76.3 ± 3.5 1085 ± 21 17.2 ± 1.7 19.4 

60 min fw 20.3 ± 1.5 75.5 ± 3.6 1085 ± 21 16.7 ± 1.6 19.2

and the FF. On the other hand, improving the interfaces of the active layer has a direct 
impact on the Voc, resulting also in an average improvement of the PCE (Figure 2). It is worth to 
note that with 10 min or 45 min of the UVO treatment the performances approaching the one 
of the 20 min and 60 min respectively, finally reaching a plateau (Figure S2). This is a very clear 
evidence of how the effect of the UVO treatment can be distinguished before and after the 20 
min: if the treatment is shorter than 20 min we only can improve the wettability of the SnO2 
with a good quality perovskite layer on the top, but if we maximize the treatment up to 60 min 
the positive effect on the charge collection and extraction at the interface is undiscussed, as we 
proved with the reduction of the hysteresis.

Concerning the device performance, the PSC efficiency is mainly related to the active 
layer quality, morphology and crystallinity. It is commonly little change in morphology can lead 
to profound difference in the transport properties. A systematical SEM analysis, absorbance 
and 
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Figure 3. Hysteresis effect of perovskite solar cell a) without, b) with 20 min and c) with 60 min of UVO treatment. 
Inset with the statistic of the hysteresis index (HI) calculated as reported in ref. [28] HI is an appropriated 
quantitative parameter to compare hysteresis among samples measured used the same protocol.

XRD measurements are thus a must to correlate the effect of the treatment with the 
final performances, however the morphology does not significantly change with the treatment 
(Figure S3a) and all the samples showed the same thickness, as it is possible to see in the cross 
section images (Figure S3b) and the same absorbance (Figure S3c). Likewise it can be observed 
in the absorbance spectra a peak onset around 780 nm with a band gap of 1.59 eV (Figure S3c). 
All these evidence are in accordance with the small deviation among samples observed for the 
Jsc (Figure 2a). We present also the incident photon-to-electron conversion efficiency (IPCE) 
spectrum of the best PSCs at each condition in Figure 2f. The integrated current densities 
derived from the IPCE spectrum (Figure 2f) are 22.3 mA/cm2, 21.1 mA/cm2 and 20.2 mA/cm2, 
in good agreement with the JSC value obtained from the J–V curves, excluding significant 
spectral mismatch between our simulator and the AM 1.5G solar source. Moreover no 
significant changes in the position of diffraction peaks were observed as effect of UVO 
treatment, therefore, the treatment does not modify the crystalline structure of the deposited 
perovskite (Figure S1d). The XRD spectra show the presence of six main peak at 14.12°, 20.04°, 
24.52°, 28.48°, 31.92°, and 40.72°, which correspond to the (110), (112), (202), (220), (310) and 
(224) planes for the perovskite MAPI3. It is worth to note that in the procedure for the 
preparation of the perovskite film (see Experimental section in Supporting Information) we use 
an annealing temperature of 130 °C for 10 minutes, and the typical precursor peak of the lead 
iodide at 12,5° is not observed, confirming that these conditions are not enough to decompose 
the perovskite. We seem also to learn about the solution requirements that lead to optimum 
device performance. For instance, we find that pristine MAPbI3 in pure dimethyl sulfoxide 
(DMSO) annealed for 10 min at 130 °C displays a higher fill factor than the MAPbI3 in a mixture 
of dimethylformamide (DMF) and DMSO (DMF:DMSO 10:1)[29] at the same temperature (Figure 
S4). These findings reflect the homogeneity of the prepared perovskites, but also indicates that 
the UVO treatment does not modify the structural properties of the active perovskite layer. 

Consequently, the improvements in photovoltaic parameters can be related to a better quality 
of the interface SnO2/perovskite. Photoluminescence (PL) of perovskite layers deposited on 
glass with or without SnO2, and protected from moisture by the poly(methyl methacrylate) 
(PMMA) inert polymer,[30] was analyzed. In order to rule out differences among the SnO2 in their 
capability of efficient extraction of the charge from the perovskite layer, time-resolved (TRPL) 
radiative emission from the active layer in the presence or absence of the charge extracting 
layers are assessed (Figure 4a). The pristine material shows long PL decays confirming low 
electronic trap densities and balanced carriers transport.[31] In comparison, the decays 
associated with this emission when the perovskite active layer was coupled to the SnO2 are 
significantly faster, especially when the UVO treatment is performed , suggesting more efficient 
electron extraction process when the SnO2 is treated for 60 minutes. (Table S1)
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Figure 4. a) Time-resolved PL decay of the corresponding perovskite films, deposited either on glass, or on SnO2; b) 
Plot of recombination resistance (Rrec) vs. applied voltage and c) plot of the capacitance (Cdr) vs. applied voltage of 
devices based on SnO2 without treatment, with 60 min UVO treatment and of the champion device.

Impedance spectroscopy (IS) is another effective tool to provide insight into the 
electronic transport processes involved in the devices. IS measurements are performed on 
complete, planar PSCs with various UVO treatments to evaluate variations in Voc, FF, PCE. 
Measurements were carried out under Xenon lamp (intensity 100mW/cm2) illumination over a 
wide range of applied voltages and frequencies (from 0 up to Voc and from 1MHz to 0.1 Hz).[32] 
The fitting has been performed using the equivalent circuits discussed elsewhere [33] and the 
recombination resistance (Rrec) has been obtained by addition of the resistances of high 
frequency and low frequency (lf) semicircles obtained in the Nyquist plot,[33c] (Figure S5). From IS 
analysis, it is observed that the Rrec of average UVO 60 min SnO2 treated PSC exhibit significantly 
higher recombination resistance than the UVO 0 min SnO2 PSC over nearly the entire range of 
studied voltage bias, indicating that the non-radiative recombination rate is significantly lower 
(Figure 4b). These increase is even more clear in the case of champion device with 60 min UVO 
treatment, pointing a reduction of the recombination rate as the main effect of treatment, that 
is attributed to the different interaction at the perovskite/SnO2 interface. The increase Rrec 
indicates a decrease of the recombination rate with a consequent improvement of the Voc., as it 
is in fact observed in Table 1 and Figure 2b. The lower surface recombination also contributes 
to the enhancement of photocurrent, [34] as observed in Figure 2a. In addition, the low 
frequency capacitance[35] observed for these samples, decreases after the UVO treatment 
especially for the champion cell. This observation confirms the trend relating the decrease of 
this capacitance with a decrease of the observed hysteresis.[36] There are different 
interpretations of the physical meaning of low frequency capacitance.[36a, 37] Despites the 
different interpretation it is commonly related with ion migration and interfacial effects. 
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Furthermore devices employing UVO 60 min SnO2 exhibit substantially reduced hysteresis 
(Figure 3c), which is consistent with a larger surface area for electron injection, increasing the 
pathways for unhindered electron transfer. It hence appears that hysteresis comes out only 
when there exists poor electronic contact between the perovskite and the charge collection 
layer,[38] requiring the improved contact enabled by the more and more –OH functional groups, 
in line with the contact angle measurements, or less oxygen vacancies on the treated 
surfaces.[18, 39] In other words, the high hydrophilic surface of UVO 60 min SnO2 and the better 
interaction between the perovskite and the substrate would enhance the electron transport 
from perovskite to SnO2 ETL, leading to no significant charge accumulation, and consequently, 
the devices based on the UVO 60 min SnO2 exhibit negligible hysteresis. (Figure 2d, 3c)[28] 

All these facts confirm the positive effect of the UVO treatment, which influences the 
density and distribution of surface defects, believed to be oxygen vacancies and/or terminal 
hydroxyls groups, [40] playing a central role in the improvement of the interface SnO2/perovskite 
quality and in the device performance by the reduction of the recombination rate. 

3. Conclusions

The performances and hysteresis of PSCs was modified by adjusting the time of the UVO 
treatment on the tin oxide (SnO2), used as ETL. With 60 minutes of UVO treatment we improved 
the solar cells efficiency as high as 19.4% with a hysteresis-free behavior. The outstanding 
properties of the treated samples are attributed to the good quality of the perovskite/SnO2 
interface including an improved wettability, enhanced recombination resistance, and the 
reduced oxygen vacancies. The treatment does not affect the structural properties of the 
perovskite layer deposited on top but leads an efficient charge collection at perovskite/ETL 
interface, in turn leading to higher solar cell parameters, FF, Voc and Jsc, independently of the 
scan direction. The UVO treatment improves the contact charge selectivity, with a decrease of 
recombination rate of PSCs. These results highlight the potentiality of perovskite planar devices 
using low temperature deposition SnO2 for the development of high performance devices with 
an appropriated treatment of the interfacial properties. 
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