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Abstract
Tin oxide  (SnO2) nano-crystalline thin films were deposited on silicon and glass substrates at room temperature by sput-
tering at a constant power of 30 W and different working pressure of 10, 7, and 5 mTorr. Surface morphology, electrical 
and optical properties of the films were investigated to optimise the deposition condition of the films as electron transport 
layer (ETL) for high-power conversion efficiency perovskite solar cells. The films were characterized by scanning electron 
microscopy (SEM), UV–Vis–NIR Spectrophotometer, and Four-point probe.  SnO2 films obtained at working pressure of 10 
mTorr exhibited uniform surface morphology with high light transmittance (90%) and conductivity (4 S/m). These sputtered 
 SnO2 films appeared to have shown promising properties as ETL for PSC, and further investigation is justified to establish 
the optimal fabrication parameters and resulting energy conversion efficiency.
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Introduction

Renewable energy sources, such as wind, hydro, solar, 
hydrogen, and bio, are free of pollution and afford great 
relief from the global warming threat posed by the excessive 
burning of fossil fuels (e.g., coal, oil, and gas). Solar energy 
is the most abundant of all energy resources for heat, light, 
and electricity generation through thermal power genera-
tors and solar cells [1, 2]. A solar cell converts solar radia-
tion into electric power by a chemical or physical process 
called the photovoltaic (PV) effect. This technology is clean 
and green, and produces no greenhouse effect on the envi-
ronment [3, 4]. Despite all these benefits, because of high 

manufacturing and installation cost, the usage of solar tech-
nology for power generation is only 1% [5].

The emergence of second-generation thin-film solar cells 
with less material and reduced weight of the PV cells devel-
oped using innovative manufacturing technologies, and the 
possible fabrication of tandem cells with reasonably high-
power conversion efficiency (PCE) make them attractive 
in critical applications [6]. The third-generation solar cells 
are based on semiconducting organic, inorganic, or hybrids 
including one of the highly promising perovskite solar cells 
(PSCs). The operation of the PSCs under direct solar energy 
involves electron and hole generation by light absorption 
of the perovskite material, charge separation into opposite 
sides, and collection of charge to the output circuit. The 
perovskite solar cell involves an organic absorber of per-
ovskite structure, a p-type hole transport layer (HTL), and 
an n-type electron transport layer (ETL) of metal-oxide thin 
film [7]. The PSC consists of regular or inverted architecture 
as seen in Fig. 1. The perovskite structure is stable and can 
significantly contribute to the effectiveness of the solar cell 
arrangement as an organic absorber.

The NREL-certified record efficiency of PSC is 25.7% 
[8], and further improvement can be achieved with a bet-
ter understanding of device architectures and resulting 
PCE due to optimal processing conditions. Moreover, the 
manufacturing process of these cells is simpler and more 
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economical than that of the second- and third-generation 
solar cells [6, 9, 10]. The ETL and HTL play a vital part 
in achieving highly efficient devices with sustainability. 
However, regarding efficiency, ETLs suitable energy-level 
alignment improves charge separation and decrease recom-
bination which produces better short-circuit current and 
higher fill factor [11]. The role of ETL is critical as they 
facilitate the photo-electron flow to the external circuit and 
deter short-circuiting by stopping the passage of the holes 
produced in the perovskite to the conductive electrode [9]. 
The ETL should be compact enough with excellent charge 
collection ability, pinhole-free, with a fitting bandgap and 
energy level, and good transparency [9]. The optimization 
of an n-type compact layer based on its ETL is critical to the 
efficiency enhancement of the PSC as it is responsible for 
electron conductivity/transport [7]. Still aiming to enhance 
the ETL, most research in recent years focused on investi-
gating the consequence of ETL thickness and its feasible 
advancement strategy [12]. High resistance means thick 
ETL that opposes electron flow resulting in low PCE as 
the electrons have to travel longer distance to reach the top 
electrode. This was demonstrated by Jeyakumar et al. with 
titanium Oxide  (TiO2) ETL [13]. The cell series resistance 
will be very high if the ETL is too thick; subsequently, Jsc 
and Fill Factor of the cell reduce. Similarly, very-thin ETL 
thickness will encourage direct contact amid transparent 
conductive oxide (TCO) and perovskite resulting in car-
rier recombination and low hole-blocking efficiency.  TiO2 
films, prepared by spray pyrolysis, were observed to have 
pinholes in ETL that resulted in the poor PCE of the PSCs 
[14]. The atomic layer deposition (ALD) technique provided 
a conformal, homogenous, and compact ETL with meso-
scopic structure, having porous metal-oxide support on the 
films, and fewer pin holes that upsurged the PCE of the PSC 

from 4 to 13.6% [15]. However, despite the advantage of the 
mesoscopic structure, the  TiO2 requires a high temperature 
(more than 450 °C) to process, which makes the operation 
hazardous and cost-intensive [16]. The last record (2022) of 
PSC has been found using  SnO2 quantum dot as ETL could 
be more efficient with a better-aligned conduction band (see 
Fig. 2b), higher carrier mobility, and high operational sta-
bility [17]. This is attributed more to its barrier-free active 
conformation, and thus, ions are not restricted from reaching 
the perovskite. Thus, tin oxide  (SnO2) with better optical and 
electrical features that can be processed a low temperature 
could be a better alternative to  TiO2 thin film as ETL in 
PSCs [16], as shown in Fig. 2a. In terms of stability of PSC 
device,  SnO2 as ETL is higher than  TiO2 and ZnO due to 
wide bandgap (see Fig. 2c and d) with absorbing fewer UV 
[9, 18].

SnO2 is an amphoteric compound of an inorganic com-
position having a cassiterite mineral form and exhibits good 
optical and electrical properties [19]. It is also mechanically 
hard, atmospherically stable, chemically inert, and high-
temperature resistant [20]. Various studies revealed that 
monocrystalline film of  SnO2 is more than 18% hysteresis-
free in PSC device [21]. Under forward and reverse voltage 
measurements, the PSCs with  SnO2 ETL on best perfor-
mance attained 14.82% and 17.21% PCE, respectively [22, 
23]. The fabrication of  SnO2 as an ETL for PSC produces an 
average PCE of 19.2–20.23% with mitigated hysteresis [21]. 
Jiang et al. [16] confirmed that introducing  SnO2 instead 
of fullerene or  TiO2 as an ETL in PSCs will mitigate inter-
face charge accumulations and improve the transmission of 
charge generated in the perovskite absorber to the ETL due 
to its high electron mobility and conduction band as earlier 
reported by Correa and Baena et al. [18].  SnO2 observes ade-
quate energy-level alignment with the perovskite, exhibits 

Fig. 1  Perovskite solar cell: a 
n–i–p planer regular architec-
ture and b p–i–n inverted planer 
architecture
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a wide bandgap of 3.6–4.0 eV [18] and an initial low resis-
tivity and high conductivity (electron mobility) due to the 
presence of oxygen valences that produces carriers, and 
initiates a 15–150 meV donor platform/level [24].  SnO2 as 
ETL induces low current loss as it absorbs light with higher 
energies than the bandgap [25].  SnO2 films possess good 
transparency with ultimate absorption which corresponds 
to electron excitation from the valence band to the conduc-
tion band that determines the nature and value of the optical 
bandgap. Therefore, to ensure good passage of light through 

the ETL the film thickness of the ETL should be optimised 
to the best transparent quality alongside the reflectivity.

In general, this paper chose  SnO2 for its low cost, bet-
ter band-gap energy alignment with perovskite, and good 
electrical and optical properties to enhance the PCE of the 
PSCs. In addition,  SnO2 is a promising material due to its 
low-temperature processing [26] in comparison to  TiO2 
[16]. This research study examined properties of  SnO2 
films deposited at different sputter pressure and room tem-
perate by magnetron sputtering (see Fig. 3) for optimisa-
tion of the perovskite solar cell. Sputtering process allows 

Fig. 2  a  TiO2 and  SnO2 energy 
levels, b electron injection 
potentials, c band-gap position 
of  SnO2, and d band-gap posi-
tion [17, 18]

Fig. 3  a Magnetron sputtering 
process and b the internal view 
of the chamber
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a controlled rate of film deposition, exceptional high film 
adhesion on substrates, outstanding film homogeneity on 
a large area, and good step coverage.

SnO2 thin‑film preparation

Sputtering is a physical vapour deposition technique that 
involves high energy (> 100 eV) ions (usually inert gas such 
as argon) to erode atoms on the surface of a target material. 
The ejected atoms must move freely toward the substrate. 
Sputtering occurs in vacuum to sustain high ion energies 
(plasma) and deter excess collisions of atom gas [27]. Dur-
ing the process, the gas atoms travel a mean free path (MFP) 
without any collision. The MFP fluctuates with pressure and 
is critical to unconstrained movement in the gas.

Magnetron sputtering involves a plasma discharge, con-
fined, and sustained by a powerful field of magnet and 
secondary electrons to the area near the target plate. KJL 
PVD 75 is a conventional planar DC magnetron-sputtering 
machine that was used to prepare  SnO2 thin films onto glass 
and silicon substrates at different sputtering pressures and 
constant power deposition time and temperature. It has a 
cryogenic pump, reactive gas control system, and four HV 
magnetron-sputtering sources with RF DC and pulsed-DC 
power supplies. A circular flat disc of pure tin (99.9%) was 
used as the target material with a mixture of argon and oxy-
gen as the working gas. The chamber was evacuated by the 
cryogenic pump with the sputter pressure monitored con-
tinuously using a Pirani and Penning pressure gauge. Three 
depositions were observed as the parameters are presented 
in Table 1.

Characterization

The fabricated  SnO2 thin film was examined and analysed 
for transmittance and reflectance using a UV–Vis spectro-
photometer, surface morphology using scanning electron 
microscopy (SEM), and electrical resistance and conduc-
tivity using a KeithLink four-point probe having constant 
probe diameter of 81 μm and probe spacing of 1.6 μm. The 
obtained results were compared with an optimal model for 
the application of PSC by Ref. [8].

Surface morphology

The surface morphology of the  SnO2 thin films on the sili-
con wafer and glass substrate was studied by observing SEM 
images captured using the TESCAN MIRA3 microscope. 
Figure 4 shows the surface feature of  SnO2 film deposited 
on silicon and glass substrates at working pressure of 10 
mTorr. Apparently, at lower magnification, the surface looks 
quite smooth (see Fig. 4a and b), though a closer look at 
higher magnification shows vivid cracks that scatter incident 
light, thus decreasing light transmittance. On the other hand, 
instead of cracks,  SnO2 film deposited on glass substrate (see 
Fig. 4c and d) at 10 mTorr working pressure suffers from 
burnt grains like solid blisters that are irregular in size and 
distribution and is attributed to high scanning beam intensity 
from Tescan Mira. The morphology of the  SnO2 thin film 
on the glass substrates was further studied by depositing the 
 SnO2 at lower working pressure: 5 and 7 mTorr. The grains 
on the surface are smaller and more uniformly distributed 
films were created, as shown in Fig. 4g and h.

Film thickness and roughness

Film thickness and surface roughness were measured using 
stylus profilometer and atomic force microscopy (AFM), 
respectively, as shown in Table 2. The film thickness signifi-
cantly decreases, whereas the surface roughness of the films 
slightly increases with increasing the working pressure from 
5 to 10 mTorr. There is an optimum film thickness of ETL 
for high PCE perovskite solar cells, whereas the higher the 
surface roughness of the film, the higher the scattering loss 
of the incident light resulting in lower light transmittance. 
Therefore, there is a trade-off between the film thickness 
and the surface roughness of the  SnO2 film for optimum 
performance of PSCs.

Electrical properties

The electrical conductivity and resistance of the deposited 
 SnO2 films deposited at 10 and 7 mTorr (4 S/m) was found 
to be slightly higher than the film deposited at 5 mTorr (3 

Table 1  Parameters used in magnetron-sputtering process for  SnO2 
thin-film fabrication

Common parameters

Target material Pure tin
Target power (Watt) 30
Deposition time (min) 60
Ar/O2 ratio 80:20
Gas flowrate  (cm3/s) 11.5/2.3
Substrate spin (rpm) 10
Substrate Temp (°C) 25

Variable 
parameters

Sample one 
(S1)

Sample two 
(S2)

Sample three 
(S3)

Base pressure 
(mTorr)

1.0 ×  10−7 1.0 ×  10−7 3.0 ×  10−7

Substrate Glass and 
silicon

Glass Glass

Working pres-
sure (mTorr)

10 7 5
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S/m) (see Table 2). The surface resistance and average resist-
ance of the films at the different pressures (5, 7, 10 mTorr) 
are presented in Fig. 5a. The absolute values of the resist-
ance were quite constant with insignificant variation against 
the different sputter pressure. Thus, working pressure is not 
a precursor parameter to affect resistivity.

Optical properties

The transmittance and reflectance spectra of the depos-
ited  SnO2 films on the glass substrate were measured 
using dual beam CARY 500 UV−Vis–NIR in the solar 
wavelength spectrum (300 nm and 2500 nm), as shown in 
Fig. 5b. Only S1 maintained a close range of 90% trans-
mittance and low reflectance, but the transmittance of the 
remaining two samples (S2 and S3) is much lower than 
this value (see Fig. 5b). From literature, common thickness 
used for ETL in PSCs was about 60 nm [28] and this value 
coincides with the  SnO2 film thickness of S1 (60 nm) with 
high transmittance that is useful for enhancing the PCE of 
the PCSs [18].

Fig. 4  SEM high and low magnification images of  SnO2 film deposited on silicon substrate (a and b) at 10 mTorr, and glass substrate (c, d), (g, 
h), and (e, f) at 10 and 7 and 5 mTorr working pressure, respectively

Table 2  Measured average film thickness, average surface roughness 
(Ra), and electrical conductivity (σ) at different sputter pressure (5, 
7, 10 mTorr)

Samples Pressure 
(mTorr)

Substrate Thick-
ness (nm)

Ra (nm) σ (S/m)

S1 10 Silicon 58 2.00 –
Glass 60 2.00 4

S2 7 Glass 72 1.85 4
S3 5 Glass 99 1.56 3

Fig. 5  a Average and surface 
electrical resistance at different 
pressure (10, 7, 5 mTorr for 
the individual samples), and b 
transmittance (T) and reflec-
tance (R) of the films at differ-
ent wavelength
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Summary

From the focus on the ETL,  SnO2 thin films were fabri-
cated on silicon and glass substrates for perovskite solar 
cells (PSCs) by magnetron sputtering at working pressure 
of 5, 7, and 10 mTorr and constant power of 30 W. The 
results could be summarised as follows:

• SEM images show cracks on the film produced on a 
silicon wafer at 10 mTorr, and hence, further investiga-
tion at 7 and 5 mTorr working pressure was discarded. 
On the other hand, small dots or grains could be seen 
on films produced on glass substrate.

• The variation in the electrical resistance and conductiv-
ity (varied between 3 and 4 S/m) of the films sputtered 
at different pressure (10, 7, 5 mTorr) was found insig-
nificant.

• The transmittance of the  SnO2 film sputtered at 10 mTorr 
was found to be much higher (nearly 90%), than that the 
films deposited at 5 mTorr (75%) and 7 mTorr (82%).

The optimization of the electrical and optical properties, 
and the surface morphology of the  SnO2 film are depend-
ent on deposition parameters, such as power, pressure, and 
temperature. The current study strongly demonstrates the 
potential application of  SnO2 thin film deposited at 10 mTorr 
and 30 W power with thickness of 60 nm for PSCs to achieve 
higher light conversion efficiency. Thus, further investigation 
is recommended to establish the optimal fabrication param-
eters and resulting electrical and optical properties including 
homogeneity and quality of the films.

Acknowledgements For the experimental part of this research, labo-
ratory facilities at the CARF (Central Analytical Research Facility), 
QUT was used as a part of Master of Engineering project. No financial 
support was received for the work.

Data availability The data that support the findings of this study are 
available from the first and corresponding author, Chijioke Raphael 
Onyeagba, upon reasonable request.

Declarations 

Conflict of interest The authors declare no known competing finan-
cial interests or personal relationships that could influence the work 
reported in this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Islam, M., Saha, S.C., Yarlagadda, P.K., Karim, A.: A tool 
to minimize the need of Monte Carlo ray tracing code for 3D 
finite volume modelling of a standard parabolic trough collec-
tor receiver under a realistic solar flux profile. Energy Sci. Eng. 
8(9), 3087–3102 (2020)

 2. Islam, M., Yarlagadda, P., Karim, A.: Effect of the orientation 
schemes of the energy collection element on the optical perfor-
mance of a parabolic trough concentrating collector. Energies 
12(1), 128 (2018)

 3. Xu, Y., Li, J., Tan, Q., Peters, A.L., Yang, C.: Global status 
of recycling waste solar panels: a review. Waste Manage. 75, 
450–458 (2018)

 4. Chowdhury, M.S., et al.: An overview of solar photovoltaic pan-
els’ end-of-life material recycling. Energ. Strat. Rev. 27, 100431 
(2020)

 5. Ahmadi, S., et al.: The role of physical techniques on the prepa-
ration of photoanodes for dye sensitized solar cells. Int. J. Pho-
toenergy 2014, 1–19 (2014)

 6. Bloss, W., Pfisterer, F., Schubert, M., Walter, T.: Thin-film solar 
cells. Prog. Photovoltaics Res. Appl. 3(1), 3–24 (1995)

 7. Wojciechowski, K., et al.: C60 as an efficient n-type compact 
layer in perovskite solar cells. J. Phys. Chem. Lett. 6(12), 2399–
2405 (2015)

 8. NREL: Best research-cell efficiency chart. US Department of 
Energy, ed, 2020. Available: https:// www. nrel. gov/ pv/ cell- effic 
iency. html. Accessed Dec 2022

 9. Ke, W., et al.: Low-temperature solution-processed tin oxide as 
an alternative electron transporting layer for efficient perovskite 
solar cells. J. Am. Chem. Soc. 137(21), 6730–6733 (2015)

 10. Jeong, J., et al.: Pseudo-halide anion engineering for α-FAPbI3 
perovskite solar cells. Nature 592(7854), 381–385 (2021)

 11. Madani, S.S.: Investigation of Charge Transport Metal Oxides 
for Efficient and Stable Perovskite Solar Cells. Queensland Uni-
versity of Technology (2022)

 12. Lin, B.-Y., et al.: Effects of electron transport layer thickness 
on light extraction in corrugated OLEDs. Opt. Express 30(11), 
18066–18078 (2022)

 13. Jeyakumar, R., Bag, A., Nekovei, R., Radhakrishnan, R.: Influ-
ence of electron transport layer  (TiO2) thickness and its doping 
density on the performance of  CH3NH3PbI3-based planar per-
ovskite solar cells. J. Electron. Mater. 49(6), 3533–3539 (2020)

 14. Nukunudompanich, M., Suzuki, K., Hasegawa, K., Fourmond, 
E., Fave, A., et al.: Effect on compact-TiO2 by spray pyrolysis 
technique and its interface between  TiO2/Si layer for tandem 
solar application. The 85th Electrochemical Society of Japan 
Spring Metting, Mar 2018, Tokyo, Japan. hal-02063845

 15. Lu, H., Ma, Y., Gu, B., Tian, W., Li, L.: Identifying the optimum 
thickness of electron transport layers for highly efficient perovs-
kite planar solar cells. J. Mater. Chem. A 3(32), 16445–16452 
(2015)

 16. Jiang, Q., et al.: Enhanced electron extraction using  SnO2 for 
high-efficiency planar-structure HC  (NH2)  2PbI3-based perovs-
kite solar cells. Nat. Energy 2(1), 1–7 (2016)

 17. Kim, M., et al.: Conformal quantum dot–SnO2 layers as elec-
tron transporters for efficient perovskite solar cells. Science 
375(6578), 302–306 (2022)

 18. Baena, J.P.C., et al.: Highly efficient planar perovskite solar 
cells through band alignment engineering. Energy Environ. Sci. 
8(10), 2928–2934 (2015)

http://creativecommons.org/licenses/by/4.0/
https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html


37Materials for Renewable and Sustainable Energy (2023) 12:31–37 

1 3

 19. McAleer, J.F., Moseley, P.T., Norris, J.O., Williams, D.E.: Tin 
dioxide gas sensors. Part 1.—Aspects of the surface chemistry 
revealed by electrical conductance variations. J. Chem. Soc. 
Faraday Trans. 83(4), 1323–1346 (1987)

 20. Gokulakrishnan, V., Parthiban, S., Jeganathan, K., Ramamurthi, 
K.: Investigations on the structural, optical and electrical proper-
ties of Nb-doped  SnO2 thin films. J. Mater. Sci. 46(16), 5553–
5558 (2011)

 21. Jung, K.-H., Seo, J.-Y., Lee, S., Shin, H., Park, N.-G.: Solution-
processed  SnO2 thin film for a hysteresis-free planar perovskite 
solar cell with a power conversion efficiency of 19.2%. J. Mater. 
Chem. A 5(47), 24790–24803 (2017)

 22. Kim, J.Y., et al.: New architecture for high-efficiency polymer 
photovoltaic cells using solution-based titanium oxide as an opti-
cal spacer. Adv. Mater. 18(5), 572–576 (2006)

 23. Lee, K., Kim, J. K., Heeger, A. J.: New architecture for high-effi-
ciency polymer photovoltaic cells using solution-based titanium 
oxide layer. Proc. SPIE 6117, Organic Photonic Materials and 
Devices VIII, 61170T (2006). https:// doi. org/ 10. 1117/ 12. 640666 

 24. Terrier, C., Chatelon, J., Roger, J.: Electrical and optical properties 
of Sb:  SnO2 thin films obtained by the sol–gel method. Thin Solid 
Films 295(1–2), 95–100 (1997)

 25. Kim, J.Y., Lee, J.-W., Jung, H.S., Shin, H., Park, N.-G.: High-
efficiency perovskite solar cells. Chem. Rev. 120(15), 7867–7918 
(2020)

 26. Yoo, J.J., et al.: Efficient perovskite solar cells via improved car-
rier management. Nature 590(7847), 587–593 (2021)

 27. Ling, S., Anderson, M.: Development and evolution of thin film 
microstructures: A Monte Carlo approach. J. Electron. Mater. 
17(5), 459–466 (1988)

 28. Park, S.Y., Zhu, K.: Advances in  SnO2 for efficient and stable 
n–i–p Perovskite solar cells. Adv. Mater. 2110438 (2022).  https:// 
doi. org/ 10. 1002/ adma. 20211 0438. https:// www. osti. gov/ biblio/ 
18602 38

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1117/12.640666
https://doi.org/10.1002/adma.202110438
https://doi.org/10.1002/adma.202110438
https://www.osti.gov/biblio/1860238
https://www.osti.gov/biblio/1860238

	Investigating the properties of tin-oxide thin film developed by sputtering process for perovskite solar cells
	Abstract
	Introduction
	SnO2 thin-film preparation
	Characterization
	Surface morphology
	Film thickness and roughness
	Electrical properties
	Optical properties

	Summary
	Acknowledgements 
	References




