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Abstract. Tin (IV) oxide (SnO,) is a promising metal oxide (MO) semiconductor with
potential in perovskite solar cells (PSCs) as an electron transport layer (ETL). The development
of an additive-free SnO> thin film with enriched optical properties using a cost-effective method
is still a challenge. Herein, we report the influence of Ultraviolet-ozone (UVO) at different
irradiation times, ranging from 2.5 min to 5 min, on SnO; thin films. The additive-free
hydrothermally synthesized SnO, thin films were deposited on an FTO substrate using the slot-
die method. The thin films were characterised using a range of analytical techniques to evaluate
their structural and optical properties. X-ray diffraction (XRD) confirmed SnO, crystallization
into the tetragonal cassiterite phase. The surface irradiation of SnO; thin films with UVO led
to an increase in average crystallite size. Variation in the bandgap energy was observed
following distinct changes in optical absorption upon UVO-irradiation. The photoluminescence
(PL) studies revealed the enhancement in defect emission intensity following an increase in
UVO-irradiation time. These findings emphasize the significance of UVO-irradiation in tuning
the optical properties of SnO, thin films for application as an ETL in PSCs.

1 Introduction

This document has instructions for writing your For several decades, photovoltaic (PV) devices have been considered
viable methods of producing renewable energy and trusted to replace fossil fuels. Several renewable technologies have been
explored such as geothermal, solar, and wind [1]. PV devices such as perovskite solar cells (PSCs) and organic solar cells
(OSCs) have encountered challenges associated with the transition from laboratory to industrial scale [2]. Thin film devices
for these technologies rely solely on the solution-processed materials.

PV devices use the bulk heterojunction (BHJ) configuration to separate excitons at the donor/acceptor interface [3]. This
configuration is highly favoured due to the reported impressive power conversion efficiency (PCE) of 25.5 % in PSCs [4].
The efficiency, cost-effectiveness, flexibility, and lightweight construction make PSCs a viable alternative to silicon-based
SCs [5]. In traditional n-i-p architecture, PV devices use inorganic metal oxides (MOs) such as CuO, SnO,, TiO», and ZnO
etc. as indispensable electron transport layers (ETLs) to achieve high performance [6]. The ETL in PSCs plays a vital role
in functioning, stability, scalability and the efficiency as it allows extraction of electrons from the perovskite layer while
blocking holes. Organic ETL materials such as carbazole-based PACs have been explored due to their excellent charge
transportation through which over 25% efficiency has been achieved [7]. However, they lack long-term stability at high



temperatures and under ultraviolet illumination, which can hinder their application in PV devices hence inorganic MOs are
highly favoured.

It should be noted that MOs demonstrate the greatest potential due to their high transparency, conductivity and user-friendly
preparation approaches. A significant shift from TiO; to SnO; as the preferred ETL has been reported [8]. This is due to
misalignment of TiO, with perovskite materials, leading to enhanced exciton recombination, which has a negative effect on
device performance. Among MOs, SnO: has extraordinary electron mobility (240cm?V-'s™) and compatible band alignment
with perovskite materials that alleviate charge transportation at a reduced recombination rate [9]. However, the presence of
metal-vacancy defects on the surface causes deterioration of device stability and efficiency. Such defects tend to trap
photogenerated carriers and hinder the charge transfer process. Other researchers pretreated SnO, precursors with water-
soluble polymers to modify its interface in PSCs [10]. Moreover, various process parameters during deposition such as
annealing, thickness, and time were explored leaving out post-treatment of the films. Thus, it is desirable to expose thin
films to radiation as a way of passivation and reducing surface defects.

The performance ETL within the SC device rely on several factors like the specific surface area (SSA) and operation
environment [ 11]. The preparation and design of ETL with large SSA and extraordinary charge transfer of high significance.
SnO; can be prepared using various synthesis methods i.e. chemical precipitation, hydrothermal, and solvothermal reaction
to produce different structures and shapes (nanoflower, nanoneedle etc.). For over a decade, research has mainly focused
on using the spin coater to deposit MOs for SC applications. However, other solution-based deposition methods have been
developed such as blade coating, dip coating, slot-die coating and spray coating [12]. Some deposition techniques have
numerous issues associated with cost, stability, and reproducibility. Bu et al. demonstrated the feasibility of using the slot-
die coating as the most successful method for large area mass production of solution-processed films [13]. Slot-die is a
prevalent wet chemical deposition method that is operated at ambient environment to deposit a variety of materials desirable
for optoelectronic applications [14]. It has the potential for scaling up the deposition of different essential layers for PSCs.

The primary goal of this study is to undertake the preliminary endeavour in growing SnO» thin films using the slot-die
coater. The effect of UVO-irradiation time is investigated to gain insights into the structural and optical properties. The SnO,
thin films were treated with UVO for 2.5 and 5 min after annealing. A significant change in structural and optical properties
was observed. UVO-irradiation considerably improved the crystallite size and structural disorder, thereby minimizing the
oxygen vacancies and enhancing the optical transmittance. UVO treatment has proven to be technologically efficient in
producing SnO, with reduced defect density, desirable for PSCs as effective ETL.

2 Experimental

2.1 Materials

The precursors were procured from Sigma-Aldrich Pty. Ltd., South Africa and used in their analytical grade state
without further purification. The reagents used for the preparation of SnO» nanoparticles were tin tetrachloride
(IV) pentahydrate (SnCls-SH,0 98%) and ammonium hydroxide (NH4OH, 28-30%).

2.2 Materials synthesis

The SnO; nanoparticles were synthesized as follows: 4g SnCl,-5H,O was dissolved in 60 ml of ethanol and 20
ml of deionised (DI) water. An NH4OH solution was added dropwise while continuously stirring using a magnetic
hotplate until the pH was adjusted to 14. The obtained solution mixture was transferred into a Teflon autoclave
(60 ml) and heated at 200°C for 24 hrs. After cooling, the product was thoroughly washed with ethanol and DI
water using a centrifuge to remove residues.

2.3 Thin film deposition

The 12 mm X% 12 mm FTO substrates were cleaned sequentially for 10 min in a Sonic-Clean Labotec ultrasonic
bath using Sunlight detergent solution, ethanol, and deionised (DI) water. The substrates were blow-dried using
nitrogen (N») gas, followed by UVO cleaning for 10 min and fixed on a slot die hot plate prior to deposition. The
slot-die coating was performed using Ossilla (L2005A1) coater at the speed of 0.5 mm/s, dispense rate 5 uL/s
with the substrate preheated to 80°C. The downstream coating gap (hd) was retained at ~0.1 mm. The as-
deposited SnO; thin films were annealed at 550°C for 2 hrs and exposed to UVO-irradiation for different times
(2.5 and 5 min) at room temperature.



2.4 Thin film characterization

The phase identification and purity were probed using Bruker D2 phaser XRD (Cu-Ko radiation, A=1.5418 A, 40
kV, 30 mA at a scanning speed of 0.05°/min. The absorption characteristics were measured using an Agilent Cary
60 BIO ultraviolet-visible (UV-Vis) spectrophotometer. A fluorescence spectrophotometer (Hitachi F-7000)
equipped with a 150 W xenon arc lamp was used to acquire luminescence measurements.

3 Results and discussion
3.1 Structural analysis

Figure 1(a) shows the XRD diffractograms of as-deposited and UVO-irradiated SnO, thin films acquired in the
20 range 20 - 60°. The as-deposited thin film exhibited a poor crystalline phase of SnO, with characteristic peaks
at 26.6°,33.6°,37.9°,51.7°, 54.4° and 56.8°. The observed diffraction peaks align well with the tetragonal rutile
phase (cassiterite) from reference JCPDS#41-1445 [15], without impurities from precursors. The diffractions
marked with asterisks (¥) are associated with the fluorine-doped tin oxide (FTO) substrate used. Moreover, the
diffractions marked with the sun (3¥) at 37.7°, ~54.6°, and ~56.7° become more apparent with an increase in
UVO-irradiation time. The crystallite size of the thin films was estimated using the Debye-Scherrer equation,
adopting the (110) and (101) dominant and resolved peaks [16]. The obtained values for the as-deposited, 2.5

and 5 min irradiated thin films were 5.93, 6.68, and 6.84 nm, respectively. These values indicate that UVO-
irradiation led to an increase in crystallite size.
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Figure 1: (a) XRD spectra of as-deposited and UVO-irradiated SnO2 thin films, (b) close inspection of the (101)
XRD peak.
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An enlarged view of the (101) reflection for the as-deposited and UVO-irradiated thin films is presented in Figure
1(b). Upon UVO-irradiation, there is no appreciable peak shifting, indicating that oxygen ions were well
incorporated into the SnO; crystal lattice and did not cause the structural distortions. Notably, there is an increase
in diffraction intensity for the UVO-irradiated thin films, indicative of improved crystallinity.

3.2 Optical analysis

The UV-Vis absorption spectra of as-deposited and UVO-irradiated SnO, thin films are presented in Figure 2(a).
The as-deposited thin film exhibited significant absorption at ~305 nm in the ultraviolet region, distinctive of an
electron transfer from the valence band (VB) to the conduction band (CB) in SnO» [17]. A decline in absorbance
is observed throughout the entire spectral region, concurrent with the shift to the lower wavelengths. The
reduction in absorbance is associated with an increase in transmittance. This is caused by improved crystallinity,
which minimizes grain boundaries that scatter light, thereby allowing the photons to be transmitted through the
lattice [18]. The observed blueshift represents the modification of the electronic states of SnO, by UVO-



irradiation.
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Figure 2: (a) Absorption spectra and (b) plot of (athv)? vs (hv) for the as-deposited and UVO-irradiated SnO; thin
films.

Figure 2(b) shows the optical energy bandgap (E,) estimated using the Tauc’s plot based on the relation (ahv)”
vs hv due to the direct transition n = 2, by extrapolating (a4v)? to 0 [19]. The values of optical E, increase with
an increase in UVO-irradiation time. An E, increase indicates the enhancement of transparency in the visible
region while maintaining strong electrical conductivity, which is beneficial for ETL in PSCs [20]. This is
attributed to the Burstein—Moss effect, due to an increase in free carrier concentration occupying the lower energy
states in the CB [21]. The behaviour suggests that UVO-irradiation strengthens the interatomic bonding. Further
analysis of absorption characteristics is conducted by determining the Urbach energy (Ev), thereby probing the
localized defect levels in the E; using equation (1):

o = oy + exp (Z—Z), (1

where o is the absorption coefficient, o represents the pre-exponential factor, and Ey denotes the band tail
energies. The Ey values are estimated by applying the natural logarithm to equation (1) and taking the reciprocal
of the slope of the linear fit below the E, from the plot of /n() vs hv presented in Figure 3(a). The values of Ey
decrease with an increase in UVO-irradiation time. Thus, UVO-irradiation reduces the structural disorder, which
represents a better atomic arrangement and less internal stress [22].
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Figure 3: (a) Ln(a) vs hv (b) PL Excitation and Emission spectra of as-deposited and UVO-irradiated SnO; thin
films.



Figure 3(b) illustrates the excitation and emission characteristics of the as-deposited and UVO-irradiated SnO»
thin films. The optimal excitation was achieved at 1,,=325 nm and used to monitor the emission obtained at
Aen=395 nm. The excitation spectra show a strong absorption, which should be ascribed to the transition of
electrons from the VB to the CB in SnO». The as-deposited and UVO-irradiated thin films exhibit well-defined
emissions peaking in the ultraviolet region (340 — 470 nm) and green region (470 — 550 nm). Generally, PL
emission of SnO, thin films emanates from various intrinsic defects such as tin interstitials (Sn;), oxygen
vacancies (Vo) and dangling bonds [23]. Upon UVO-irradiation for 2.5 min, the emission intensity at 395 nm
progressively increased, and at 5 min of irradiation, there was an insignificant change. This emission is ascribed
to an electron transition from the lower edge of the CB to the doubly ionized VZ* situated above the VB [24].
Similarly, the 509 nm peak resembled an enhancement in the intensity with UVO-irradiation. This emission
represents the creation of singly ionized (V) [25]. According to Ahmed et al. [26], the negatively charged
oxygen develops a repulsive force and produce an acceptor state (holes) by shifting the VB levels upper into the
forbidden gap. Owing to a weak repulsive force, an acceptor energy level is introduced by V', which causes the
recombination of electrons trapped at V§ with holes produced in the VB. This leads to an increase in 509 nm
emission mediated by V. It can be concluded that 5 min UVO-irradiation time is optimal for achieving high
intensity, with the likelihood of reduced intensity for longer irradiation times. It is well noted that excitation and
emission spectra are slightly blueshifted, and this agrees well with the E, widening observed in the absorption
results. Thus, Vo defects were minimised, symbolising the enhancement of thin film quality through the increase
in oxygen density. The increase in emission intensity indicates a delay in the recombination rate, which is vital
for an ETL towards more photogenerated electron-hole pair generation and charge transfer.

4 Conclusion

The influence of UVO-irradiation time on SnO, thin films grown using the slot-die method was successfully
investigated. The thin film properties were studied using XRD, UV-Vis, and PL techniques. The UVO-irradiated
thin films revealed an increase in crystallite size with an increase in UVO-irradiation time. There was a substantial
variation in E, upon increasing UVO-irradiation time, which signified the changes in defect states and light
transmission. An estimated Ey was reduced with the increase in UVO-irradiation time, suggesting lessened
crystal disorder and defect density. The PL emission revealed a reduction in O defects upon increasing the UVO-
irradiation time. Thus, the improved structural and optical properties are attributed to enhanced transmittance and
reduced recombination losses. These discoveries underscore the importance of UVO-irradiation and provide
guidelines for developing effective ETL for PSCs.
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