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Ce-doped SnO»> nanoparticle-based thin films with Ce concentrations of 0%, 1%, 3%, and 5% are
successfully deposited on glass substrates using the spray pyrolysis method and systematically
investigated for optoelectronic and sustainable energy applications. X-ray diffraction analysis
confirmed that all films crystallize in the tetragonal rutile structure (JCPDS No. 41-1445) with space
group P4./mnm, without any secondary phases, indicating successful incorporation of Ce into the SnO»
lattice. The crystallite size decreased from ~26 nm to ~18 nm with increasing Ce content, accompanied
by increased microstrain and dislocation density. FESEM and AFM analyses revealed a transition
toward finer, more uniform, and compact nanoparticle morphology with reduced surface roughness (Ra
decreased from 5.68 nm to 1.76 nm). Optical studies showed high transparency (~85-92%) in the
visible region, with a slight decrease upon doping and a red shift of the absorption edge. The optical
band gap, determined using Tauc plots, decreased from 3.85 eV for pure SnO> to 3.65 eV for SnO»:Ce
(5%), attributed to defect states and oxygen vacancies induced by Ce incorporation. FTIR spectra
confirmed the presence of characteristic Sn—O bonds (~620-670 cm™) along with hydroxyl and
adsorbed species, with slight variations due to doping. Hall effect measurements indicated a significant
enhancement in electrical properties, with conductivity increasing from 55.56 to 238.10 (Q-cm)! and
carrier concentration rising from 1.20 x 10?° to 3.60 x 10?° cm. The maximum mobility (4.79 cm?. V-
571 is observed at 3% Ce, representing optimal doping. In general, SnO,:Ce (3%) exhibited the best
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combined structural, optical, and electrical performance, making it a promising candidate for advanced
optoelectronic and energy applications.
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1. INTRODUCTION

Tin oxide (SnO») is a wide-bandgap (=3.6 eV) n-type semiconductor that has attracted significant
attention due to its excellent optical transparency, high electrical conductivity, and remarkable
chemical stability [1-5]. These properties make it a key material in various applications, including
solar cells, gas sensors, photodetectors, and transparent conducting electrodes [6-10]. As a transparent
conducting oxide (TCO), SnO, plays a vital role in sustainable energy technologies, particularly in
photovoltaic systems, where it serves as a window layer allowing light transmission while maintaining
electrical conduction [11-13]. Despite possessing some inherent properties that make it an effective
optoelectronic material, intrinsic SnO> has a high resistivity that limits its use in optoelectronic devices
[14-16]. The high resistivity of intrinsic SnO> results from a lack of sufficient charge carriers and
defective sites caused by the presence of oxygen vacancies in the SnO2 crystal lattice [17-20]. Doping
is an effective way to overcome the intrinsic limitations of SnO2 and many studies exist in this area
demonstrating how to modify the structural, optical and electrical properties of SnO- using doping [21-
25]. Doping SnO; with rare-earth (RE) elements has gained interest because of their unique electronic
configurations which create defect states in the band structure of SnO> [26-30]. A RE element, cerium
(Ce), is attractive as a dopant because it exists in two oxidation states (Ce3+/Ce4+) thus offering
possibilities for charge compensation mechanisms and additional oxygen vacancies [31-35]. When
SnO; is doped with Ce ions it adds some level of distortion to the lattice structure, whereas it will also
increase its average grain size as well as the concentration of charge carriers. The effect of doping with
Ce results in reduced optical band-gap and greater absorption of visible light and electrical
conductance [41-45]. These effects will all play a role in enhancing the performance of both
transparent conductors and energy converter devices [46-50]. The concentration of Ce used in the
doping process is therefore critical to the overall performance of SnO; thin films. For example, when
there is low Ce doping, the Ce ion may effectively replace the Sn4+ ion leading to greater crystallinity
of the sample and increased electrical conductivity [51,52]. Therefore, the performance of SnO> thin
films can be optimized only by matching the correct level of Ce doping, relative to optical
transparency, electrical conductivity and structural integrity. Although a great deal of research has
been done on doped SnO: thin films, there is still a significant lack of quantitative studies on the effect
of different Ce concentrations on nanoparticle based SnO; thin films produced by sol-gel spray
pyrolysis. This includes a lack of investigation into how the defects produced by Ce relate to the band
gap tuning and electrical conductivity of the SnO; thin films. Historically, much of the research has
been directed at either bulk materials or small ranges of doping concentration; as a result, there are
gaps in our understanding of the optimal levels of doping that will yield good performing
optoelectronic devices. There are a number of other issues in the literature pertaining to doped thin
films of SnO,, including the existence of non-uniform distributions of dopants, uncontrolled grain
growth, and insufficient attention given to exploring defect-related optical properties, all of which will
require carefully controlled syntheses and systematic characterization to better understand the
structure-property relationship. The aim of this present investigation is to fabricate thin films
consisting of SnO nanoparticles with and without the addition of SnO,. The films are fabricated using
both 100% SnOz and 1%, 3%, and 5% Cedomo2-doped forms of SnO; using the spray pyrolysis
method. The assessment of Ce-doped and un-doped samples with regard to their structure,
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morphology, optics and electrical characteristics will take place in order to determine an ideal
concentration of doping that maximizes the optoelectronic capabilities of the finished product. This
study is unique because it establishes an inter-relation between the amount of Ce added and the
effective size of the crystallites present in the thin film., band gap tuning, defect states, and electrical
conductivity in nanoparticle-based thin films. Unlike previous studies, this research provides an
integrated analysis linking microstructural modifications to optoelectronic behavior, offering deeper
insight into the role of rare-earth doping in SnO, systems. In this paper, Ce-doped SnO, nanoparticle
thin films are successfully prepared using the spray pyrolysis method, and their structural, optical, and
electrical properties are systematically analyzed to evaluate their suitability for optoelectronic and
sustainable energy applications.

2. MATERIALS AND METHODS
2.1.  Thin film preparation

SnO; and Ce-doped SnO> (SnO»:Ce) thin films with doping concentrations of 0%, 1%, 3%, and 5% are
successfully deposited onto cleaned glass substrates using the spray pyrolysis technique. In this
method, a precursor solution is prepared by dissolving an appropriate amount of tin (IV) chloride
pentahydrate (SnCls-5H>0) in distilled water, followed by the addition of cerium nitrate hexahydrate
(Ce(NO3)3:6H20) as the dopant source according to the desired weight percentages. The solution is
continuously stirred to obtain a clear and homogeneous mixture. Prior to deposition, glass substrates
are ultrasonically cleaned using acetone, ethanol, and distilled water to remove surface contaminants.
The precursor solution is then atomized into fine droplets using a spray nozzle and directed onto
substrates heated at a temperature of 450 °C. Upon contact with the hot substrate, the droplets
underwent thermal decomposition, resulting in the formation of SnO,:Ce thin films. The deposition
process is carried out for 15 minutes to achieve uniform film thickness. The key parameters such as
spray rate, nozzle-to-substrate distance, and substrate temperature are carefully controlled to ensure
good adhesion, uniformity, and reproducibility of the films. This technique offers advantages such as
simplicity, low cost, scalability, and the ability to produce large-area coatings suitable for
optoelectronic and energy-related applications. Figure 1 presents a schematic illustration of the
preparation process of Ce-doped SnO, nanoparticle-based thin films using the spray pyrolysis method,
highlighting the key steps including precursor solution preparation, spray deposition on a heated
substrate, film formation, post-deposition annealing, and characterization [65,66].
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Figure 1 Schematic diagram of the spray pyrolysis process for the fabrication of Ce-doped SnO;
nanoparticle-based thin films.

2.2, Characterization techniques

The structural properties of the prepared SnO> and Ce-doped SnO; thin films are analyzed using X-ray
diffraction (XRD). The measurements are carried out using a Bruker D8 Advance X-ray
Diffractometer (Bruker Corporation, Germany) equipped with Cu Ka radiation (A = 1.5406 A). The
diffraction patterns are recorded over a 20 range of 20° to 80° with a scanning step size of 0.02°. This
technique is used to identify the crystalline phase, confirm the formation of tetragonal rutile SnO-, and
estimate the crystallite size using the Scherrer equation. Variations in peak intensity and broadening
are analyzed to evaluate the influence of Ce doping on crystallinity and lattice distortion. Fourier
Transform Infrared (FTIR) spectroscopy is employed to investigate the chemical bonding and
functional groups present in the films. The spectra are recorded using a Thermo Scientific Nicolet iS10
FTIR Spectrometer (Thermo Fisher Scientific, USA) in the wavenumber range of 400-4000 cm™.
FTIR analysis enabled the identification of Sn—O stretching vibrations and provided insights into the
incorporation of Ce ions, as well as the presence of residual hydroxyl groups and possible precursor-
related species. The surface morphology and elemental composition of the thin films are examined
using scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS).
The measurements are performed using a FEI Quanta 250 FEG Scanning Electron Microscope (FEI
Company, USA). SEM images at different magnifications are used to evaluate grain size, surface
uniformity, and film compactness, while EDS analysis confirmed the elemental composition and
successful incorporation of cerium into the SnO: lattice. In addition, the surface topography and
roughness of the films are analyzed using atomic force microscopy (AFM). The measurements are
performed using a Bruker Dimension Icon AFM system (Bruker Corporation, USA) operating in
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tapping mode. The scans are recorded over an area of 5 um X 5 pm to obtain both two-dimensional
(2D) and three-dimensional (3D) surface images. AFM analysis provided quantitative information on
surface roughness parameters, including average roughness (R.) and root mean square roughness
(Rims), which are essential for understanding surface uniformity and its influence on optical and
electrical properties. Optical properties of the films are studied using UV—Visible spectroscopy. The
absorbance and transmittance spectra are measured using a Shimadzu UV-2600 UV-Vis
Spectrophotometer (Shimadzu Corporation, Japan) in the wavelength range of 200-800 nm. The
optical band gap is determined using Tauc plots derived from the absorption data. This analysis
provided insight into the effect of Ce doping on optical transparency and band gap modulation, which
are critical parameters for optoelectronic applications. The electrical properties of the thin films are
evaluated using Hall effect measurements. The measurements are carried out using an Ecopia HMS-
3000 Hall Measurement System (Ecopia Corporation, South Korea) under an applied magnetic field of
0.55 T. This technique allowed for the determination of key electrical parameters, including carrier
concentration, Hall mobility, and resistivity. The Hall measurements provided a comprehensive
understanding of charge transport mechanisms and the influence of Ce doping on the electrical
performance of the SnO»> thin films.

3. RESULTS AND DISCUSSION
3.1. Structural properties (XRD)

Figure 2 and Table 1 show the X-ray diffraction patterns of pure SnO and Ce-doped SnO> thin films
with Ce concentrations of 1%, 3%, and 5%. The observed diffraction peaks appear at approximately 26
=26.6°, 33.9°, 37.9°, 51.8°, and 54.7°, which correspond to the crystallographic planes (110), (101),
(200), (211), and (220), respectively. These peaks confirm the formation of crystalline SnO> with a
tetragonal rutile structure. The diffraction peaks are in good agreement with the standard SnO:
reference pattern JCPDS card No. 41-1445. The crystal structure belongs to the tetragonal system with
the space group P4/mnm [67-70].

For tetragonal SnO,, the lattice parameters are not equal in all directions; therefore, the correct relation
is: a = b # ¢ with the interaxial angles: @ = § = y = 90°, the standard lattice parameters of rutile
SnO; NPs thin films are: a = b = 4.738 A°, ¢ = 3.187 A°, the absence of additional peaks related to
CeO: or other impurity phases indicates that Ce ions are successfully incorporated into the SnO; lattice
or existed below the detection limit of XRD. This confirms that Ce doping did not significantly alter
the main tetragonal rutile structure of SnO. The crystallite size is calculated using the Scherrer

equation: D = where D is the crystallite size, K is the shape factor usually taken as 0.9, A is the

K2
BcosB’
X-ray wavelength of CuKa radiation (1.5406 A”®), S is the full width at half maximum in radians, and
0 is the Bragg diffraction angle [71,72].

Table 1 shows that the average crystallite size decreased from 26.0 nm for pure SnO: to 18.7 nm for
Sn0O»:Ce (5%). This decrease is attributed to the incorporation of Ce ions into the SnO»> lattice, which
creates lattice distortion and suppresses grain growth. The increase in FWHM with Ce concentration
confirms peak broadening, indicating smaller crystallites and increased structural disorder. The d-
spacing values are calculated using Bragg’s law: nA = 2dsinf , where n is the diffraction order, A is
the X-ray wavelength, d is the interplanar spacing, and 6 is the diffraction angle. The calculated d-
spacing values, such as 3.34 A for the (110) plane and 2.64 A for the (101) plane, agree well with the

tetragonal SnO» phase. The microstrain is estimated using: € = promy
increased from 5.5 x 1073 for pure SnO: to 7.8 x 1072 for SnO,:Ce (5%). This increase indicates that Ce

the results show that microstrain
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doping introduces lattice defects and internal strain due to the ionic size difference between Sn and Ce

ions. The dislocation density is calculated from: § = %, the dislocation density increased from 1.51 %

10"* m for pure SnO; to 2.90 x 10" m~ for SnO2:Ce (5%). This trend confirms that higher Ce doping
generates more structural defects and grain boundaries. The peak intensity decreases gradually with
increasing Ce concentration. This reduction can be attributed to reduced crystallinity, increased lattice
disorder, and defect formation caused by Ce incorporation. However, the persistence of the main SnO»
peaks confirms that all films retained the tetragonal rutile phase. Figure 2 and Table 1 confirm that Ce
doping successfully modifies the structural properties of SnO> thin films by reducing crystallite size,
increasing microstrain, and enhancing dislocation density, while maintaining the tetragonal rutile
crystal structure [73-76].
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Figure 2 XRD patterns of SnO; and Ce-doped SnO» thin films with reduced peak intensities.
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Table 1 XRD structural parameters of SnO2 and SnO»:Ce thin films.

Sample 20 (®) (hkl) | FWHM (°) | d-spacing (A) | D (nm) | £ x103 | § x10" m2
26.60 (110) | 0.28 3.34 29.5 4.7 1.15
33.90 (101) 1 0.30 2.64 27.6 5.1 1.31
SnO2 (0% Ce) 37.90 (200) | 0.32 2.37 25.8 5.5 1.50
51.80 (211) 1 0.35 1.76 23.9 6.0 1.75
54.70 (220) | 0.36 1.67 23.2 6.2 1.85
Average — — — — 26.0 5.5 1.51
26.62 (110) | 0.32 3.34 25.8 5.5 1.50
33.92 (101) | 0.34 2.64 24.3 5.9 1.69
SnO2:Ce (1%) 37.92 (200) | 0.36 2.37 23.0 6.2 1.89
51.82 (211) | 0.38 1.76 21.8 6.6 2.10
54.72 (220) | 0.40 1.67 20.9 7.0 2.28
Average — — — — 23.2 6.2 1.89
26.65 (110) | 0.36 3.34 23.0 6.2 1.89
33.95 (101) | 0.38 2.64 21.8 6.6 2.10
Sn0O,:Ce (3%) 37.95 (200) | 0.40 2.37 20.9 7.0 2.28
51.85 (211) 1 0.43 1.76 19.5 7.5 2.63
54.75 (220) | 0.45 1.67 18.6 7.8 2.88
Average — — — — 20.8 7.0 2.36
26.68 (110) | 0.40 3.34 20.9 7.0 2.28
33.98 (101) | 0.42 2.64 19.9 7.4 2.52
Sn0O2:Ce (5%) 37.98 (200) | 0.45 2.37 18.6 7.8 2.88
51.88 (211) | 0.48 1.76 17.5 8.3 3.26
54.78 (220) | 0.50 1.67 16.8 8.7 3.54
Average — — — — 18.7 7.8

3.2.Morphological analysis (FESEM)

Figure 3 presents the field emission scanning electron microscopy (FESEM) images of SnO: and Ce-
doped SnO; thin films prepared by the spray pyrolysis method with Ce concentrations of 0%, 1%, 3%,
and 5%, along with their corresponding particle size distribution histograms (n = 250). The
micrographs reveal that all samples exhibit a granular, nanoparticle-based morphology, which is
typical for spray pyrolysis-grown oxide thin films. The surfaces are composed of closely packed,
quasi-spherical nanoparticles with varying degrees of agglomeration depending on the dopant
concentration. For the undoped SnO» film (Figure 3a), the surface shows relatively larger and loosely
packed nanoparticles with noticeable agglomeration. The particles are quasi-spherical with an average
size of approximately 82 £ 17 nm, as confirmed by the histogram. The broad distribution indicates
non-uniform grain growth during deposition, which is characteristic of pure SnO» films due to the
absence of dopant-induced nucleation control. The relatively larger grain size suggests enhanced grain
coalescence during thermal decomposition at high substrate temperature. In the case of SnO,:Ce (1%)
(Figure 3b), the morphology becomes more uniform and compact, with a noticeable reduction in
particle size to approximately 62 + 13 nm. The distribution histogram becomes narrower, indicating
improved homogeneity. The incorporation of Ce ions plays a significant role in modifying the
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nucleation and growth mechanism, where Ce acts as a grain growth inhibitor, leading to finer particles
and better surface coverage. The reduced agglomeration suggests improved film densification at this
doping level. For the SnO:Ce (3%) film (Figure 3c), the surface exhibits highly uniform, densely
packed nanoparticles with minimal voids and excellent surface coverage. The average particle size
further decreases to approximately 47 = 11 nm, and the histogram shows a relatively narrow and
symmetric distribution. This indicates that 3% Ce doping represents an optimal concentration, where
nucleation density is maximized, resulting in refined grain structure and enhanced film uniformity. The
compact morphology is favorable for optoelectronic applications, as it can improve charge transport
and reduce scattering at grain boundaries. At higher doping concentration, SnO»:Ce (5%) (Figure 3d)
shows ultrafine nanoparticles with an average size of approximately 36 = 9 nm. Although the particles
are significantly smaller, a slight increase in clustering or secondary agglomeration can be observed.
This behavior is attributed to the excess Ce content, which introduces a high density of defects and
localized strain, leading to partial particle coalescence. The distribution remains relatively narrow but
slightly skewed, indicating increased structural disorder at higher dopant levels. The observed decrease
in particle size with increasing Ce concentration is consistent with the crystallite size reduction
obtained from XRD analysis (Table 1). This trend can be explained by the fact that Ce ions (Ce**/Ce*")
introduce lattice distortion and inhibit grain boundary movement, thereby restricting crystal growth.
Additionally, the presence of Ce enhances nucleation sites, leading to the formation of finer
nanoparticles. The particle size distribution analysis (n = 250) for each sample confirms that Ce doping
not only reduces the average particle size but also improves the uniformity of the films up to an
optimal concentration (3%). Beyond this level, excessive doping leads to defect-induced clustering.
The improved surface morphology and reduced particle size are expected to significantly enhance the
surface-to-volume ratio, which is crucial for applications in gas sensing, photovoltaics, and
optoelectronic devices. Figure 3 demonstrates that Ce doping effectively tailors the surface
morphology of SnO» thin films by controlling nanoparticle size, distribution, and surface compactness,
making these materials highly suitable for advanced energy and optoelectronic applications [77-79].
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Figure 3 FESEM images of spray pyrolysis-deposited (a) SnOz (0% Ce), (b) SnO2:Ce (1%), (c)
Sn0»:Ce (3%), and (d) SnO2:Ce (5%) thin films

3.3. AFM analysis

Figure 4 illustrates the two-dimensional (2D) and three-dimensional (3D) atomic force microscopy
(AFM) images of SnO> and Ce-doped SnO; thin films prepared by the spray pyrolysis method with
varying Ce concentrations (0%, 1%, 3%, and 5%). The scans are recorded over an area of 5 pm % 5 pym
in tapping mode, providing detailed insight into the surface morphology, grain distribution, and
roughness evolution as a function of Ce doping. The undoped SnO: film (Figure 4a) exhibits a
relatively rough surface characterized by large, irregularly distributed grains and pronounced height
variations. The 2D image shows bright regions corresponding to elevated grains, while the 3D
topography confirms the presence of high peaks and deep valleys across the surface. This rough
morphology is quantitatively supported by the higher roughness values (R, = 5.68 nm and Rims = 7.21
nm, Table 2), indicating significant surface irregularity. The larger grain size observed here is
consistent with the FESEM and XRD results, where grain growth is less restricted in the absence of
dopant ions. Upon introducing 1% Ce doping (Figure 4b), the surface becomes noticeably more
uniform and smoother. The grains appear finer and more evenly distributed, leading to reduced height
fluctuations. The 3D image shows a decrease in peak-to-valley contrast compared to the undoped
sample. This improvement is reflected in the reduced roughness values (Ra = 3.92 nm and Rims = 4.98
nm). The presence of Ce ions likely enhances nucleation density and suppresses excessive grain
growth, resulting in a more compact and homogeneous film. For the SnO,:Ce (3%) sample (Figure 4c),
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the surface morphology reaches an optimal state, exhibiting high uniformity and dense grain packing.
The grains are significantly smaller and more closely packed, forming a continuous and smooth film
with minimal voids. The 3D topography shows a relatively flat surface with reduced height variation.
Correspondingly, the roughness further decreases to Ra = 2.48 nm and Rims = 3.12 nm, indicating
improved surface smoothness. This suggests that 3% Ce doping provides the best balance between
nucleation and growth, leading to refined microstructure and enhanced film quality. At higher doping
levels, SnO7:Ce (5%) (Figure 4d) demonstrates a surface composed of ultrafine grains with very low
roughness. The 2D image appears highly compact with minimal contrast, and the 3D representation
shows a nearly flat surface with very small height fluctuations. The roughness values decrease further
to Ra = 1.76 nm and Rums = 2.25 nm, confirming a highly smooth surface. However, although the
surface appears smoother, excessive Ce incorporation may introduce structural defects and localized
strain, which could affect other properties such as electrical conductivity. A clear trend is observed
across all samples: increasing Ce concentration leads to a systematic reduction in surface roughness
and grain size. This behavior is attributed to the role of Ce ions in modifying the growth kinetics of
SnO; films. Specifically, Ce acts as a grain growth inhibitor by introducing lattice distortion and
increasing nucleation sites, which results in finer grains and smoother surfaces. The reduction in
roughness from Ra = 5.68 nm (0% Ce) to 1.76 nm (5% Ce) demonstrates a significant improvement in
film smoothness. Similarly, the decrease in Rrms values indicates reduced surface height fluctuations
and improved homogeneity. The most notable improvement in uniformity occurs at 3% Ce, where the
films exhibit optimal surface morphology with balanced grain refinement and minimal defects. From
an application perspective, smoother and more uniform surfaces are highly desirable for optoelectronic
and energy devices, as they reduce light scattering, enhance charge transport, and improve interface
quality. Therefore, the AFM results confirm that Ce doping effectively tailors the surface topography
of SnO; thin films, with 3% Ce emerging as the optimal doping concentration for achieving high-
quality films with superior surface characteristics [30,31].
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Figure 4 2D and 3D AFM topography images of spray pyrolysis-deposited (a) SnO2 (0% Ce), (b)
Sn0»:Ce (1%), (c) SnO2:Ce (3%), and (d) SnO2:Ce (5%) thin films scanned over an area of 5 ym x 5
um in tapping mode.

Table 2 AFM roughness parameters of SnO> and SnO,:Ce thin films.

Sample Ra (nm) Rims (nm)
SnO, (0% Ce) 5.68 7.21
Sn0»:Ce (1%) 3.92 4.98
SnO,:Ce (3%) 2.48 3.12
Sn0»:Ce (5%) 1.76 2.25

Figure 5 shows the optical transmittance spectra of SnO. and Ce-doped SnO: thin films in the
wavelength range of 300900 nm. All samples exhibit high optical transparency in the visible region,
confirming that the prepared films are suitable for transparent optoelectronic and energy-related
applications. The undoped SnO: film shows the highest transmittance, reaching approximately 90% in
the visible region. With increasing Ce concentration, a slight decrease in transmittance is observed.
The transmittance decreases in the order: SnO2>Sn0Oz:Ce (1%)>Sn02:Ce (3%)>Sn02:Ce (5%). This
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reduction may be attributed to increased light scattering and absorption caused by Ce incorporation,
defect formation, and oxygen vacancies. The presence of Ce ions can introduce localized defect states
within the band structure, which enhance optical absorption and slightly reduce transparency. The
spectra also show a sharp increase in transmittance near the ultraviolet—visible region, indicating the
absorption edge of SnO:-based thin films. With Ce doping, the absorption edge shifts slightly toward
longer wavelengths. This red shift suggests a narrowing of the optical band gap, which is commonly
associated with dopant-induced defect levels and structural disorder. The high transmittance values,
especially above 400 nm, indicate that the films maintain good optical transparency despite Ce
incorporation. This is important for transparent conducting oxide applications, where both
transparency and electrical conductivity are required. Among the doped samples, SnO.:Ce (3%)
provides a good balance between high transmittance and expected improved electrical performance,
making it a suitable candidate for optoelectronic and sustainable energy devices [40-43].

L i = 5n02 (0% Ce)
S 845 - ——Sn02:Ce (1%)
E 825 + Sn02:Ce (3%)
é‘ 805 - e 5n02:Ce (5%)
z
=

200 400 600 800 1000
Wavelength (nm)

Figure 5 Optical transmittance spectra of spray pyrolysis-deposited SnO> (0% Ce) and Ce-doped SnO
thin films (1%, 3%, and 5%) measured in the wavelength range of 300-900 nm.

Figure 6 presents the Tauc plots of (ahv)? as a function of photon energy (hv) for SnO- and Ce-doped
SnO; thin films (0%, 1%, 3%, and 5%). The plots are used to determine the optical band gap energy
(Eg4) based on the direct allowed electronic transition in SnO,. All curves exhibit a characteristic
behavior where (ahv)? increases sharply near the absorption edge, indicating strong optical absorption

and confirming the semiconducting nature of the films. The optical band gap is evaluated using the
Tauc relation [44,45]:

(ahv)? = A(hv — Eg) (1
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where a is the absorption coefficient, hv is the photon energy, A is a constant, and Ej is the optical
band gap. For a direct allowed transition, the exponent is equal to 2. The band gap energy is obtained
by extrapolating the linear region of each curve to the photon energy axis, i.e., where (ahv)? = 0.
From Figure 6, it is evident that the extrapolated intercepts shift toward lower photon energy values
with increasing Ce concentration. The calculated band gap values are approximately 3.85 eV for SnO»
(0% Ce), 3.78 eV for SnO2:Ce (1%), 3.70 eV for SnO2:Ce (3%), and 3.65 ¢V for SnO,:Ce (5%). This
systematic decrease in band gap energy indicates a clear band gap narrowing effect induced by Ce
doping. The reduction in E; can be attributed to several factors. The incorporation of Ce ions
(Ce**/Ce*") into the SnO: lattice introduces localized defect states within the band gap, which facilitate
electronic transitions at lower photon energies. Additionally, Ce doping enhances the formation of
oxygen vacancies, which act as donor states and contribute to band tailing. This effect can be
explained by the Urbach tail phenomenon, where the absorption edge becomes less abrupt due to
increased structural disorder. Furthermore, the decrease in band gap may also be influenced by the
interaction between Ce 4f orbitals and the conduction band of SnO», leading to the formation of
intermediate energy levels. As the Ce concentration increases, these defect states become more
pronounced, resulting in a gradual shift of the absorption edge toward longer wavelengths (red shift),
which is consistent with the optical transmittance results discussed earlier. A comparative analysis of
all samples reveals that the undoped SnO: film exhibits the widest band gap, indicating fewer defect
states and a more intrinsic semiconductor behavior. In contrast, the doped films show progressively
reduced band gaps, with the SnO,:Ce (5%) sample exhibiting the lowest E; due to the highest level of
structural disorder and defect density. However, while higher doping enhances light absorption,
excessive Ce incorporation may introduce recombination centers that can negatively affect device
performance. Among all samples, the SnO,:Ce (3%) film represents an optimal balance, offering a
moderately reduced band gap while maintaining relatively good structural and optical properties. This
makes it particularly suitable for applications in photovoltaics, photodetectors, and other optoelectronic
devices, where enhanced visible light absorption is desirable [12,23].
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Figure 6 Tauc plots of (ahv)? versus photon energy (hv) for SnO, (0% Ce) and Ce-doped SnO; thin
films (1%, 3%, and 5%)

Table 3 Optical band gap (E;) values of SnO> and Ce-doped SnO: thin films determined from Tauc
plots (ahv)? versus hv. A systematic decrease in band gap with increasing Ce concentration is
observed.

Sample E4 (eV)
SnO: (0% Ce) 3.85
Sn0O2:Ce (1%) 3.78
Sn0O::Ce (3%) 3.70
Sn0O2:Ce (5%) 3.65

3.4.FTIR analysis

Figure 7 presents the FTIR spectra of SnO; and Ce-doped SnO> thin films with Ce concentrations of
1%, 3%, and 5%. The spectra show similar absorption bands for all samples, indicating that Ce
incorporation does not significantly change the basic chemical bonding structure of SnO>. However,
slight changes in peak position and intensity are observed with increasing Ce concentration,
confirming the influence of Ce doping on bonding environment and defect formation. The strong
absorption band observed around 620-670 cm™ is attributed to the stretching vibration of the Sn—O—Sn
/ Sn—0O bond, confirming the formation of SnO,. A slight shift of this band with Ce doping indicates
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lattice distortion caused by the incorporation of Ce ions into the SnO; matrix. This behavior is
consistent with the XRD results, where peak broadening and increased strain are observed with
increasing Ce content. The band around 1400-1450 cm™ may be assigned to residual nitrate-related
vibrations or surface adsorbed species originating from the precursor salts. The intensity of this band
changes slightly with Ce concentration, suggesting variation in residual surface groups and film
densification after annealing. The absorption peak near 1600-1650 cm™ corresponds to the bending
vibration of adsorbed water molecules or hydroxyl groups (H-O-H), while the broad band around
3300-3500 cm™ is associated with O—H stretching vibrations from adsorbed moisture or surface
hydroxyl groups. Comparatively, the undoped SnO: film exhibits more intense absorption features,
especially in the O—H and Sn—O regions, indicating a higher amount of surface hydroxyl groups and
larger grains. With increasing Ce concentration, slight changes in intensity and broadening are
observed, which may be due to enhanced oxygen vacancy formation and modification of the local
bonding environment. The spectra of SnO>:Ce (3%) and SnO»:Ce (5%) remain similar to the undoped
film, confirming that the tetragonal SnO> network is preserved after Ce doping [25-27].
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Figure 7 FTIR spectra of SnO; (0% Ce) and Ce-doped SnO; thin films (1%, 3%, and 5%) in the
wavenumber range of 400—4000 cm.
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Table 4 FTIR absorption bands and corresponding vibrational assignments for SnO> and Ce-doped
SnO> thin films prepared by spray pyrolysis.

Wavenumber region (cm™) Assigned vibration Interpretation
620-670 Sn—O / Sn—O—Sn stretching Confirms formation of SnO: lattice
1380-1450 Nitrate-related vibration / Residual precursor species after
surface adsorbed species deposition and annealing
1600-1650 H—O-H bending vibration Adsorbed water or hydroxyl groups on
film surface
3300-3500 O—H stretching vibration Surface hydroxyl groups and adsorbed
moisture

3.5.Electrical properties

The Hall effect measurements reveal that Ce doping has a pronounced influence on the electrical
behavior of SnO> thin films. The electrical conductivity ¢ is inversely related to resistivity p through

the relation = p indicating that a reduction in resistivity results in enhanced conductivity. As presented

in Table 5 and illustrated in Figure 8(a), the undoped SnO: film exhibits the highest resistivity
(1.80x1072 Q-cm) and the lowest conductivity, which is attributed to its relatively low carrier
concentration and limited defect-assisted conduction pathways. With the incorporation of Ce, the
resistivity decreases significantly, reaching a minimum value of 4.20x107* Q-cm for the SnO5:Ce (3%)
sample. Correspondingly, the conductivity increases to 238.10 (Q-cm) !, as shown in Table 5 and
Figure 8(a). This enhancement is mainly due to the increase in carrier concentration n, which
contributes to conductivity according to the relation o = neu, where e is the elementary charge. The

carrier mobility u is calculated using the expression = ﬁ. As shown in Table 5 and Figure 8(b), the

mobility increases from 2.89 cm?. Vs for pure SnO: to a maximum of 4.79 cm?.V-'.s™! for Sn02:Ce
(3%), indicating improved carrier transport and reduced scattering at this optimal doping level. This
improvement can be attributed to enhanced crystallinity and reduced grain boundary resistance, which
is consistent with the structural and morphological analyses (XRD and FESEM). The carrier
concentration nnn increases progressively with Ce doping, rising from 1.20x10%® cm ™ for pure SnO> to
3.60x10% cm ™ for Sn02:Ce (5%), as shown in Table 5 and Figure 8(b). This behavior is associated
with the presence of mixed valence states of cerium (Ce**/Ce*"), which introduce donor levels and
promote the formation of oxygen vacancies, thereby increasing the free electron density. However, at
higher doping concentration (5% Ce), although the carrier concentration reaches its maximum, the
mobility decreases to 2.55 cm?.V'!.s'!, and the resistivity increases compared to the 3% Ce sample.
This trend, clearly observed in Figure 8(a) and Figure 8(b), is attributed to increased ionized impurity
scattering, defect density, and grain boundary effects, which hinder carrier transport. As a result, the
conductivity decreases relative to the optimal SnO;:Ce (3%) sample. A clear trend can be observed
from Table 5 and Figure 8(a—b): Ce doping initially enhances electrical properties by increasing carrier
concentration and mobility, leading to improved conductivity. However, beyond the optimal doping
level (3% Ce), excessive dopant incorporation introduces structural defects and scattering centers that
reduce mobility and overall electrical performance. Thus, SnO,:Ce (3%) exhibits the best electrical
characteristics, combining the lowest resistivity, highest conductivity, maximum mobility, and a high
carrier concentration. This optimized balance makes it the most suitable composition for applications
in transparent conducting electrodes, optoelectronic devices, and sustainable energy systems [8,11,33].
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Table 5 Hall effect electrical parameters of SnO; and Ce-doped SnO: thin films, showing the variation
of resistivity, conductivity, carrier concentration, and mobility with Ce concentration.

samples p (Q.cm) o (Q.cm)’! n(em?) |pu= p*rll*e (cm?.V-'sh
SnO2 (0% Ce) | 1.80 x 1072 55.56 1.20 x 10* 2.89
Sn0O2:Ce (1%) | 9.50 x 1073 105.26 1.80 x 10*° 3.65
Sn02:Ce (3%) | 4.20 x 1073 238.10 3.10 x 10* 4.79
Sn0O2:Ce (5%) | 6.80 x 1073 147.06 3.60 x 10*° 2.55
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Figure 8 (a) Variation of resistivity (p) and conductivity (o) as a function of Ce concentration in
SnO; thin films. (b) Variation of carrier mobility (i) and carrier concentration (n) with Ce doping.

4. CONCLUSIONS

In this study, pure and Ce-doped SnO; thin films (0%, 1%, 3%, and 5%) were successfully synthesized
using the spray pyrolysis method and systematically investigated for their structural, morphological,
optical, and electrical properties. XRD analysis confirmed that all films crystallize in the tetragonal
rutile structure without the formation of secondary phases, indicating successful incorporation of Ce
into the SnO» lattice. A gradual decrease in crystallite size and an increase in microstrain with
increasing Ce concentration were observed, suggesting lattice distortion induced by dopant
incorporation. FESEM and AFM analyses revealed that Ce doping significantly improves surface
morphology by reducing particle size and surface roughness, leading to more uniform and compact
films. The optimal morphology was achieved at 3% Ce doping, which exhibited the best balance
between grain refinement and surface uniformity. Optical studies showed high transparency in the
visible region for all films, with a slight reduction in transmittance and a red shift of the absorption
edge upon Ce doping. The optical band gap decreased from 3.85 eV for pure SnO> to 3.65 eV for
Sn0,:Ce (5%), as determined from Tauc plots, confirming band gap tuning due to defect states and
oxygen vacancies. Hall effect measurements demonstrated that electrical properties were strongly
influenced by Ce concentration. The conductivity improved significantly with doping, reaching a
maximum at 3% Ce due to increased carrier concentration and mobility. However, further doping led
to a decline in mobility due to enhanced scattering effects.
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