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Cerium oxide (CeQy) thin films were successfully fabricated on glass substrates
via spray pyrolysis at 350°C with varying molarities (0.025, 0.05 and 0.1 M). We
employed various characterisation techniques to assess how molarity influences
these thin films' microstructural, optical, morphological, and surface properties.
The as-synthesized samples exhibited a distinct face-centred cubic fluorite
structure oriented along the (2 0 0) crystallographic plane. Raman spectroscopy
provided insights into imperfections, with the longitudinal optical mode
confirming the presence of oxygen vacancies. The peak asymmetry and width in
the Raman spectra were associated with the existence of Ce*® ions and oxygen
vacancies. Photoluminescence spectra (PL) illustrated an excitation peak at 400
nm and two emission peaks at 525 nm and 600 nm. Our scanning electron
microscopy (SEM) images illustrated how molarity affected the morphologies of
the samples, while atomic force microscopy (AFM) allowed us to investigate the
film's surface morphologies and roughness values. Transmittance analysis within
UV-Vis spectral range indicated that these samples were transparent, with
transmittance levels ranging from 20% to 60%. Furthermore, we observed a
decrease in the band gap energy (Eg) with increasing molarity. These findings
hold significant promise for expanding the applications of cerium oxide in
technological devices.

1. Introduction

fluorite crystal structure and unique redox
properties, making it an important material for
numerous industrial and scientific applications

Metal oxide thin films have applications in
different technological fields [1]. Cerium oxide
(CeOy2) stands out among the different types of
metal oxide thin films due to its remarkable
material properties. It is highly suitable for
different applications, such as fuel cells and
sensors [2-4]. Cerium (Ce) is a chemical element
with atomic number 58 and belongs to the
lanthanide series of elements. It has a standard
atomic weight of 140.116 g/mol and is known for
its exceptional reactivity and versatility in
various chemical and technological applications

[5].

The CeO2, or ceria, is a binary compound
composed of cerium and oxygen. It exhibits a

[6].

In recent years, CeOz2 thin films have garnered
significant attention in various technological
fields due to their remarkable properties, which
include high oxygen storage capacity, excellent
catalytic activity, superior optical absorption and
transparency, exceptional chemical stability, and
superior electrical conductivity. These films have
shown great potential in electronic and
optoelectronic applications, as their unique
combination of optical, electrical, and
mechanical properties enables their versatile
utilization as protective coatings, transparent
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conductive layers, and dielectric materials [7-
10].

The unique properties of the CeO:2 thin films
make them highly promising for utilization in gas
sensors, solid oxide fuel cells, and protective
coatings. Their ability to store and release
oxygen efficiently contributes to enhanced
catalytic performance and fuel cell efficiency [3,
7, 8, 11]. Additionally, the distinctive properties
of CeO2 make them ideal candidates for catalytic
applications. Due to their oxygen vacancy
defects and redox behaviours, they can act as
effective catalysts for various reactions,
including  oxidation, hydrogenation, and
pollutant degradation [12, 13].

There are many techniques for fabricating the
Ce02 films, samples, nanostructures, etc., such
as chemical precipitation [14, 15], sol-gel
synthesis [16, 17], thermal decomposition [18,
19], hydrothermal synthesis [20, 21],
microwave-assisted synthesis [22],
electrodeposition [23], and spray pyrolysis [24].
These methods offer control over the particle
size, morphology, and properties of the resulting
CeO2 materials.

Spray pyrolysis is a versatile and efficient
technique that offers numerous advantages in
materials synthesis and deposition. One key

advantage is its scalability and cost-
effectiveness, allowing  for  large-scale
production with minimal equipment

requirements and utilizing low-cost precursors
[25]. Additionally, spray pyrolysis enables
precise control over film thickness and
composition by adjusting precursor
concentration, spray parameters, and thermal
conditions [26]. The technique also allows for
uniform and conformal coatings deposition on
complex-shaped substrates, making it suitable
for various applications such as energy storage
devices, catalysis, and photovoltaics [27].

Furthermore, spray pyrolysis facilitates the
synthesis of multi-component materials and the
incorporation of dopants, leading to enhanced
properties and tailored functionalities [28].
Lastly, this technique provides versatility in
terms of the types of materials that can be
created, including metal oxides, semiconductors,

and nanomaterials [29]. While spray pyrolysis is
a versatile technique with numerous advantages,
it also has certain disadvantages that should be
considered. One limitation of spray pyrolysis is
the potential for forming non-uniform coatings
resulting from uneven droplet distribution or
non-homogeneous precursor  decomposition
[25]. Furthermore, the control of film
morphology, particularly in grain size and
orientation, can be challenging, leading to
variations in film properties [26].

Another drawback is the limited scalability of the
technique for some materials, as certain
precursors may exhibit poor solubility or stability
in the solution, hindering the uniform deposition
of high-quality films [27]. Additionally, the
reliance on high temperatures during pyrolysis
can impose constraints on the choice of substrate
materials, limiting the range of compatible
substrates for the deposition process [28]. Lastly,
the deposition rate in spray pyrolysis can be
relatively slow compared to other deposition
techniques, which may be a concern for high-
throughput applications [29].

In this study, we present a comprehensive
investigation of the chemical deposition of CeO2
by a chemical pyrolysis technique. We aim to
elucidate the fundamental aspects of this
synthesis route and provide valuable insights into
the process parameters, reaction mechanisms,
and material characteristics. Through systematic
experiments and characterization techniques, we
seek to uncover the relationships between the
deposition conditions, microstructure, chemical
composition, and functional properties of the
resulting CeOz2 films.

The manuscript is harmonized as follows: Firstly,
we provide a detailed overview of the chemical
pyrolysis technique, including its principles,
advantages/disadvantages, and previous
applications in synthesising various materials.
Next, we describe the experimental methodology
employed in this study, encompassing the
selection of precursors, deposition conditions,
and characterization techniques. Subsequently,
we present the results and discussion section,
where we analyze the influence of different
process parameters on the deposition efficiency,
crystallinity, morphology, and chemical
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composition of the CeO: films. Finally, we
summarise our findings, their implications for
future research, and potential applications of the
synthesized CeO2 materials.

2. Materials and Methods

In this research, we employed the ultrasonic
spray pyrolysis (USP) method to create thin films
of CeOz. The process involved depositing these
thin films on glass substrates using cerium (I11)
nitrate hexahydrate [Ce(NOs)3.6H20] as the
source material. Initially, we prepared precursors
in deionised water at concentrations of 0.025,
0.05, and 0.1 M. We sprayed 100 cc of the
prepared solution onto glass substrates for
approximately 10 minutes using an ultrasonic
nozzle. The detailed synthesis procedure can be
found in a prior study [30, 31]. We employed
compressed air as the propellant to atomise and
deliver the solution onto the target substrate
while concurrently regulating the surface
temperature at 350+5°C.

The flow rate of the solution was controlled at 5
cm®min’t using a flowmeter and the nozzle. The
glass substrate was positioned about 30 cm
asunder. The resulting CeO2 thin films were
labelled C1, C2, and C3, corresponding to
molarities of 0.025, 0.05, and 0.1 M,
respectively. We examined the structural
characteristics of these films using CuKa
radiation (A = 1.5406 A) with an X-ray
diffractometer (XRD). Additionally, an emission
scanning electron microscope (SEM) was
utilized to assess the morphological properties of
the films (specifically, a Hitachi Regulus 8230
model). We used a UV- Vis spectrophotometer
to determine the films’ absorbance spectra in the
300 to 900 nm range (Shimadzu-Solid 2550).
Investigating deposited thin films through optical
analysis involved utilising Photoluminescence
(PL) techniques employing a PerkinElmer LS55
spectrometer. The spectrometer employed a
xenon arc lamp as the light source, emitting at a
wavelength of 325 nm. Surface images and
roughness were captured using a Park Systems
XE-100 atomic force microscope (AFM), while
Raman spectra were recorded using Renishaw’s
Via Raman microscope. The films' thickness was
measured using a coating thickness gauge
(Elcometer 345 Instrument). The average C1, C2

and C3 thicknesses were 140, 200 and 360 nm,
respectively.

3. Results and Discussion
3.1. Crystal structure analysis

The XRD apparatus pivots in examining crystal
structures, dimensions, and morphologies and
identifying unintended phases within the
material's arrangement. Figure 1 exhibits the
diffraction patterns of films fabricated via the
USP technique. The XRD equipment is a critical
characterization instrument for ascertaining
crystal structures, dimensions, and shapes and
identifying any undesirable phases in the
material. It illustrates the diffraction patterns of
films generated through the USP process.
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Figure 1. CeO; thin films’ XRD diffraction pattern

Table 1. CeO; thin films’ XRD data

r (=}

Fim 20¢) d&) (i%OT(I\}I) (EOS%'AI\}I) (hkd)
2906 3073 2801 3183 (111)

3346 2676 3245 2757 (200)

Cl 4770 1905 _ 4655 1949 (220)
56.61 1625 5521 1662 (311)

69.87 1345 67.95 1378 (400)

2888 3002 2801 3183 (111)

33.60  2.667 3245 2757 (200)

C2 4801 1895 4655 1949 (220)
56.68 1624 5521 1662 (311)

69.79 1348 67.95 1378 (400)

2894 3086 280l 3183 (111)

3341 2682 3245 2757 (200)

C3 4783 1902 _ 4655 1949 (220)
5690 1618 5521 1662 (311)

69.73 1349 67.95 1378 (400)

The powdered nanoparticles” XRD pattern was
measured in the 20 range from 20 to 80 degrees.
As seen in Table 1, the XRD pattern revealed
prominent peak positions at (111), (200), (220),
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(311), and (400) on the 26 plane axis. These XRD
diffraction features were consistent with the
cubic structure of CeO2 and aligned with the
reference-coded ASTM (American Society for
Testing Materials) card number 98-015-5608.

Apart from peak shifts, alterations were observed
in the lattice parameter and crystal dimensions.
To calculate the crystal dimensions, we
employed the Debye—Scherrer equation [32]:

o 089

= 1
pcosé @)
where D represents the crystallised size, 4 is the
wavelength of the incident X-ray, g is the full
width at half maximum (FWHM) in radians of

the diffraction peak, and 4 is the Bragg angle.

The findings indicated the absence of peaks
associated with impurities. XRD patterns
consistently revealed prominent (111) and (200)
planes in all the films [33]

The value of macro strain, denoted as <e>,
represents the shift in the crystal peak positions
and can be determined using the following
equation [34].

d—d,

0

<e>=

)

where do is the interplanar spacing without
deformation, and d is the interplanar spacing. The
dislocation density (o) has been utilized to
estimate by the following equation [35]

5-= 3)

Due to stress within the crystal structure, the size
reduction occurred in the direction opposite to
the unit cell parameter.

The parameters, including D, <e>, and o, are
given in Table 2.

Table 2. CeO; thin films’ structural parameters for
(111)and (200) plane

Film p®  D(nm) <e> 6()1(/1%1_?2)
of MY 0230 3562 0035 0788
(200) 0218 3804 -0030  0.691
(111) 0128 6415 -0.029  0.243
© Teo0) 0461 1805 -0.033  3.069
(111) 0179 4582 -0031 0476
© o) 0435 1910 -0.032 2741

The prevalence of (111) and (200) reflections in
the fluorite-type face-centered cubic structure
highlighted a preference for crystal growth in this
specific orientation. The (111) and (200) planes
were observed dominantly at all molarities. D of
the resulting films ranged from 18 to 64 nm, and
the observed increase in £ in the film with the
smallest grain size suggests a less-than-ideal
crystal structure. Low macro stress values
indicate minimal deformation in the crystal
lattice.

3.2. Raman analysis

While XRD analysis yields extensive data for
elucidating crystal properties, it proves
insufficient for interpreting alterations induced
by oxygen ions. Conversely, Raman
spectroscopy findings assume significance in
explaining oxygen ion vacancy formation [36,
37]. As depicted in Figure 2, the Raman spectra
of films within the 100-1000 cm™ range are
presented.

The distinctive spectral feature detected at
approximately 465 cm™ corresponds to the Fzg
Raman-active internal phonon mode. It is
consistent with the crystallographic symmetry of
the Fm3m space group within the fluorite lattice
structure [38-40]. As illustrated in Figure 2, the
peak at around 600 cm™ signifies the formation
of oxygen vacancies. This oxygen vacancy
formation induces pronounced absorption in the
ultraviolet (UV) region. The generated vacancy
actively contributes to luminescence.
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Figure 2. Raman spectra of CeO; thin films
3.3. UV-Vis analysis

UV-Vis analysis was used to conduct optical
characterization of the CeO: thin films. The
resultant graphs displaying transmittance and
absorbance spectra are presented in Figure 3.
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Figure 3. UV-Vis transmittance and absorbance of
CeO; thin films

In the visible spectrum, the absorbance decreased
as a function of increasing wavelength. Upon
examination of the transmittance spectra, it was

observed that transmittance decreased with
increasing molarity. This phenomenon can be
attributed to scattering losses occurring within
the films' interior and on their surfaces.
Consequently, this scattering led to a significant
reduction in the films' transparency within the
visible region.

The broadening of the fundamental absorption
edge in the films also serves as an indicator of
heightened deformation near the band edges.
Linear absorption coefficients were computed for
each film using absorbance spectra based on the
expression a = A/t. To obtain the optical band gap
energy (Eg), graphs depicting (ahv)? as a function
of photon energy /v for CeOz films are presented
in Figure 4.

The Tauc relationship was used to directly
determine the optical band gap energy of the
produced thin films. Figure 4 shows the change
of (ahv)? with energy hv for a direct transition
using the Tauc formula [29];

(ahv) = A(hv-Eg)" 4)

where « absorption coefficient, Av incident
photon energy, A proportionality constant and Eg
optical band gap. Since all films have a direct
band structure, n was 122 for the allowed direct
transition. Figure 2 shows the optical bandgap
values graph.

Figure 4 illustrates the Eg of the CeOz thin films,
which fall within the 3.38 to 3.51 eV range. The
determination of Eg entails the extrapolation of
the linear segment of the graph illustrating the
relationship between (a/v)? and hv, as illustrated
in Figure 4. Analysis of these graphs reveals that
all the films exhibit characteristics of direct band
gap materials [41]. The decrease in band gap with
an increase in concentration is attributed to the
size quantization effect due to the small size of
the particles. The absorbance is expected to
depend on the oxygen vacancies, optical band
gap, impurity centres, defect centres and surface
roughness. C1 has small crystallite sizes (35-38
nm), so a higher band gap is expected. C2, with
the largest crystallite size (64 nm), probably has
the lowest band gap. C3 is medium crystallite,
and the band gap is expected between C1 and C2.
This study determined that the band gap values
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decrease with molarity, consistent with the
increase in crystallite sizes. This quality is highly
favourable in applications such as photovoltaic
solar cells.
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Figure 4. Eg of CeO; thin films
3.4. The Properties of photoluminescence

In Figure 5, we can observe the excitation and
emission spectra of thin films made of CeOa.
This figure shows a prominent excitation peak at
400 nm and two distinct emission peaks at 525
nm and 600 nm in the photoluminescence
spectrum of the CeO2 host crystal when it is in its
pure, undoped form. The 400 nm excitation peak
arises from the transition originating from the 4f*

ground state to the lowest energy level (5d) of
Ce* ions. The crystal field effect splits the 5d
energy level of the Ce™ ions, potentially
resulting in multiple excitation peaks [42].

Nevertheless, among the potential transitions, the
lowest energy transition (4f-5d) is the
predominant process within the CeO:2 host
crystal. The broad emission spectrum spanning
500 nm to 750 nm, with peak intensities at 525
nm and 600 nm, is attributed to the 5d-4f
transition of Ce™ ions. Notably, both the
excitation and emission intensities of the host
crystal are relatively low.
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Figure 5. CeO thin films’ photoluminescence spectra

3.5. Morphological analysis

Figure 6 provides SEM images of CeO2 thin
films. The films' surface morphology highlights
variations in grain sizes. Specifically, the
analysis reveals that the CeOz thin film structure
exhibits more excellent uniformity on the surface
when coated with a 0.1 M solution than the 0.025
M solution. Furthermore, Figure 6 illustrates the
presence of extensive cracking in the films.

This phenomenon arises from the film's
contraction during the drying process and the
elevated concentration of the precursor solution.
The atomic composition, expressed as the
percentage of Ce and O elements, has been
quantified through EDX analysis and is
presented in Table 3.
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Figure 6. SEM images of CeO; thin films’

Table 3. EDX data of CeO; thin films

Film O Ce O/Ce
C1 23 77 0.299
C2 36 64 0.563
C3 24 76 0.316

The EDX analysis reveals an augmentation in the
Ce/O ratios on the surfaces of the CeO:2 thin
films.

3.6. Surface properties

AFM was employed to assess the films' surface
topography. Figure 7 depicts 3D representations
of CeO:z thin films captured via AFM.

The films display randomly distributed particle
formations of diverse sizes on their surfaces.
Furthermore, Table 4 includes the root mean
square (Rq) and average (Ra) roughness values of
the films.

Table 4. Roughness data of CeO; thin films

Film Rq(nm) Ra(nm)
C1 8.50 6.29
C2 10.32 6.84
C3 14.49 9.84

Roughness is a pivotal parameter for assessing
the optical properties of materials [43]. The
roughness values of thin films intended for
technological applications hold significant
relevance.

o9

Figure 7. 3D images of CeO; thin films

4. Conclusion

In this study, we successfully generated the CeO2
thin films with varying molarity through spray
pyrolysis  deposition. XRD  measurements
conducted on the fabricated CeO2 thin films
revealed a polycrystalline cubic structure, while
EDX analyses confirmed their stoichiometric
composition. The examined CeO: thin films
demonstrated a direct energy gap, with the Egq
bandgap decreasing from 3.51 to 3.38 eV as
molarity varied. The PL and the raman
spectroscopy investigations provided evidence
that the changes in molarity induced oxygen
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vacancies. The PL spectra unveiled the presence
of blue emission peaks within the visible
spectrum. The primary Raman peak in the CeO2
thin films occurred at 460 cm, corresponding to
the Fzg vibrational mode. The surface roughness
of the films was assessed using AFM, as it is a
critical parameter impacting the optical
properties of materials. In conclusion, these
CeO:z thin films exhibit promising characteristics
for potential applications in optoelectronic
devices due to their smooth surface and their high
optical conductivity and gas sensors.
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