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Abstract: The radio frequency (RF) magnetron sputtering was used to deposit pure TiOzand
TiO2/Zn thin films onto glass substrates. Annealing of the obtained thin films was done at 200°C,
250°C, and 300°C in a tube furnace for one hour each to see the effect of annealing on their
properties. The effect on the films' structure, optical characteristics, and morphologies due to
annealing temperature were analyzed using Field Emission Scanning Electron Microscopy
(FE-SEM), X-Ray Diffraction (XRD), UV-Vis spectroscopy, and Energy Dispersive X-Ray
Spectrometry (EDS) in electron microscopy (FE-SEM). The films revealed XRD peaks for hkl
values (101), (004), (111), (200), (211), and (220) at 26=25.2°, 37.19°, 41.25°, 47.57°, 55.0°, and
62.2° respectively of anatase phase. From XRD, it appears that pure anatase TiO, phase is being
created and after Zn coating on TiO. the anatase phase remains unchanged. In UV-Vis
measurements all samples show low absorbance in visible region with a pronounced absorption
edge in the ultraviolet region. Zn coating resulted in an increased bandgap for the TiO; thin films
due to alter in the electronic structure and crystallite size. Furthermore, the direct bandgap of the
annealed samples were reduced with annealing temperatures for both the cases. The existence of
homogeneous thin films was demonstrated by the FE-SEM characterization data. This work
advances the growth of novel material for a large range of technical uses in optoelectronic device

applications.

Keywords: Thin Film; Annealing; XRD; UV-Vis; FE-SEM; EDS

1. Introduction

Among the transparent conducting oxide (TCO)
composites, TiO, stands out due to its non-toxic nature,
chemical stability, and high refractive indexV. Thin
layers are particularly valuable in optoelectronic devices
because they exhibit enhanced physical characteristics
compared to bulk materials®. Numerous transition metals
(TM) have been extensively researched®*, including Co,
Fe, Ag, Ni, and Mn, as well as oxides of doped metal
semiconductors including TiO;%, Mg0O® and SnO,"9.
TiO,, one of these metal oxides, have been studied
extensively because of their great stability, low cost, and
electrical and magnetic properties?. TiO; thin films are
utilized in different areas including electronics, optics,
and medicine'®). TiO, is one of the semiconductor
materials that has been studied the most*2%3), It is an
inexpensive, chemically stable substance  with
exceptional semiconducting and catalytic qualities!+*,

Magneto-optoelectronic applications can be facilitated by
tailoring the energy bandgap and enhancing saturation
magnetization of nanostructured TiO, by appropriately
doping during the preparation of thin films. These fields
have pinched a lot of interest and have long been
important study focuses'®'”. In the field of surface
science pertaining to metal oxides, TiO2 nanostructures
have been the subject of the most extensive research'®.
The bandgap 3.2 eV to 3.4 eV have been reported in the
common TiO, with phases brookite, rutile, and
anatase'®?%. The optical and structural characteristics of
TiO- thin films can be significantly altered through the
doping process with Co, Zn, Ni, and Mn?*??), promoting
photocatalytic activity in the visible region, which
enhances their potential for optoelectronic device
applications®?, TiO, with Nb, Fe, and Zn in particular
has been shown to be successful in changing its bandgap
energy and making it active in visible light®>?), Zn
doping in TiO, modify its interfacial electron transfer,
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thereby enhancing its photoreactivity?”-?). Improving the
properties of TiO», including its conductivity and band
gap, is essential for expanding its range of applications.
Doping TiO; significantly alters its band structure and
trap states?®3%. However, the material’s strong absorption
in the UV region limits its responsiveness to visible light.
To address this, metal doping has been employed to
enhance TiO>’s ability to absorb visible light by reducing
its band gap, thereby enabling photoactivity in the visible
spectrum3-%2, The impact of annealing treatment on their
structural and optoelectronic properties have been
analyzed and reported that annealed TiO, thin films
exhibit improved crystallinity and larger grain sizes
compared to their pristine counterparts, emphasizing the
significance of annealing temperature in enhancing
nanocrystal growth®).  Furthermore, optoelectronic
analyses revealed that annealed TiO- thin films possess a
reduced band gap energy and exhibit enhanced
optoelectronic activity®*39).Due to oxygen deficiency, the
doped TiO, semiconductor exhibits an intrinsic n-type
property and a broad straight bandgap in the 2.96 -3.20
eV range®-3").Furthermore, it has superior optoelectronic
qualities®®. Al doped TiO thin films have been reported
to evaluate their potential for optoelectronic applications.
The effect of varying aluminum doping concentrations
on the photovoltaic performance of solar cells was
systematically examined and reported that incorporating
aluminum into TiO; influences the crystal size of anatase
TiOg, resulting in smaller crystal sizes for the doped thin
films compared to the undoped ones. Furthermore,
doping improves the light absorption efficiency of
TiOathin films by altering their electronic structure®. In
this study, pure TiOzand TiOx/Zn thin films were
investigated for optical and structural properties to make
them suitable for use in optoelectronic device
applications.

2. Experimental

The radio frequency (RF) magnetron sputtering
technique was used to deposit pure TiOzand TiOz/Znthin
films onto the glass substrates. Sputtering targets of TiO»
(99.99%) and Zn (99.99%) of 10mm dia and 2 mm
thickness were used to prepare the thin films.
High-purity argon gas was employed for sputtering, and
the argon pressure in the chamber was first set to 1073
mbar for 15 minutes before deposition and maintained at
103 mbar during the process. The distance between the
target and substrate was 140 mm, and the substrate was
kept at room temperature. Plasma stability was ensured
by using a standard RF frequency of 13.56 MHz, while
the base pressure was held at 10~ mbar to minimize
contamination. The power setting of 50 Watt was used
during the deposition process. Thin films of TiO, (200
nm) and TiO2/Zn (300 nm) were deposited on glass
substrates with deposition rates of 0.14 A/s for TiO. and
0.63 A/s for Zn. Subsequently, the prepared thin films
underwent annealing in a programmable muffle furnace

at 200°C, 250°C and 300°C temperatures for an hour.
The XRD analysis of the samples was obtained using a
Panalytical X-ray diffractometer. UV-Vis measurements
of the films were taken by a UV-1800 Shimadzu
spectrophotometer. The surface morphology and
elemental composition were investigated using a Nova
Nano Field Emission Scanning Electron Microscopy
(FE-SEM) with Energy Dispersive X-Ray Spectrometry
(EDS).

3. Results and Discussion

3.1 XRD Analysis

To observe the crystal structures of samples, their
XRD pattern were analyzed using a Panalytical X-ray
diffractometer. Figurel presents the XRD pattern of
pristine TiO; thin film. The diffraction peaks were
observed at 20=25.2°, 37.19°, 41.25°, 47.57°, 55.0°, and
62.2°, with hkl values (101), (004), (111), (200), (211),
and (220) respectively, as identified by JCPDS card no.
21-1272. The XRD result indicates that the pure TiO,
films are polycrystalline, consisting solely of the anatase
phase. This XRD pattern match perfectly with JCPDS
card no. 21-1272, which is specific to the anatase phase
of TiO,. The presence of these distinct diffraction peaks
confirms the crystallinity and phase purity*?.
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Fig. 1: XRD pattern of pristine TiOz thin film.

XRD pattern of TiO./Zn coated thin films for both
cases (i) pristine and (ii) annealed (300°C) reveal
significant insights into their crystal structure, as
depicted in Fig. 2. To evaluate the crystal phase of these
films, the samples were examined over a range of 10° to
90° using X-ray diffractometer. The XRD patterns
demonstrate that the samples are crystalline, with distinct
peaks related to the (101), (004), (200), (211), and (220)
planes. These peaks are observed at 206=25.2°, 37.19°,
47.57°, 55.0°, and 62.2°, respectively. The diffraction
pattern confirms that the thin films exhibit anatase phase
of TiO,. This is evident from the presence of the
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characteristic peaks in all samples. The XRD pattern for
both the pristine and annealed samples are identical,
indicating that annealing at 300°C does not alter the
anatase phase of the TiO/Zn thin films. The absence of
additional peaks indicates that the films are free from
other phases or impurities, such as ZnO or other
zinc-based compounds. This confirms the effective
incorporation of Zn into the TiO, matrix while
preserving the anatase structure. The XRD patterns of the
annealed samples further indicate that these samples
retain the anatase structure, suggesting that the annealing
treatment at 300°C does not induce any significant
structural changes. The consistent XRD patterns before
and after annealing highlight the constancy of anatase
phase in TiO2z/Zn thin films and demonstrating
effectiveness of the RF magnetron sputtering technique
in producing high-quality thin films. This stability is
crucial for potential applications in optoelectronics,
where maintaining a well-defined crystal structure is
essential for optimal performance*?.

60

(i) Pristine TiO,/Zn thin film|

50 4

=

(101)

Intensity (Counts)
(98]
o

10 20 0 40 50 50 70
26(in degree)

80

[ (ii) Annealed TiO2/Zn thin film

50

Intensity (Counts)

T T T T T
10 20 30 40 50 60 70
26 (in degree)

Fig. 2: XRD pattern of TiO2/Zn thin films (i) Pristine, (ii)
Annealed at 300°C.

The Scherrer formula*® was used to determine the
average grain size (D) of the thin films.

D= KA
~ BcosH

The Scherrer equation, where K is the Scherrer constant
(K =0.94), A is the X-ray wavelength (\=1.54 A) 0 is the
Bragg diffraction angle, and f is the full width at half
maximum (FWHM) of the principal XRD peak, was
employed for analysis*®. It was observed that the
incorporation of Zn into TiO.influenced the crystal size of
anatase TiO,. Specifically, Zn-coated TiO, thin films
exhibited smaller crystal sizes compared to pure TiO. thin
films. The calculated crystal sizes for TiO, and TiO2/Zn
thin films were 27.65 nm and 18.63 nm, respectively, well
agree with previously reported*?. This reduction in crystal
size can be attributed to the quantum size effect, wherein
the inclusion of Zn significantly decreases the crystal size.
The most prominent XRD peak for pristine and annealed
TiO2/Zn thin films were observed at 26=25.2°. The results
indicate that an increased in intensity and a reduced
FWHM for annealed samples as compared to the pristine
TiO2/Zn thin films. This behavior indicates enhanced
crystal growth and increased crystal size after annealing.
The obtained FWHM value for the pristine TiO2/Zn thin
film 0.493, corresponding to an average crystal size of
18.63 nm and after annealing, the FWHM decreased to
0.294, resulting in an average crystal size of 27.79 nm.
These findings highlight the critical role of annealing
temperature in improving the crystal size of TiO,/Zn thin
films.

3.2 UV-Vis Analysis

Figure3 illustrates the absorption spectra of (i) pure
TiO (ii) TiO2/Zn thin films. It was observed that the
absorbance for both thin films is very low in the visible
region, indicating that these films are transparent to
visible light. This transparency is advantageous for
applications requiring optical clarity, such as protective
coatings or transparent conductors. A strong absorption
edge is observed in the ultraviolet region for both types
of films, which may be endorsed to the bandgap
absorption of TiO,. The presence of this sharp absorption
edge is characteristic of the electronic structure of TiO,
where ultraviolet (UV) light absorption causes electrons
to shift from valence to conduction band*>“®. Moreover,
the absorption spectra reveal that the absorbance
decreases with increasing annealing temperature for both
the cases. It may be due to improved crystallinity and
reduced defect density. These are well agreeing with
XRD analysis. The film crystallinity improves, leading to
a reduction in the number of defects and, consequently,
lower absorbance*”*®. This phenomenon suggests that
annealing enhances the optical quality of the films,
making them more suitable for applications that require
high optical transparency and low defect densities, such
as in optoelectronic devices. The UV-Visible absorption
analysis thus provides crucial insights and demonstrating
their potential for various technological applications. The
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transparency in Vis-region and distinct absorption edge
in the UV-region, highlight their suitability for
applications in UV detectors, photocatalysis, and solar
cells. Furthermore, the improvement in optical properties
with annealing underscores the importance of thermal
treatment in optimizing the performance of the films*959,
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Fig. 3: Absorption spectra of (i) pure TiOz, (ii) TiO2/Zn thin
films.

The optical bandgap (Eg) of samples was determined
by Tauc’s relation:

ahv = (hv — Eg)"

where o represents the absorption coefficient, hv is the
photon energy, and A is a constant known as Tauc
parameter. For direct bandgap, n equals 0.5, whereas for
indirect bandgap, n equals 25%%2, Figure4 illustrates the
tauc plots for both pure TiOzand TiOJ/Znfilms. The
optical bandgap is found by extending the linear.
segment of this plot to intersect the energy axis. The
analysis indicates that the bandgap decreases with

increasing annealing temperature for both the cases
(Tablel). This decrease is primarily endorsed to increase
the grain size and the reduction of internal stress within
the films due to the annealing process®*%4. As the grain
size grows, the quantum confinement effects are reduced,
leading to a narrower band gap. Also, annealing can
induce the formation of oxygen vacancies, introducing
new electronic states near the conduction level and
further reducing the bandgap energy. Also the results
illustrate that the bandgap of TiOx/Zn thin films are
slightly higher than the pure TiO; thin films (Tablel).
These results can be explained by the alteration in the
electronic structure. The variation in crystallite size
brought about by the addition of zinc is also accountable
for that. The addition of Zn atoms creates new energy
states and reduces defect density, leading to a wider
bandgap. This action is consistent with the
Burstein-Moss effect, in which the bandgap seen in
optical measurements is essentially widened as a result
of the Fermi level shifting into the conduction band,
effectively widening the band gap observed in optical
measurements. The Burstein-Moss effect occurs because
the added electrons from the Zn dopant increase the
carrier concentration, filling the lower energy levels in
the conduction band. As a result, the absorption edge
moves to higher energies, effectively increasing the
optical bandgap. This shift can also be explained by the
presence of charged defects. The charged defects
generated by Zn doping might be neutralized by other
defects, resulting in an overall raise in bandgap. The
results of this study align with previous research that has
demonstrated the modulation of bandgap energy levels in
metal oxide thin films through metal ion doping®.

Table 1. Optical energy bandgap of pure TiOz and TiO2/Zn thin
films with annealing temperature.

Annealing Energy Bandgap (in eV)
Temperature TiO2 TiO2/Zn
Pristine 3.81 4.10
200°C 3.76 4.03
250°C 3.73 3.94
300°C 3.71 3.78

The variationin the bandgap by doping is a crucial
aspect for customizing optical characteristics of films for
specific uses such as photocatalysis, and optoelectronics.
The ability to control the bandgap through annealing and
doping provides a valuable means for optimizing the
performance of these materials in different applications.
For instance, a narrower band gap can enhance the
photocatalytic of TiO, by extending its absorption into
the vis-region of the spectrum. This is particularly
important for solar energy conversion. Moreover, the
improved crystallinity and reduced defect density
achieved through annealing are essential for the stability
and efficiency of optoelectronic devices. High-quality
thin films with fewer defects are less likely to suffer
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from recombination losses, thereby improving the
performance of solar cells and light-emitting diodes®5"),
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Fig. 4: Tauc spectra of (i) pure TiOz, (ii) TiO2/Zn thin films.

3.3 FE-SEM and EDS Analysis

Figure5 presents the FE-SEM images of the pure TiO»
thin film, captured at different magnifications of 2, 3, 4,
and 10 um. FE-SEM provides detailed images of the
surface  structure, revealing the nanostructured
morphology of thin films. The images demonstrate a
uniform distribution of particles with high crystallinity.
The films’s surface appears smooth and dense, with no
visible cracks or defects, which are essential for its
application in various technologies. To further
understand the elemental composition of the
nanostructures, EDS measurements were conducted.
Figure6 shows EDS spectra of pure TiO; thin film,
indicating the existence of Ti and O as the primary
elements. Table 2 summarizes the elemental composition,
confirming that the thin films consist predominantly of
Ti and O, which aligns with the expected stoichiometry
of TiO,. The uniform and defect-free morphology
observed in the FE-SEM images suggests that the
synthesis method employed is effective in producing
high-quality thin films. The existence of Ti and O only in
EDS spectra further confirms the purity of the samples,

with no detectable impurities. In many cases, the
properties and performance of thin films are heavily
influenced by their surface morphology. For instance, in
optoelectronic devices, a smooth, defect-free surface
facilitates efficient charge transport and reduces
recombination losses, ultimately enhancing the overall
performance of the device®%9,

(© (d)
Fig. 5: FE-SEM images of the pure TiOz thin film, captured
at different magnifications of (a) 2, (b) 3, (c) 4, (d) 10um.

cps/ev

£

AA |

a s a

Fig. 6: EDS spectra (;?pure TiOz thin film.

Table 2. Elemental composition of pure TiO2 thin films.

Element | Atomic C Error

unn. Norm.

Number Atom. | (1
c c [at.20] | Sigma)
0, (o) 70

[wt.%] | [wt.%%0] WE.%)]
) 8 91.30 91.30 96.92 | 30.73
Ti 22 8.70 8.70 3.08 1.73
Total 100.00 | 100.00 | 100.00
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4. Conclusion

The XRD investigation of the thin films confirmed the
formation of TiO, anatase phase, as evidenced by the
diffraction peaks related to planes (101), (111), (004),
(200), (211), and (220) of the anatase lattice. The
intensity of these anatase peaks showed a slight increase
after annealing, indicating improved crystallinity. The
films exhibited optical absorption consistent with their
bandgap energy. The strong absorption edge in the
UV-region and transparency in the vis-region highlight
the potential of these films for UV detectors, and solar
cells. The decrease in absorption with increasing
annealing  temperature  further  underscores the
importance of thermal treatment in enhancing the optical
quality of films. The optical analysis revealed that the
direct bandgap of TiO2/Zn thin films is slightly high in
respect to pure TiO2thin films. In addition, the bandgap
decreases with increasing annealing temperature for both
pure TiO.and TiO2/Zn thin films. The observed decrease
in bandgap with higher annealing temperatures can be
attributed to an increase in grain size and a reduction in
internal stress within the films. These changes reduce
quantum confinement effects, as larger grains transition
away from the confinement regime. Furthermore, the
elevated annealing temperatures facilitate the formation
of oxygen vacancies, which create defect states near the
conduction band. These new electronic states can narrow
the bandgap by enabling additional pathways for
electronic transitions; these factors contribute to the
observed variations in the electronic properties of the
films. FE-SEM and EDS analyses confirmed the
uniformity and presence of elements in the thin films.In
conclusion, this study demonstrates that the prepared thin
films exhibit considerable potential for a range of
optoelectronic applications. Notably, annealing within
the temperature range of 200°C to 300°C was found to
optimize their optoelectronic performance, highlighting
this process as a critical factor in enhancing material
properties for practical applications.
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