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Abstract:

The increasing demand for high-efficiency solar cells has highlighted titanium dioxide (TiO:) thin films
as a promising material for emerging photovoltaic technologies. In this study, TiO: thin films were deposited
on silicon substrates using the sol-gel spin-coating technique, with hydrochloric acid (HCI) concentrations
varied from 1 to 5 mL in the precursor solution. The films were subsequently annealed at 200°C and 500°C
to investigate structural, optical, and morphological changes. Raman spectroscopy revealed a characteristic
TiO: peak at 513 cm™! after annealing at 500°C, confirming recrystallization. XRD analysis identified
anatase and rutile phases at 20 = 33° (110) and 62° (204), respectively, with crystallite sizes increasing from
51.13 nm at 200°C to 58.55 nm at 500°C. FTIR spectra showed Ti-O stretching bands near 600 and 750
cm ! for all samples. Surface analysis indicated improved homogeneity and increased roughness (up to 0.45
um) with higher HCI volume at 500°C. UV-vis measurements demonstrated a reduction in direct band gap
energy to 2.25-2.30 eV at 500°C. Ellipsometry results showed a decrease in film thickness with increasing
HCI concentration, though overall thickness increased to approximately 3.3 nm at 500°C. The dielectric
constant rose to values between 3 and 4, while the refractive index decreased from 3.7 to 3.3 with higher
annealing temperature. These findings demonstrate the significant impact of acid concentration and thermal
treatment on the properties of TiO: thin films, underscoring their strong potential for next-generation
photovoltaic applications.
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I. INTRODUCTION

Titanium dioxide (TiO2) thin films have garnered
considerable attention in solar energy applications
due to their excellent optical and electronic
properties [1]. TiO: nanoparticles are cost-effective,
chemically stable, and environmentally friendly,
making them attractive for various technological
uses. As a transparent conductive oxide (TCO), TiO2
exhibits  several remarkable characteristics,
including a high refractive index [2], a large
dielectric constant [3], and strong transparency in the
visible region [4]. These features make TiO:
particularly suitable for enhancing the efficiency of
solar panels and other optoelectronic devices [5—6].
In addition, TiO: thin films are widely employed in

optical devices, refractory and wear-corrosion-
resistant coatings, gas and biosensors, and other
emerging applications.

The performance of TiO: thin films is strongly
influenced by the deposition method and the
interaction between the film and its substrate, such
as glass or silicon [7]. These interactions affect
nucleation, crystal formation, and particle size
distribution.  Multiple deposition techniques-
including ion-beam deposition [8], chemical vapor
deposition [9], evaporation [10], and magnetron
sputtering [11] have been utilized to fabricate TiO:
films. However, these methods often require
expensive equipment and involve high operational
and maintenance costs.
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The sol-gel spin-coating technique has emerged as
a preferred alternative due to its low cost, simplicity,
scalability, and ability to produce uniform
transparent thin films on various substrates,
including silicon [12]. In this process, precursor
chemistry plays a critical role in determining film
quality. Titanium isopropoxide (TIP), a common
precursor, undergoes rapid hydrolysis and
polycondensation when mixed with water, often
resulting in uncontrolled precipitation. This
challenges the stability of the sol-gel process and
limits film performance. The incorporation of
hydrochloric acid (HCI) effectively moderates these
reactions, stabilizing the solution and controlling the
formation of molecular structures. Adjusting the
concentration of HCI is therefore essential for
tailoring film properties.

During high-temperature deposition on silicon
substrates, an unintended SiO: interfacial layer may
form, influencing the optical and electronic behavior
of the TiO: film. Lower annealing temperatures are
desirable to mitigate substrate damage, reduce
interface reactions, and preserve film integrity.
Proper heat treatment improves crystallinity by
removing organic residues; however, insufficient
heating may result in amorphous TiO: films.
Typically, annealing temperatures near 400°C are
required to achieve well-crystallized TiO: films
through the sol-gel process.

In this study, TiO: thin films were deposited on
silicon substrates using the sol-gel spin-coating
technique, with varying HCl volume concentrations
incorporated into the precursor solution to determine
the optimum acid-water ratio. The films were
annealed at 200°C and 500°C for 1 hour to evaluate
the influence of thermal treatment on crystallinity.
Raman spectroscopy, X-ray diffraction (XRD),
ellipsometry, UV-Vis spectroscopy, FTIR, and
topographic and surface roughness analyses were
performed to investigate the structural and optical
characteristics of the films. These evaluations were
carried out to determine the suitability of sol-gel-
derived TiO- thin films for next-generation high-
efficiency solar cell applications.

II. MATERIALS AND METHODS

Substrate Cutting and Cleaning
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Silicon substrates were cut into 10mm X 10 mm
pieces using a diamond cutter. The substrates were
then placed in separate beakers containing acetone,
ethanol, and deionized (DI) water. Each beaker was
subjected to ultrasonic cleaning for 15 minutes to
remove organic and particulate contaminants.

Precursor Chemicals

Titanium  Isopropoxide {Ti[OCH(CHs3)2]4},
Absolute Ethyl Alcohol (C:HsOH), Hydrochloric
Acid (HCI), Deionized Water (H20), and Silicon
Substrates.

Synthesis of TiO: Sol-Gel Solution

The TiO: sol-gel solution was prepared using the
sol-gel synthesis technique. Titanium isopropoxide
(TIP) was mixed with absolute ethyl alcohol (AEA)
in a 1:2 volume ratio. To initiate hydrolysis, varying
concentrations of hydrochloric acid (1, 2, 3, 4, and 5
mL) were separately mixed with 1 mL of deionized
water. Each acid-water mixture was then added
dropwise to the TIP-AEA solution under continuous
magnetic stirring for 2 hours. This process facilitated
sol-gel formation. After gelation, the solution was
allowed to cool to room temperature before further
processing.

Thin Film Preparation

Double-sided adhesive tape was affixed to the
surface of a large glass substrate, and the cleaned
silicon substrates were positioned on the tape. The
assembly was then placed inside the spin coater. The
interior of the spin coater chamber was cleaned with
acetone, and the device was connected to a vacuum
pump. Once the vacuum was properly adjusted, the
substrates adhered firmly to the spinning head.

A TiO:2 sol-gel solution prepared with 1 mL of HCl]
was deposited onto the silicon substrate using a
dropper, with approximately 0.3 mL applied to each
sample. The substrates were spun at 1000 rpm for 10
seconds to achieve uniform film spreading. The
same deposition procedure was repeated for TiO:
gels containing 2, 3, 4, and 5 mL of HCI. After each
coating, the substrates were placed on a hot plate at
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200°C for 1 hour to remove residual solvents and
enhance film adhesion. This annealing process was
subsequently repeated at 500°C to obtain the desired
film thickness and crystalline structure. The resulting
TiO: thin films were then prepared for further
characterization.

II1. Thin Film Characterization
Raman Scattering

Raman spectroscopy was utilized to identify the
crystalline phases of the TiO: thin films by observing
their molecular vibrational modes. Raman analysis is
particularly effective for distinguishing TiO:
polymorphs due to its high sensitivity [13]. It is also
suitable for thin films on silicon substrates, as shifts
in Raman bands can indicate tensile or compressive
strain during crystallographic changes. The prepared
TiO: films were analyzed using a Quasar-TEC-X2
Raman spectrometer operating in the 2002750 cm™
range, with a 785 nm excitation laser and 4 cm!
resolution. This non-destructive technique allows
precise evaluation of surface structural properties.

X-Ray Diffraction (XRD)

XRD analysis provides insight into the crystallite
size, phase composition, lattice spacing, and
structural constants of TiO: thin films. It is used to
determine whether the films are crystalline and to
identify phases such as anatase, rutile, or brookite
[14]. The average crystallite size was calculated
using the Debye—Scherrer equation:

K2
~ Bcos 6

€]

where K is the shape factor (~0.89), 1 is the X-ray
wavelength, f is the full width at half maximum
(FWHM), and 6 is the Bragg angle.

Structural properties of the TiOx/silicon films were
investigated using a Bruker D8 Advance X-ray
diffractometer equipped with CuKa radiation (A =
0.15406 nm). Data were collected at 40 kV and 40
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mA in the 20 range of 20°-75°, with a step size of
0.0484° and a scan rate of 0.2°/s using a Ventec
solid-state detector (Bruker, Germany)

Topographical Study

The surface morphology of the TiO: thin films was
examined using a Portable Capture HD microscope
(Version 3.0.1), allowing visualization of
topographical features and uniformity across the film
surface.

FT-IR Spectroscopy

FTIR spectroscopy was employed to identify
functional groups and chemical bonds within the
TiO: thin films. This technique provides insights into
bonding environments, surface chemistry, and the
presence of residual organic species. The Ti-O
vibrational stretching and other chemical signatures
of TiO-/Silicon films were analyzed using an MSE
PRO Fourier Transform Infrared Spectrometer, with
a spectral resolution of 1 cm™ and a measurement
range of 375-7800 cm™. FTIR is non-destructive
and suitable for assessing both amorphous and
crystalline films.

UV-Vis Measurements

UV-Vis spectroscopy was used to evaluate the
optical properties of the TiO: thin films, including
absorbance, transmittance, and reflectance. This
technique is essential for estimating the optical band
gap and understanding the film’s light-matter
interactions, which influence photocatalytic and
photovoltaic performance. UV-Vis measurements
were performed using a TF-C-UV-vis-SRN dual
spectrometer system covering the 200-1700 nm
wavelength range, with a resolution of <5 nm, using
SL4 halogen and deuterium light sources and an
R600 reflectance probe.

Surface Roughness Measurements

Surface roughness analysis provides quantitative
information about film texture and uniformity, which
can impact optical and electronic properties [15].
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Roughness measurements were carried out using an
SJ-310 Portable Surface Roughness Tester equipped
with a retractable drive unit, a 4 mN detector, and a
5 pm stylus tip radius.

Ellipsometry Analysis

The film thickness and optical constants (refractive
index and dielectric constant) of the TiO-/Silicon
films were determined using an FS-RT-300 multi-
wavelength ellipsometer. Ellipsometry is a highly
sensitive, non-destructive technique suitable for
multilayer structures on reflective substrates such as
silicon [16]. It enables accurate optical modeling and
precise determination of thickness and optical
interactions, which are essential for thin-film solar
and optoelectronic applications.

IV. RESULTS AND DISCUSSION

Raman Scattering

Raman spectroscopy was employed to analyse the
structural properties of TiO: thin films deposited on
silicon substrates, focusing on molecular vibrations
and phase formation. At the annealing temperature
of 200 °C, the films exhibited an amorphous nature,
as indicated by weak and broad Raman signals (Fig.
la), resulting in the absence of distinct TiO:
vibrational peaks. In contrast, annealing at 500 °C
significantly improved crystallinity and phase
development, demonstrated by the enhanced
vibrational peak at 531.84 cm™ (Fig. 1b). Higher
HCl concentrations during synthesis further
contributed to sharper Raman features at 500 °C,
suggesting improved phase purity and more ordered
structural arrangement compared to the 200 °C films.
These observations confirm the stabilization of the
anatase phase through thermal treatment.

The improved crystallinity at elevated
temperatures can be attributed to increased atomic
mobility, enabling atoms within the TiO2 network to
reorganize into a more ordered structure. Similar
thermal recrystallization behavior in TiO: films has
been reported by Aarati Chacko et al. [17] and
Mabkhoot A. Alsaiari et al., who observed enhanced
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crystalline quality above 450 °C [18]. Additionally,
slight red shifts in the Raman bands for both 200 °C
and 500 °C annealed samples can be explained by
inelastic (Stokes) scattering, where molecules return
from excited states by emitting lower-energy
photons with longer wavelengths. This red shift is
also indicative of tensile strain within the TiO:
lattice, which promotes relaxation toward the anatase
phase.
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Fig. 1 Raman scattering analysis of the TiO: thin films annealed at (a) 200°C
and (b) 500°C temperatures

X-Ray Diffraction

X-ray diffraction (XRD) analysis (Fig. 2a, b)
confirmed the presence of both rutile and anatase
phases in the TiO: thin films, corresponding to Bragg
angles near 33° (110) and 62° (204), respectively.
Films annealed at 500 °C exhibited significantly
higher crystallinity than those treated at 200 °C
under identical HCI concentrations. The average
crystallite sizes were determined using the Debye—
Scherrer equation, and the results indicate a clear
increase in crystallite size with higher annealing
temperature, as shown in Fig. 2b. According to Fig.
2c, the crystallite size at 200 °C was approximately
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52 nm for films treated with 2 mL of HCI, whereas
it increased to about 58 nm when 5 mL of HCI was
used at 500 °C. This progressive growth suggests

that both annealing temperature and acid
concentration  significantly influence crystal
development.

Similar observations were reported by Nicu
Becherescu et al., who studied crystallite growth in
TiO: under elevated thermal conditions [19], and by
Jacek Niziot et al., who documented phase evolution
and increased crystallite size under comparable
annealing treatments [20]. Higher volumes of HCI
enhanced the hydrolysis rate during the sol-gel
process, leading to improved nucleation and crystal
formation. Furthermore, annealing at 500 °C
promoted densification and increased
thermodynamic stability of the films by reducing
structural defects. This facilitated the merging of
small crystalline domains, ultimately resulting in
larger crystallite sizes.
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Topographic Study

The morphological analysis presented in Fig.
3.1(a—e) shows that the films annealed at 200 °C
exhibited smoother surfaces with finer grains,
suggesting a predominantly amorphous structure at
lower temperatures. In contrast, the films annealed at
500 °C, as shown in Fig. 3.2(a—e), demonstrated
improved homogeneity and a more uniform grain
distribution. The elevated annealing temperature
facilitated recrystallization and enhanced surface
texturing. Signs of rapid nucleation were evident
through grain clustering, particularly at higher HCI
concentrations. Overall, the surface topography
confirms that annealing temperature strongly
influences the structural and morphological

evolution of the TiO: thin films.
3.1

()
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(d) 4 mL of HCL (¢) SmL of HCL

Annealed at 500 °C

¥

(¢) 3 mL of HCL.

4 30
(d) 4 mL of HCL. () SmL of HCL.

Fig. 3 Morphological study of the TiO: thin films annealed at (a) 200°C and (b)
500°C temperatures

FT-IR Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy,
shown in Fig. 4 (a, b), was employed to identify the
chemical bonding and functional groups present in
the TiO: thin films. Characteristic transmittance
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peaks confirmed the vibrational modes of Ti—O-
related bonds, including the Ti—O stretching band
near 600 cm™ and the Ti—~O-T1 bridging vibration
around 750 cm™ [21]. The stretching band observed
at approximately 970 cm™! corresponds to Si—O-Ti
bonding, indicating strong interfacial interaction
between the TiO: film and the silicon substrate. A
peak near 900 cm™ was attributed to C—C bonding,
likely originating from residual isopropyl alcohol
(IPA) used during the sol-gel precursor preparation.

Additional minor peaks detected in the 1000—1500
cm! region can be attributed to bending vibrations
of C-N or C-O functional groups. Transmittance
features between 1500-2000 cm™ were associated
with stretching vibrations of double bonds such as
C=0, C=C, and C=H. Furthermore, broad absorption
features between 2750-3750 cm™! were attributed to
O-H, N-H, and C-H stretching, likely originating
from ambient moisture or residual hydroxyl groups
on the film surface.

Similar FTIR features have been reported by
Sebastian Alberti et al., confirming the persistence of
these functional groups across different annealing
conditions [22]. The absence of strong organic
impurity peaks suggests effective decomposition of
residual solvents and precursors, confirming the
chemical purity and integrity of the sol-gel-derived
TiO: thin films.

597.96 cm !
| Tio, Ser-Band

@) 200°C 790,/ Si

HCL=S mT.

IIC1 =4 mL

|
L
W
[
[

[ L
500 1000 1500 2000 2500 3000 3500 4000
Wave Number (em™y

Transmitanee (%)

603.61 cm™
TiO, Str-Band

() 500°C Tio/Si

HCI = 5ml

(
h
F HC1 = 4ml
L
|
) HCI1 = 3ml
/
|
|
v HCI = 1ml
:

500 1000 1500 2000 2500 3000 3500 4000
Wave Number (cm™)

Transmittance( %)

Fig. 4 FTIR spectroscopy analysis of the TiO: thin films annealed at (a)
200°C and (b) 500°C temperatures.
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UV-Vis Measurements

UV-Vis spectroscopy of TiO- thin films annealed
at 200 °C and 500 °C s presented in Fig. 5 (a, b). The
films exhibited strong absorption in the UV region,
centered around 290-300 nm, with higher acid
concentrations resulting in increased absorbance
intensity. This enhancement is attributed to the
accelerated hydrolysis rate at elevated HCI
concentrations during the sol-gel process, which
promotes the formation of well-dispersed
nanoparticles and a more homogeneous film surface,
thereby improving light absorption.

The optical band gap energies of the films were
determined from Tauc plots derived from the UV-
Vis spectra [23], assuming a direct transition (n = 2)
based on linear fitting. As the annealing temperature
increased from 200 °C to 500 °C, the band gap
decreased from 3.07 eV to 2.28 eV (Fig. 5c¢),
indicating a narrowing of the energy gap between the
valence and conduction bands. This reduction
reflects enhanced electronic transition behavior,
which is associated with improved crystallinity and
densification of the films at higher temperatures. In
particular, TiO: films annealed at 500 °C with 5 mL
HCl exhibited higher crystallinity and denser surface
morphology, which may reduce quantum
confinement effects and contribute to the observed
band gap narrowing [24].

The measured band gap values (2.28-3.07 eV) are
consistent with the reported range for TiO2 (3-3.2 eV)
and remain significantly higher than that of silicon
(~1.2 eV), making these TiO-/Si films suitable for
solar cell applications. Maintaining a moderately
wide band gap is critical, as excessively low band
gap energies can lead to increased heat generation
due to excessive light absorption, which may
degrade the material properties and performance of
the photovoltaic device.
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Fig. 5 UV vis spectroscopy analysis of the TiO: thin films annealed at (a) 200°C,

(b) 500°C, and (c) band gap energy concerning different volume concentrations
of HCl acid mixture at both annealed temperatures.

Surface Roughness

Surface roughness measurements of the TiO: thin
films are presented in Fig. 6. Films annealed at
200 °C exhibited relatively smooth and uniform
surfaces, whereas those treated at 500 °C showed
increased surface roughness accompanied by particle
clustering. The maximum roughness values were
measured as 0.32 um for films with 2 mL HCI at
200 °C and 0.45 pum for films with 5 mL HCI at
500 °C. This increase in roughness can be attributed

Available at www.ijsred.com

to enhanced grain growth and recrystallization at
elevated temperatures, particularly under higher HCI
concentrations.

Similar trends have been reported by Yang Liu et
al., who investigated morphological changes in
annealed TiO: films [25], and by Joydip Sengupta et
al., who observed surface texture transformations
between low- and high-temperature-processed TiO-
thin films [26]. In photovoltaic applications, such as
solar cells, the increased surface roughness can be
advantageous, as it provides greater grain exposure
and surface area, enhancing interfacial interactions
and potentially improving device performance.
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Fig. 6 Surface roughness analysis of the TiO: thin films annealed at 200°C and
500°C temperatures, concerning different volume concentrations of HCI acid
mixture.

Ellipsometer Analysis

Ellipsometry results, shown in Fig. 7(a), indicate
that annealing led to a modest decrease in the
refractive index of the TiO: thin films. The refractive
index decreased with increasing annealing
temperature, with films treated at 500 °C exhibiting
lower values compared to those annealed at 200 °C.
Specifically, the lowest refractive index was 3.7 for
3 mL HCI at 200 °C and 3.3 for 2 mL HCI at 500 °C.
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This decrease suggests that higher annealing
temperatures and greater HCl concentrations
promote densification and hardening of the films,
reflecting improved crystallinity, reduced porosity,
and enhanced overall film quality.

Dielectric constants, presented in Fig. 7(b), were
significantly higher for films annealed at 500 °C,
ranging from 3 to 4, compared to 0-0.5 at 200 °C
across different HCI concentrations. The nearly
linear trend observed in the dielectric response
indicates that variations in HCI concentration had a
minimal effect on dielectric properties. The
enhanced  dielectric  constant at  elevated
temperatures is attributed to improved material
ordering and higher film density, which facilitates
polarization under an electric field. This, in turn,
strengthens local electric fields, improving charge
separation efficiency-a critical parameter for solar
cell applications. The optical constants suggest that
the TiO: films behave as n-type semiconductors and,
when combined with p-type silicon substrates, form
a P-N junction capable of efficient electron—hole
separation under illumination.

Figure 7(c) shows the variation of TiO: film
thickness with HCI concentration. At 500 °C,
thickness strongly influenced the optical and
structural properties, with thicker films exhibiting
enhanced crystallinity and reduced band gap
energies [27]. The maximum thickness values were
3.3 nm at 200 °C for 2 mL HCl and 5.4 nm at 500 °C
for 1 mL HCI. The increase in thickness at higher
annealing temperature is attributed to thermal
oxidation of the TiO- films in conjunction with the
silicon substrate, leading to densification and growth
of the crystalline layer. Thicker films provide more
active surface sites and improved light absorption,
enhancing the suitability of the TiO- thin films for
photovoltaic applications [28].
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V. CONCLUSION

Titanium dioxide (TiO2) thin films were
successfully deposited on silicon substrates via a
facile sol-gel spin coating technique. Different molar
concentrations of HCl were incorporated into the
precursor solutions to investigate the effect of acid
concentration on film properties. Subsequent
annealing at 200 °C and 500 °C had a significant
impact on the structural, optical, and surface
characteristics of the films. At 200 °C, the films
exhibited partial crystallization and moderate surface
roughness, indicating initial phase formation and
limited grain growth. Increasing the annealing
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temperature to 500 °C enhanced the maximum
crystallite size from 51.13nm to 58.55nm and
increased the surface roughness from 0.32 um to
0.45 um, reflecting improved structural ordering and
reduced defect density. The optical band gap
decreased from 3.07eV at 200°C to 2.28eV at
500 °C, indicating improved electronic conductivity.
Moreover, the refractive index decreased to 3.3,
while the dielectric constant increased to 3—4 at
500 °C, demonstrating enhanced optical properties.
Overall, heat treatment at 500 °C significantly
improved the crystallinity, surface uniformity, and
optical of TiO2/Si thin films,
highlighting its effectiveness in optimizing film

performance

quality for next-generation high-efficiency solar cell
applications.
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