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Abstract

Titanium (Ti) nanostructure films were fabricated on glass substrates by DC magnetron sputtering
using the oblique angle deposition (OAD) technique with varying deposition times. The as-deposited
Ti films were subsequently oxidized in air at 400°C and 500°C to obtain TiO2 nanostructure films.
The effects of deposition time and oxidation temperature on the structural, morphological, and optical
properties were systematically investigated and correlated with surface-enhanced Raman scattering
(SERS) performance toward methylene blue (MB) molecules. Increasing both deposition time and
oxidation temperature led to thicker films, larger grains, and enhanced crystallinity with higher surface
roughness. The optical band gap gradually decreased as deposition time increased, a trend associated
with microstructural evolution and improved crystallinity during thermal oxidation. Among all samples,
the TiOz film oxidized at 400°C with a deposition time of 4 min exhibited the highest Raman enhancement,
with a maximum enhancement factor (EF) of approximately 4.00 + 0.064 (mean = SD, n = 5), indicating
that moderate oxidation promotes optimal nanostructured surface and charge-transfer efficiency. These
findings highlight the important role of deposition time and oxidation conditions in governing the SERS

1. Introduction

Surface-Enhanced Raman Scattering (SERS) has attracted
significant interest as an effective analytical technique for detecting
molecules at ultra-low concentrations. Conventional SERS substrates
typically rely on plasmonic mechanisms associated with noble metals
such as gold (Au) and silver (Ag). However, their practical applications
remain limited by insufficient chemical stability, poor reproducibility,
and high fabrication costs.

To address these limitations, non-plasmonic SERS, based on
charge-transfer interactions between semiconductor surfaces and target
molecules, has emerged as a promising alternative. This approach
offers enhanced signal stability and reproducibility. Consequently,
various semiconductor materials have been extensively explored as
non-plasmonic SERS substrates, including titanium dioxide TiO2 [1-3],
ZnO [4-7], SiO2 [8-10], and graphene oxide [11-12].

Among these candidates, (TiO2) has been widely investigated
due to its high chemical stability, low toxicity, and structural versatility.
TiOz can be fabricated into diverse nanostructures, such as nanorods
[13-14], nanotubes [15-16], and nanoflowers [17], which provide
increased specific surface area and tunable electronic band structures
favorable for charge-transfer processes in non-plasmonic SERS systems.
In particular, TiO2 nanostructures, especially rutile nanostructures,
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activity of TiO2 nanostructure films.

have attracted considerable interest because their morphology and
crystalline phase can be effectively tailored through seed-layer engineering
and controlled growth conditions, enabling further optimization of their
optical properties and SERS performance [18].

However, previous studies have shown that the SERS performance
of TiOz is highly dependent on its crystal structure and surface properties.
These characteristics can be effectively controlled through fabrication
techniques [19-20] and post-deposition oxidation or annealing
temperatures [21-22], which influence the crystalline phase, defect
density, and surface electronic states, thereby affecting charge-transfer
efficiency.

In this work, the effects of deposition time and oxidation temperature
on the structural, morphological, optical, and SERS properties of
TiO2nanostructure films fabricated by DC magnetron sputtering are
systematically investigated and correlated with their SERS activity.
This study focuses on elucidating the role of charge-transfer mechanisms
in non-plasmonic SERS and provides insights into the development
of stable and reliable semiconductor-based SERS substrates.

2. Experimental

Glass substrates (3 cm x 1 cm) were sequentially cleaned in acetone,
methanol, and deionized water for 15 min each to remove organic and
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particulate contaminants. An overview of the experimental procedure
for the fabrication and characterization of TiO2 films is schematically
presented in Figure 1. After cleaning, titanium (Ti) films were deposited
onto the glass substrates by DC magnetron sputtering using a high-
purity titanium target (Ti, 99.995% purity; 2 inch diameter and 0.25
inch thickness; Kurt J. Lesker). The target—substrate distance was fixed
at approximately 80 mm. Prior to deposition, the sputtering chamber
was evacuated to a base pressure of ~5 x 10> mbar using diffusion
and rotary pumps. During sputtering, high-purity argon gas (99.999%)
was introduced at a flow rate of 15 sccm via a mass flow controller,
resulting in a working pressure of ~1.9 x 10~ mbar. The Ti target was
pre-sputtered for 3 min in argon to remove surface oxides, and the
sputtering power was maintained at 150 W.

To deliberately tailor the film morphology, an oblique-angle
deposition (OAD) configuration was employed by tilting the substrates
at 85° relative to the horizontal plane, as illustrated in Figure 2. This
highly oblique geometry enhances atomic shadowing effects during
film growth, thereby promoting anisotropic deposition and facilitating
the formation of columnar nanostructures. Deposition times were
systematically varied at 2 min, 4 min, 6 min, 8 min, and 10 min to
investigate the effects of deposition time on the resulting film morphology
and SERS activity.
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Figure 1. Schematic illustration of the experimental procedure.
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Figure 2. Schematic of oblique-angle deposition (85°) for TiO, thin-film growth.

Table 1. Deposition conditions for TiO, films.

Deposition time Conditions of annealing temperature

[min] 400°C 500°C
2 4Ti2 5Ti-2
4 4Ti4 5Ti-4
6 4Ti-6 5Ti-6
8 4Ti-8 5Ti-8
10 4Ti-10 5Ti-10
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Subsequently, the as-deposited Ti films were thermally annealed
in air at 400°C and 500°C for 1 h using a heating rate of approximately
12°C'min™! to induce oxidation and structural transformation into
TiOz, as summarized in the experimental flowchart shown in Figure 1.
The deposition conditions and sample codes are summarized in Table 1.
The crystalline structure of the resulting TiOz films was characterized
by X-ray diffraction (XRD) using Cu Ka radiation (\ = 1.54184 A;
Bruker D2 PHASER). Surface morphology was examined by field-
emission scanning electron microscopy (FE-SEM; TESCAN MIRA-3,
Czech Republic). In addition, optical transmittance spectra before and
after annealing were recorded using a UV—Vis spectrophotometer
(G10S UV-Vis, Thermo Scientific) over the wavelength range of
200 nm to 1000 nm. In addition, photoluminescence (PL) spectra
were recorded using a photoluminescence spectrometer (HORIBA
Scientific; instrument info: FLMAX-0539D-1022-FMPLUS R928P)
over the wavelength range of 340 nm to 800 nm under identical
instrumental conditions for samples to enable direct comparison of
the emission behavior. Finally, the SERS activity of the TiOz films
was evaluated using a Raman spectrometer (XploRA™PLUS by
HORIBA Scientific).

3. Results and discussion

The as-deposited Ti films prepared at all deposition times (2 min
to 10 min) do not exhibit distinct diffraction peaks characteristic of
crystalline phases, indicating that the films are quasi-amorphous or
composed of extremely fine nanocrystallites whose grain sizes are
below the detection limit of XRD. This observation is consistent
with previous studies reporting featureless or significantly broadened
diffraction patterns for TiO: films prior to thermal annealing, which
are attributed to an incompletely crystallized structure [23-25]. From
the XRD results, it can therefore be inferred that the as-deposited films
lack long-range structural order and remain in a metastable state,
where thermal energy supplied during annealing is required to drive
crystallization, grain growth, and phase evolution toward a more ordered
TiOz structure.

Following annealing at 400°C, distinct diffraction peaks emerge
that can be indexed to the rutile phase of TiO2. The dominant reflection
appears at a 26 angle of approximately 27° to 28°, corresponding to the
(110) crystallographic plane, while additional reflections are observed
around 36° to 37°, which can be assigned to the (101) or (211) planes
in accordance with the JCPDS database for rutile TiO2. The intensity
of these rutile-related peaks increases progressively as the deposition time
is extended from 2 min to 10 min, indicating a continuous enhancement
of crystallinity. The appearance of rutile TiO2 at 400°C indicates that
phase transformation occurred at a relatively low temperature, which
may be attributed to the dense nanostructured morphology produced
under the present sputtering conditions [26]. This behavior is likely
related to the nanostructured thin-film geometry produced by oblique-
angle sputtering, which introduces a high surface area, nonequilibrium
growth characteristics, and a defect-rich micro-structure that can lower
the activation barrier for oxidation and crystallization during annealing.
Although anatase is more commonly reported for photocatalytic and
SERS applications, the present results demonstrate that rutile TiO2
can also provide effective non-plasmonic Raman enhancement when
combined with suitable nanostructured surface and defect-assisted
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charge-transfer pathways [27-28]. Such an evolution, characterized
by the growth of diffraction intensity and the transformation from a
quasi-amorphous structure to a polycrystalline state upon thermal
treatment in the temperature range of approximately 300°C to 400°C,
has been widely documented for TiO; thin films and is in good agreement
with the behavior observed in the present study [30-31].

At a higher annealing temperature of 500°C, the XRD patterns
exhibit rutile-phase diffraction peaks that are noticeably sharper and
more intense than those observed at 400°C. The narrowing of the rutile-
related diffraction peaks at elevated annealing temperatures qualitatively
reflects the suppression of structural disorder and the promotion of
crystallite growth within the TiOz films. This behavior is consistent
with previous reports describing thermally induced grain growth and
improved crystallinity in TiOz thin films. Furthermore, extending
the deposition time leads to a continuous increase in the intensity of
such rutile reflections, which can be attributed to an enhanced crystalline
fraction and increased film thickness [32—-34].

Figure 4-5 present the top-view and cross-sectional FE-SEM
images of the TiOz films prepared under different deposition times and
annealing temperatures. The observed morphological variations provide
experimental evidence for the role of surface structure in governing
the SERS response of the films.

For the films annealed at 400°C, the sample deposited for 2 min
(Figure 4(a)) shows a relatively smooth surface with very fine grains,
where individual grain boundaries are not clearly resolved [35]. This
morphology is consistent with the weak XRD features observed for
short deposition times and suggests a structure that remains close to
a quasi-amorphous state. Despite the limited crystallinity, the surface
may contain structural disorder and defect-related sites, which can
contribute to molecular adsorption and interfacial charge-transfer
processes [36-37].

With increasing deposition time from 4 min to 10 min (Figure 4(b—)),
the surface grains become progressively more distinguishable and exhibit
gradual coalescence. This evolution reflects increased film thickness
and partial crystallite growth while maintaining a heterogeneous
nanoscale surface. Among these samples, the film deposited for 4 min

exhibits moderate grain development while retaining a relatively high
density of grain boundaries and surface imperfections. This structural
condition is favorable for SERS, as it supports efficient adsorption of
probe molecules and facilitates defect-assisted charge transfer between
TiO2 and the adsorbates [38].

In contrast, the films annealed at 500°C exhibit more pronounced
grain growth and surface densification (Figure 4(f—j)). At deposition
times of 4 min and 6 min, larger and more compact nanograins are
formed, indicating enhanced crystallization induced by the higher annealing
temperature [39]. Further extension of the deposition time leads to
a denser surface morphology with reduced nanoscale heterogeneity.
Cross-sectional images (Figure 5) reveal increased film thickness and
more pronounced columnar grain growth at 500°C, suggesting enhanced
atomic diffusion and structural rearrangement during annealing.

Although higher annealing temperatures improve crystallinity,
the accompanying reduction in grain-boundary population and possible
decrease in defect-related surface states appear to be detrimental to
SERS performance. Excessive grain coalescence reduces the number
of active sites for molecular adsorption and suppresses charge-transfer
interactions essential for non-plasmonic Raman enhancement [40—42].
Consequently, films annealed at 400°C, particularly those deposited
for 4 min, exhibit superior SERS activity compared with their 500°C
counterparts.

The UV-Vis optical transmittance spectra of the TiOx films annealed
at 400°C and 500°C are presented in Figure 6(a—b), respectively. For
the films annealed at 400°C, all samples exhibit similar spectral profiles,
with a pronounced absorption edge located at approximately 350 nm to
400 nm, corresponding to the electronic transition from the valence band
to the conduction band of rutile TiOz. The primary variation among
the samples lies in the transmittance levels within the visible to near-
infrared (Vis—NIR) region, which generally increase with deposition
time from 2 min to 8 min, followed by a slight decrease at 10 min. This
trend reflects the combined influence of increasing film thickness and
light scattering associated with the surface morphology evolution during
deposition, which alters the optical path and effective absorption [43-44].
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Figure 3. XRD patterns of TiO, films prepared by DC magnetron sputtering with deposition times of 2 min to 10 min before and after annealing at 400°C

and 500°C.
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Figure 4.Top-view FE-SEM images of TiO, films deposited at different times and annealed at (a—e) 400°C and (f-j) 500°C. The deposition times are 2 min,
4 min, 6 min, 8 min, and 10 min for panels (a—e) and (fj), respectively. The scale bar in all images is 500 nm.
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Figure 5. Cross-sectional FE-SEM images of TiO, films deposited for 6 min and 10 min and annealed at (a—b) 400°C and (c—d) 500°C. Panels (a) and (b)
correspond to the 6 min and 10 min deposition samples annealed at 400°C, respectively, whereas panels (c) and (d) correspond to the 6 min and 10 min
deposition samples annealed at 500°C, respectively. The scale bar in all images is 500 nm.
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Figure 6. UV—Vis optical transmittance spectra in the wavelength range of 200 nm to 1100 nm for TiO, films deposited for 2 min to 10 min and annealed
at (a) 400°C, and (b) 500°C. Panel (c) shows the indirect optical band gap values determined from the corresponding Tauc plots.

J. Met. Mater. Miner. 37(1). 2027



6 WANNAPHUM, J., et al

For the films annealed at 500°C, the overall transmittance spectra
are qualitatively similar to those of the 400°C samples, but display
slightly higher transmittance across the Vis region, which may be
associated with enhanced crystallinity and a lower concentration of
defect-related states after high-temperature annealing. An incremental
redshift of the absorption edge is observed as deposition time increases,
suggesting a modest reduction in the optical band gap (Figure 6(b)),
likely associated with microstructural evolution and improved structural
ordering at elevated temperatures [45—46].

The indirect optical band gap (Eg) values were determined from
the corresponding Tauc plots using the relation:

(ah)'? = A(hv — E,) (1

where o is the absorption coefficient, /v is the photon energy, and
A is a proportionality constant. As shown in Figure 6(c), the films
annealed at 400°C exhibit a gradual decrease in Eg from ~3.87 eV
for the 2 min deposition to ~3.29 eV for the 10 min deposition. In
comparison, the films annealed at S00°C show slightly higher band
gap values across all deposition conditions, ranging from ~3.98 eV
(2 min) to ~3.37 eV (10 min). The calculated optical band gap values
of the TiO2 nanostructure films range from approximately 3.29 eV to
3.98 eV, which are slightly higher than the typical values reported
for bulk rutile (~3.0 eV) and anatase (~3.2 ¢V) TiOz. This blue shift
may be associated with the combined effects of microstructural disorder,
defect-related states, and size-dependent electronic effects commonly
observed in nanostructured TiOz thin films. In particular, the OAD
promotes nonequilibrium growth, leading to a defect-rich nanostructure
that may modify the electronic structure and shift the absorption edge
toward higher energies. Such microstructure-dependent variations
in the optical band gap have been widely reported for TiOz thin films
[47], as changes in grain size and microstructure significantly influence
the band gap energy [48-49]. Furthermore, as the band gap values were
extracted using the indirect-transition Tauc model, the obtained results
should be interpreted as the optical band gap of the present nanostructured
thin films rather than the intrinsic band gap of ideal bulk TiOx.

The relatively large optical band gap values observed in this study
are likely influenced by thin-film geometry, nanostructured morphology,
and defect-related states inferred from the structural and optical analyses.
However, further detailed spectroscopic investigations would be required
to quantitatively identify the dominant contribution.

The Raman spectra of methylene blue (MB) at a concentration
0f 0.01 mM (10 pL) on TiO2 nanostructure films are presented in
Figure 7. For the films annealed at 400°C (4Ti series, Figure 7(a)), all
samples display the characteristic vibrational features of MB, with a
prominent band observed at approximately 1620 cm™, corresponding
to aromatic ring vibrations and C—C/C—N stretching modes within the
MB molecule [50-51]. The intensity of this peak increases significantly
as the deposition time extends from 2 min to 4 min, indicating that the
surface morphology obtained at a deposition time of 4 min is more
favorable for molecular adsorption and interfacial charge-transfer
processes. When the deposition time exceeds 4 minutes (6 min to
10 min), the Raman peak intensity slightly decreases, suggesting that
excessive grain coalescence and densification reduce the availability
of surface sites and localized charge-transfer enhancement, thereby
diminishing the SERS enhancement [52-53].

J. Met. Mater. Miner. 37(1). 2027

In contrast, the films annealed at 500°C (5Ti series, Figure 7(b))
exhibit lower overall Raman intensities, although the main MB band
at~1620 cm™! remains clearly detectable under all deposition conditions.
This reduction in SERS performance can be correlated with the increased
grain size, enhanced crystallinity, and slightly larger band gap values
(Figure 6(c)), which may reduce the availability of defect-related surface
states and nanoscale surface heterogeneity. These factors limit both
the number of active adsorption sites and the formation of localized
charge-transfer enhancement, thereby suppressing charge-transfer
interactions between TiO2 and MB.

Overall, a comparison of the two annealing temperatures indicates
that the highest SERS activity is achieved for the films annealed at
400°C with an intermediate deposition time of 4 min. This optimal
condition provides a combination of moderate film thickness and nano-
structured morphology that appears favorable for molecular adsorption
and interfacial charge-transfer processes. These observations are
consistent with the morphological and optical analyses discussed
previously, highlighting the crucial interplay between nanoscale
structure, defect states, and optical properties in governing SERS
performance [54-55].

The quantitative evaluation of the SERS activity of the TiO2
nanostructure films is summarized in Figure 8, which presents the
enhancement factor (EF) as a function of deposition time and annealing
temperature. In this work, the EF was calculated using the following
expression:

I C
EF = s o Crs
Csers  Irs

@

The EF of the TiO2 nanostructure films was calculated using
Equation (2), where ISERS and IRS are the Raman intensities of
methylene blue (MB) measured on the TiO> substrate and in the reference
solution, respectively, and CSERS and CRS are the corresponding
MB concentrations. In this work, the EF was determined from the
characteristic Raman band at 1620 cm!, which is assigned to aromatic
ring vibrations and C—C stretching modes of MB. The SERS measurements
were performed using a 532 nm laser, a 50x objective lens, and an
acquisition time of 5 s. This formulation accounts for differences in
analyte concentration and provides a normalized measure of the Raman
signal enhancement arising from the nanostructured surface of films.
The reference Raman signal was collected under the same instrumental
conditions for the corresponding MB reference solution, and the MB
concentration was 0.01 mM [56-58].

As shown in Figure 8, the TiO: films annealed at 400°C exhibit
higher EF values across all deposition times compared with films
annealed at 500°C. Among the 400°C series, the film deposited for
4 min (4Ti-4) reaches the maximum EF of approximately 4.01 + 0.064
(mean + SD, n = 5), consistent with the most intense Raman peak of
methylene blue (MB) observed at ~1620 cm™ in Figure 7(a). When
the deposition time is further extended to 6 min, § min, and 10 min,
the EF gradually decreases to 3.27,2.95, and 1.16, respectively. This
trend aligns with the corresponding Raman spectra, where both the
intensity of the main MB peak and the spectral background diminish.
The reduction in EF at longer deposition times may be associated
with increased grain coalescence and film densification, which are less
favorable for molecular adsorption and interfacial charge-transfer
processes.
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Figure 7. Raman spectra of methylene blue (MB) at a concentration of 0.01 mM (10 pL) measured on TiO: nanostructure films prepared with deposition times
of 2 min, 4 min, 6 min, 8 min, and 10 min and subsequently oxidized at (a) 400°C, and (b) 500°C.
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Figure 9. Photoluminescence (PL) spectra of TiO, films annealed at 400°C
(4Ti-4) and 500°C (5Ti-4).

For the films annealed at 500°C, the maximum EF (~3.09) is also
observed at a deposition time of 4 min; however, this value is markedly
lower than that of the 400°C counterpart. As the deposition time increases
to 6 min, 8 min, and 10 min, the EF drops sharply to 0.71, 0.42, and
0.35, consistent with the weak Raman intensities and flattened spectral

backgrounds shown in Figure 7(b). Although the enhancement factors
are lower than those typically reported for plasmonic SERS substrates,
the obtained values are reasonable for non-plasmonic TiOz systems,
where Raman enhancement is primarily governed by interfacial charge-
transfer mechanisms. The observed decline in SERS performance may be
associated with the higher crystallinity and slightly increased optical
band gap (Figure 6(c)) induced by the elevated annealing temperature,
which could reduce the contribution of defect-related electronic states
to charge-transfer interactions between TiO2 and MB molecules.
Furthermore, pronounced grain growth and coalescence at 500°C result
in smoother film surfaces with fewer nanoscale junctions and defect sites,
thereby limiting the formation of localized charge-transfer pathways
at defect-rich surface interfaces and suppressing efficient Raman signal
enhancement.

Overall, the combination of Raman spectral data, FE-SEM
morphological analysis, and optical band gap measurements indicates
that the most favorable conditions for SERS arise in films annealed
at 400°C with an intermediate deposition time of 4 min. Under these
conditions, the TiOz films exhibit a nanostructured morphology and
moderate film thickness that appear favorable for molecular adsorption
and interfacial charge-transfer processes, resulting in enhanced Raman
signals. This mechanistic insight emphasizes the importance of controlling
both structural and electronic features in engineering TiO2-based SERS
substrates.

It should be noted that the present discussion is based on qualitative
morphological observations. Further quantitative characterization of
defect-related states would be beneficial for confirming the proposed
charge-transfer mechanism.

To further investigate the role of defect-related states in the TiO:2
films, PL spectroscopy was performed, as shown in Figure 9. The broad
visible PL bands centered at approximately 516 nm and 650 nm are
consistent with defect-related emissions in TiOz. In particular, previous
studies have shown that visible PL in TiOz is associated with surface
and subsurface oxygen vacancies, shallow and deep trap states, and
mid-gap electronic states that participate in radiative recombination
pathways. The appearance of these bands suggests that the present TiO2
films contain defect-related states that may influence the electronic
processes occurring at the film surface. In the context of the present
work, such states may contribute to the formation of intermediate
energy levels that facilitate interfacial charge-transfer interactions
between TiO2 and MB molecules. This interpretation is consistent

J. Met. Mater. Miner. 37(1). 2027
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with the Raman and EF results, where the films annealed at 400°C,
particularly the 4 min deposition sample, exhibited the strongest SERS
response. The enhanced performance of this sample may be associated
with the combined effects of nanostructured morphology and defect-
related electronic states, which are favorable for molecular adsorption
and interfacial charge-transfer processes at the TiO2/MB interface
[59-60].

4. Conclusions

TiO2 nanostructure films were successfully fabricated on glass
substrates by DC magnetron sputtering using oblique-angle deposition
and subsequently oxidized at 400°C and 500°C. The effects of deposition
time and annealing temperature on the structural, morphological, optical,
and photoluminescence properties of the films were systematically
investigated and correlated with their SERS activity toward methylene
blue (MB). XRD and FE-SEM analyses revealed that thermal oxidation
promoted crystallization and nanocluster formation, with thicker films
and larger grains observed at longer deposition times and higher
annealing temperatures. UV—Vis and Tauc plot analyses showed that
the optical band gap decreased with increasing deposition time, which
was associated with microstructural evolution during thermal oxidation.
In addition, PL spectroscopy exhibited broad visible emission bands
centered at approximately 516 nm and 650 nm, suggesting the presence
of defect-related states that may participate in radiative recombination
and influence interfacial electronic processes at the TiOz surface. SERS
measurements demonstrated that the films annealed at 400°C consistently
exhibited stronger Raman enhancement than those annealed at 500°C,
with the 4 min deposition sample (4Ti-4) showing the highest enhancement
factor of approximately 4.01. This superior performance may be associated
with a favorable combination of moderate film thickness, nanostructured
morphology, and defect-related electronic interactions at the TiO2/MB
interface. Overall, the results demonstrate that careful control of
deposition time and annealing temperature is essential for tuning the
structural and electronic properties of TiO2 nanostructure films and
optimizing their non-plasmonic SERS activity.
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