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Abstract—In this work, TiO, thin films were deposited onto glass substrate by two different techniques: sol—
gel dip-coating (SG) and reactive DC magnetron sputtering (Sput). The prepared samples have been charac-
terized by means of micro-Raman, differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA) measurements, scanning electron microscopy (SEM), UV-Visible spectrophotometry, and M-Lines
spectroscopy (MLS). The micro-Raman results showed an amorphous TiO,-SG phase and the vibrational
mode of TiO,-Sput is anatase phase. DSC-TGA analysis was used to investigate the thermal properties of the
TiO, material. SEM spectroscopy has shown that TiO,-SG has a disordered and more porous surface,
TiO,-Sput sample is homogeneous and shows uniform distribution of densely packed well-defined grains.
The obtained films have an optical transmittance varying from 60 to 88% in the visible region. The optical
band gaps deduced from the transmittance are 3.48 and 3.53 eV for TiO,-SG and TiO,-Sput, respectively.
The optical waveguiding measurements carried out on TiO,-SG and TiO,-Sput films show single guided
modes behavior (TE; and TM,)). These measurements have allowed deducing the refractive index and thick-
ness values that are 2.06 at 216 nm for TiO,-SG and 2.26 at 204 nm for TiO,-Sput thin films. The analysis of
waveguiding properties indicates that amorphous TiO, may prove to be more efficient in photonic device as

compared to crystalline TiO,.
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1. INTRODUCTION

Titanium dioxide (TiO,) is one of the most studied
transition metal oxides. TiO, have several advanta-
geous properties such as availability, low cost, high
refractive index, excellent optical transmittance in the
visible and near IR regions, and large band gap of
3.5eV compared to traditional semiconductors (1—
1.5 eV), and good thermal stability [1, 2]. TiO, is found
in three different phases rutile, brookite, and anatase.
While rutile is the moste stable phase, both brookite
and anatase are metastable. And these are good for
industrial applications [3, 4].

These properties make them attractive materials for
several applications such as antireflective coating,
photocatalytic processes, solar cells, photovoltaic,

optoelectronic [4—6], optical filter, and planar wave-
guides [1, 2].

In integrated optics, various applications are based
on the use of transparent metal—oxide semiconduc-
tors thin-film planar waveguides. The approach to use
TiO, films for the realization of such waveguide struc-
tures will be reported in the present paper.

Titanium dioxide can be grown as a thin film by
physical or chemical deposition techniques, such as
chemical vapor deposition, atomic layer deposition,
beam evaporation [7—9], spray pyrolysis, sol—gel [ 10—
12], and sputtering techniques [13]. Most TiO, thin
films are prepared using chemical processes such as
the sol-gel methods, mainly due to the advantages of
simple equipment requirements, low cost, and the
ease with which large or complicated surfaces can be
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Fig. 1. Micro-Raman spectra of the TiO, thin films elabo-
rated by sol—gel (SG) and sputtering (Sput) processes and
annealed at 350°C.

100 2.25
90 1.50 PED
y =
z £
= 80 0.75 .2
= =
o0 =
(] -
= $
70 0 =
1
1 -0.75

100 200 300 400
Temperature, °C

500

Fig. 2. DSC and TGA graphs for synthesized TiO, xerogel
powder.

coated. The sputtering method has some advantages
over chemical processes, namely, its simplicity (it is a
one-step process) and the easy control of film thick-
ness. Due to these significant advantages, there has
been a recent widespread interest in TiO, thin films
waveguiding.

The aim of this paper is to compare structural,
morphological, and optical properties of TiO, thin
films deposited by two different methods, namely,
physical “reactive DC magnetron sputtering” and
chemical “sol—gel dip-coating (SG)” for waveguiding
applications.

2. EXPERIMENTAL PROCEDURES

The titanium thin film sample was deposited by
reactive sputtering process (abbreviated as TiO,-Sput)
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with a metallic Ti target of 99.99% purity onto micro-
scope glass slides as substrate, the distance between
the target and substrate was kept at 5 cm. The working
gas used was a 1/2 mixture of Ar/O,. The deposition
rate was 5 nm/min. The sputtering power of the cath-
ode was 150 W. The deposition film was annealed at
350°C.

Another sample (denoted as TiO,-SG) was pre-
pared through the sol-gel process using dip-coating
procedure. The procedure of preparation includes the
dissolution of titanium isopropoxide (Ti(OC;H;),)
from Aldrich (97%) in isopropanol alcohol
((CH;),CHOH) by adding drop by drop. The solution
was left under closed stirring during 15 min. Then,
acetic acid was poured and stirred during 30 min.
Finally, methanol was added and stirred during one
hour. Thus obtained solution is transparent, of yellow-
ish color, and is ready for deposit. The glass sample
carefully cleaned was dipped into the solution and
pulled up at constant rate. This thin film was dried for
15 min at 100°C and annealed at 350°C for 90 min.
Micro-Raman analyses were recorded using Horiba
Jobin Yvon HR800 instrument at excitation wave-
length of 473 nm. The microstructure and morpholo-
gies were investigated by scanning electron micros-
copy (JEOL JSM-7001F model SEM) with an accel-
erating voltage of 4 kV. Differential scanning
calorimetry (DSC) and thermogravimetric analysis
(TGA) measurements were performed in order to
study the thermal properties of the TiO, sample. They
were performed simultaneously for TiO, sample, with
a Jupiter STA 449 F3 calorimeter by NETZSCH. The
optical transmittance spectra of TiO, thin films were
recorded in the wavelength range of 300—800 nm by
Shimadzu-3101PC UV-Vis spectrophotometer. The
waveguiding properties (refractive index and guided
modes) of TiO, thin films were investigated by a Met-
ricon 2010/M prism coupler. The profiles of guided
modes are obtained by measuring the refracted inten-
sity a (He—Ne) laser beam operating at A = 632 nm, as
a function of incidence angle.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis
It is well known that the anatase phase of TiO, has

tetragonal structure with space group Diz (/4,/amd)
[14, 15]. Overall, anatase has six modes of active bands
for the Raman spectrum, which are (4,, + 2B, + 3E,),
three modes (4,, + 2E,) are IR, and (B,,) will be inac-
tive vibration in both IR and Raman spectra [16, 17].
The samples of TiO, deposited onto glass substrates by
sol-gel and sputtering processes annealing at 350°C
were investigated by micro-Raman spectroscopy,
which is presented in Fig. 1.

The TiO,-Sput micro-Raman spectrum displays
six symmetric modes of vibration bands identified at
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Fig. 3. SEM Micrographs of the TiO, thin films annealing at 350°C deposited (a) by sol—gel dip-coating; (b) by sputtering pro-

CESsses.

145 (E,)), 198 (Ep), 397 (B)y), 517 (B, + A,,), and
640 cm™' (E,3). The most intense mode 145 cm™' (E,,)
represents the vibrations of oxygen atoms along c-axis
[1, 18]. These vibrations are assigned to the TiO, ana-
tase phase; these results are in good agreement with
the data from the literature [1, 14, 15, 19]. As for the
micro-Raman spectrum of TiO,-SG appeared to have
no prominent peaks, this sample has amorphous tita-
nium, that’s because the temperature is insufficient to
move and organize the atoms in a crystalline structure.

Thermal property of the TiO,-SG samples have
been determined by DSC and TGA graphs for a syn-
thesized TiO, xerogel powder. Figure 2 shows the
results of DSC and TGA analysis of TiO, powder.

In the TGA analysis, three weight-loss regions
were observed. The significant weight loss is attributed
to the evaporation of adsorbed water, the thermal and
vaporization decomposition of the organic solvent
[20]. The loss weight annealing at 350°C can be
explained by the beginning of transformation of amor-
phous phase to anatase phase with increasing the tem-
perature until 500°C.

Fig. 4. The cross-section micrograph of the TiO, thin
films deposited by sputtering process and annealed at
350°C.

3.2. SEM Analysis

The scanning electronic micrographs (SEM) stud-
ies showed a clear change in surface morphology of
samples at various deposition processes (Fig. 3).

It is obvious that the TiO,-SG has a uniform
smooth and more porous surface with very small,
irregular, and not well-formed grains. Which could
lead to the amorphous structure, this is clear in micro-
Raman spectroscopy. We can see a clear difference in
the TiO,-Sput, the sample is homogeneous and shows
uniform distribution of densely packed well-defined
grains and the grain size becomes larger. This clearly
indicates the crystalline structure, which is anatase
phase.

The thickness of TiO,-Sput thin film was obtained
using SEM cross-section as shown in Fig. 4.

In this study, the thickness of the film used was
200 nm. We can see it in M-Line spectroscopy (MLS)
measurement.

3.3. Optical Analysis

3.3.1. UV—Visible measurement. The UV—Visible
spectra of TiO, films fabricated by sputtering and sol-
gel processes, annealed at 350°C, and deposited onto
glass substrates are recorded in a range of 300—800 nm
and shown in Fig. 5.

All the measurements of TiO, samples are per-
formed at room temperature, it can be seen that the
films have high transparency in the visible region with
an overage transmittance varying from 60 to 88%. It
marks the transmittance of TiO,-Sput sample as rela-
tively higher than TiO,-SG sample.

The optical band gap E, can be obtained from the
transmittance spectra by Tauc’s method. The band
gap E, was calculated using the famous Tauc and
Beer—Lambert equation [21, 22]:

ahv = A(hv - E,)", €))
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Fig. 5. Transmittance spectra of the TiO, thin films elabo-
rated by sol—gel and sputtering processes annealing at
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Fig. 6. Tauc plots of the TiO, thin films deposited by sol—

gel and sputtering processes and annealed at 350°C.
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where A is constant of direct transition, /v is the pho-
ton energy (in ¢V), and the value of » can be 1/2, 2,
3/2, and 3 depending on whether it is indirect transi-
tions.

Figure 6 shows the optical band gap determined by
plotting a graph of (othv)'/? versus Av and extrapola-
tion of (athv)!/2 by a straight line = 0 to give the optical
band gap values of the samples.

The optical band gap values are evaluated as 3.48
and 3.53 eV at TiO,-SG and TiO,-Sput, respectively.
It can be said that there is relatively increasing in the
band gap for the physical method (sputtering) com-
pared to chemical method (sol—gel).

3.3.2. Waveguiding measurements. M-Line spec-
troscopy (MLS) technique is an optical method uses
to obtain the various guided modes and to determine
the different opt-geometric parameters (thickness and
refractive index) of waveguiding thin films. [23]. Con-
sequently, we can determine the refractive indices nyg
(ordinary refractive index) and nry (extraordinary
refractive index) for the transverse electric (TE) and
transverse magnetic (TM) polarizations, and the
thickness of films (d).

Figure 7 displays the typical TE, and TM,, guided
modes spectra for TiO,-SG and TiO,-Sput thin films
annealed at 350°C.

We notice the excitation of one guided mode for
both TE, and TM, polarization for all TiO, samples.
From the FWHM of the mode spectra, we can further
expect the TiO, thin film planar waveguides at both
processes. The results of FWHM showed that the TE,
and TM, spectra of TiO,-SG are sharper than TiO,-
Sput spectra. Our study suggests that the guided mode
spectra with smaller FWHM possess lower optical
losses and that is what was mentioned in the work of
Dehimi et al. [24].
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Fig. 7. Typical TE and TM, guided mode spectra of TiO, thin films deposited by sol—gel and sputtering processes and annealed

at 350°C.

SEMICONDUCTORS Vol.56 No.3 2022



238

BRELLA et al.

Table 1. Summaries of the thicknesses, refractive indices, and porosity of TiO, thin films deposited by sol—gel and sputter-
ing techniques and annealed at 350°C

Thickness Effective Effective Refraction .
Samples d.nm  |index Ny(TEy)| index Np(TMy) | indexn | T WHMTEy | FWHMTM, | Porosity, %
TiO,-Sput 204 2.03 1.88 2.26 0.45 0.61 23.06
TiO,-SG 216 1.86 1.74 2.06 0.10 0.25 38.85
The porosity (P(%)) of the films is calculated using FUNDING

the formula of Yoldes [25]:

_ n—1
P(%)—(l—l—j,
1

I’lb—

()

where # is the refractive index of film without pores
and n, is the refractive index of the porous film. Table 1
summarizes the mean values of refractive index and
the thickness of TiO, thin films obtained by MLS.

The film was well deposited by reactive sputtering
process with relatively uniform grain size distribution
and dense morphology throughout the surface, which
leads to the increase of refractive index. The values of
refractive index for TiO, sample are in good agreement
with previous works [1, 26]. Our observations suggest
that amorphous TiO, phase thin films prepared by
sol—gel might be a promising candidate for waveguid-
ing applications.

4. CONCLUSIONS

Structural, morphological, and optical properties
of TiO, thin film grown by sol—gel dip-coating and
reactive DC magnetron sputtering processes are stud-
ied. The micro-Raman analysis indicates that TiO,-SG
presents an amorphous TiO, phase and the vibrational
mode of TiO,-Sput is anatase phase. SEM spectros-
copy has shown that TiO,-SG has a disordered and
more porous surface with very small, irregular, and not
well formed grains, while TiO,-Sput sample is homo-
geneous and shows uniform distribution of densely
packed well-defined grains, and the grain size
becomes larger. The obtained films have an optical
transmission varying from 60 to 88% in the visible
region. The forbidden optical band energies, deduced
from the transmittance, are 3.48 and 3.53 eV for the
TiO,-SG and TiO,-Sput films, respectively. The
obtained results prove that the TiO,-SG thin films
have more suitable properties of low optical losses
because we have low FWHM of the modes TE and
TM spectra, and the developed TiO,-SG thin films
can be used in amorphous waveguide applications.
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