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In this paper, thin titanium-dioxide films are prepared with sol—gel pro-
cessing, and the effect of annealing-temperature variations on some optical
properties (n, k, d) is investigated. Thin films are determined using the
ellipsometry technique, considering the effect of annealing temperatures of
360°C, 460°C, 550°C, and 700°C. By using a spectrophotometer (UV-Vis),
the optical properties are determined. As found, the best values of optical
transmittance are obtained for the annealed film at 500°C (the spectropho-
tometric curve at issue is showing the largest transmittance of the visible
length, reaching between 80% and 90% at wavelengths ranging from
400 nm to 600 nm, respectively). The best values of reflectance and refrac-
tive index appear at T =460°C and T = 500°C, as the films show low reflec-
tance values in the visible region 400—700 nm. It should be noted that the
annealed film at a temperature of 500°C is the best. All films have a wide
band gap of = 3.2 eV as obtained for all samples prepared, especially, at
T = 500°C.
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Y mi#t poboTi OyJsi0 omepsKaHo TOHKI IIiBKU AioKkcuay Turamy 3a 30/1b—Telb-
TexHoJsoTie0. JlocaifyKeHO BILJIMB 3MiHM TeMIepaTypu Biamany Ha JedAki
OUTHUYHI BIacTuBoCTi (1, k, d). ToHKi NIiBKM BU3HaUaIm 3a JOIOMOIOIO0 Me-
Tony eJinmcoMerpii, BpaxoByHUM BIUJIMB TeMIeparyp Bigmamy y 360°C,
460°C, 550°C i 700°C. 3a gmomomoroio cmektrpodoromerpa (UV-Vis) 6ymao
BM3HAYEHO ONTHYHI BJIACTUBOCTi; OYyJI0 BUSABJIEHO, IT0 HaWKpAaIlli 3HAUCHHS
ONTHUYHOTO IIPOIIyCKAaHHA OYJIO OJep:KaHO IJd IJIiBKH, Bimmamenoi sa 500°C
(cmekTpooTOMETPpUUHA KPHBA MOKAa3ye HAbiNbIlle IPOTYCKAaHHS BUIMMOTO
Iismasony, 1o gocAraeTbesa Misk 80% i 90% Ha moBKMHAX XBUJIb y Aidma-
soHi Big 400 uM mo 600 HM BigmoBimHO). A HaWKpallli 3HaUeHHS KoedillieH-
Ta BiOMBAHHA Ta MOKAsHWKA 3aJOMJEHHSA cmocTepiratoThed 3a T =460°C i
T =500°C, ockinbKM ILTiBKM IOKasaJW HU3bKiI 3HAUEHHS KoediiienTa Bix-
6uBamHA y BuauMomy mismasoHi 400—700 am. Caix sasmauuTH, IO IJIiBKA,
BigmasieHa 3a temmneparypu y 500°C, € mamginimoro. Bei naiBKu MaooTh IIu-
POKYy 3abopoHeHy 30HY y = 3,2 eB, omep:kany AJsg ycix HmiATOTOBJIEHUX 3pa-
3KiB, ocobauso 3a T = 500°C.

Key words: sol-gel processing, thin films, optical transmittance.
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1. INTRODUCTION

Titanium dioxide is a solid substance that is white in colour. It is
known for its thermal stability, non-flammability, poor solubility,
and low cost. Additionally, it is a non-toxic material, which exhibits
excellent semiconducting properties. The materials’ lack of response
to visible light, due to its band gap of 3.2 eV [1-4], allows it to on-
ly absorb light in the near ultraviolet range. As a result, the films
made from this material exhibit high levels of transparency in the
visible region [5, 6].

Titanium dioxide finds extensive application in a wide array of
consumer goods and industrial sectors, including the treatment of
various surfaces [7]. Scientists are highly enthusiastic about the
wide range of applications that can be achieved with this field.
These include photocatalytic processes, solar cells, gas sensors, an-
tireflective coatings, and electrochromic systems [8]. Various meth-
ods have been employed to create thin films of TiO,, such as e-beam
evaporation, chemical vapour deposition, sputtering, spray pyroly-
sis, photodeposition, sol—gel processing, and hydrothermal method.

Nanostructure films made using sol—gel spin coating exhibit ex-
ceptional optical properties that make them ideal for use in solid-
state photovoltaic solar cells. The optical characteristics of TiO,
films under visible light, though relatively weak, are highly de-
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pendent on the chosen preparation methods [9]. One issue that aris-
es is the significant disparity in photoresponse between visible light
and UV irradiation. Thus, it is imperative to create and enhance a
novel photoresponsive nanostructure of TiO, that can effectively
harness visible light, while possessing also improved surface charac-
teristics and exceptional chemical and physical stability. This is es-
sential for the widespread adoption of photovoltaic systems in vari-
ous commercial applications.

Various techniques have been employed to create films of
nanostructures made of metal oxides, such as TiO, [10]. These
methods include sol-gel spin coating, chemical bath deposition, re-
active sputtering, pulsed-laser deposition, and chemical vapour dep-
osition [11, 12]. The sol-gel spin coating technique has become a
popular choice for nano-TiO, fabrication due to its ability to pro-
duce samples with a consistent synthetic approach, resulting in a
highly efficient UV—Vis optical response [13]. For this project, TiO,
is created using a sol—gel spin coating method and applied onto bo-
rosilicate glass substrates. The process involves utilizing titanium
tetraisopropoxide, isopropanol, acetic acid, and deionized water as
the initial components. Through precise manipulation of the ratio of
precursor materials to solvent, along with a pH of 9.5 achieved by
using nitric acid, a consistent and transparent sol of TiO, colloidal
suspension in the nanometer scale was obtained. This sol was then
applied onto meticulously cleaned borosilicate glass substrates and
spun at a speed of 4000 revolutions per minute for 30 seconds using
suction.

TiO, nanostructure films fabricated by sol—gel spin coating have
excellent optical properties suitable for application in solid-state
photovoltaic solar cells. Optical characteristics of TiO, films under
visible light though are very weak, but they strongly depend on
preparation methods. The main problem is that photoresponse under
visible light is much lower than that under UV irradiation. There-
fore, the development of new and optimized photoresponsive TiO,
nanostructure for the existing optical properties exhibiting activity
upon visible light with surface characteristics of improved perfor-
mance, and of the high chemical and physical stability are crucial
for broader scale utilization of photovoltaic systems in commercial
applications.

Transparent metal oxide (TiO,) thin films find applications in a
wide range of fields, including optoelectronics, energy efficiency,
sensors, and antireflective coatings; their unique properties make
them an essential component of many modern technologies [14, 15],
especially, in one of the promising applications such as windows of
solar cells. Thin TiO, films are commonly used as a UV-blocking
layer in solar cells due to their high refractive index, high trans-
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parency in the visible range, and strong absorption of ultraviolet
(UV) light [16]. The mechanism behind this lies in the fact that
TiO, is a wide-band gap semiconductor with a band gap of approxi-
mately 3.2 eV, which makes it highly transparent in the visible
range but highly absorbing in the UV range. When UV light is inci-
dent on the TiO, layer, the photons with energy more significant
than the band gap of TiO, are absorbed by the material, causing
electrons to be excited from the valence band to the conduction
band. These excited electrons generate electron—hole pairs, which
can recombine radiatively or non-radiatively. However, the thick-
ness of the TiO, layer is appropriate. In that case, most of the UV
light is absorbed within the TiO, layer, reducing the UV-light
amount that reaches the underlying solar cell layers [17, 18].

TiO, thin films can also act as a scattering layer, reducing the
amount of UV light that reaches the underlying solar cell layers.
The scattering effect is due to the refractive index mismatch be-
tween TiO, and the surrounding medium, which causes light to be
scattered at the interface, which leads to an increase in the optical
path length of the light, which results in a reduction in the amount
of light that reaches the underlying solar cell layers [18, 19].

Thin films are one of the essential branches of solid-state phys-
ics, especially, semiconductors’ thin films, because of their wide
applications in many electrical, electronic, and optical fields. The
thin film could be condensed from atoms, ions, or molecules to con-
struct a single layer or multilayers on a solid surface (metal or
glass substrate), depending on the application needed [20]. Recent-
ly, researchers have been interested in thin films, and they focused
their research on developing methods for preparing them by various
techniques due to the importance of thin films in a wide range of
applications such as electronics, optics, and electrooptics, surface
modifications (hydrophobic and anticorrosion surfaces). Thin films
can be deposited by many methods and techniques based on physical
or chemical mechanisms according to the application needed. Thin-
film deposition techniques are divided into two parts, depending on
whether chemical changes occurred in the materials used to prepare
the thin films [21, 22]. Sol-gel is one of the most widely used
methods for depositing thin films of TiO, due to several advantages
due to its low-temperature deposition, high purity, easy thickness
control, large-area deposition, and cost-effectiveness [23, 24]. The
thin-film deposition process requires special techniques; the spin
coater technique has been used in current research.

2. EXPERIMENTAL WORK

Firstly, each glass substrate was cleaned by dipping it in ethanol



HIGH OPTICAL TRANSMITTANCE OF TiO, THIN FILMS PREPARED BY SOL-GEL 723

TABLE 1. The thicknesses for each sample measured by optical ellipsometry.

Annealed samples Thickness, nm
TiO, at 360°C 24.69
TiO, at 460°C 23.34
TiO, at 550°C 25.69
TiO, at 700°C 24.50

for 20 minutes inside the ultrasonic bath and then kept in acetone.
After drying them with nitrogen gas, the substrate would be ready
for use. The sol-gel phase was formed by adding 3.15 ml of titani-
um isopropoxide as precursor material to 30 ml of absolute ethanol;
the components’ mixture was magnetically stirred for around 20
minutes under room temperature (= 30°C), through which 5 ml of
glacial-acetic acid was added as a catalyst after 20 minutes yellow-
ish transparent solution has been formed. The chemical equation
C..H,30,Ti + 6C,H,OH — TiO, + 8(CH;),CHOH illustrates the chemi-
cal reaction.

All materials used were supplied with high purity. The final step
is depositing a thin film; this step is done by dropping the prepared
solution on the cleaned substrate and coating it with a rotation
speed of 3000 rpm. Obtained films were dried at a temperature of
=~ 60°C before sintering them at different temperatures, 360°C,
460°C, 550°C, and 700°C, by using the programmed oven for 50
minutes for all films; the thickness of these films was measured by
optical ellipsometry n, and & as well as.

3. RESULT AND DISCUSSIONS
3.1. Ellipsometry (n, k, d)

The relationship between (n, k, d) and annealing temperatures for
TiO, thin films is complex and depends on multiple factors. Ellip-
sometry can be a valuable tool to characterize the optical properties
of the films and monitor changes induced by annealing tempera-
tures depending on various factors such as the deposition method,
substrate, and annealing conditions [25].

Ideally, as the annealing temperature increases, the thickness of
the TiO, film may decrease due to evaporation or diffusion of at-
oms; this can lead to a decrease in refractive indices and an increase
in k, but that arranged relationships did not accrue with all samples
measured as shown in Figs. 1, 2. These behaviours can be attributed
to structural changes in the film with annealing temperatures and
leading to variations in the refractive index and extinction coeffi-
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Fig. 1. The relationships between refractive index and wavelengths as
measured by ellipsometry.
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Fig. 2. The behaviours of the extinction coefficient as a function of wave-
length.

cient. However, the good thing about these thin films is that we ob-
tained essential values for the refractive index at annealing temper-
atures of 360, 460 and 500°C. The most suitable and best film for
optical applications was the film annealed at 500°C due to refrac-
tive index values of 1.48-2.2 at the visible range [26].

A visual representation is shown depicting the reflection of light off
the surface of a sample. The vectors labelled s and p denote the orienta-
tion of polarized light determined by the plane of incidence. The angle,
at which the light strikes the surface, is represented by ¢, and the re-
fractive indices of the surrounding environment, film layer, and sub-
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strate are represented as Ny, N;, and N, respectively (G. E. Jellison
Jr., in Encyclopedia of Spectroscopy and Spectrometry (1999)):

2 Substrate N =n_+ik,

3.2. Optical Absorbance and Transmittance

The relationship between the optical absorption and transmittance
of TiO, and the annealing temperature depends on the wavelength
of the incident light, which determines the region of the electro-
magnetic spectrum being considered.

TiO, typically exhibits high absorption and low transmittance
within the UV region, attributed to Ti*" states and oxygen vacan-
cies. As the annealing temperature is increased, the concentrations
of these defects decrease, resulting in a decrease in absorption and
an increase in transmittance, as shown in Figs. 3, 4, a [27, 28].

0.14
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34
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3
—
é (.06
< 4041 1 — 360°C
2 — 460°C
0.021 3 — 550°C
4 — 700°C
0.00

300 400 500 600 700 800 900
Wavelength (1), nm

Fig. 3. Optical absorbance of TiO, films with different annealing tempera-
tures.
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Fig. 4. (a) Optical transmittance spectrum of TiO, films with different an-
nealing temperatures; (b) optical transmittance spectrum within the visible
region.

Within the visible region, TiO, typically exhibits low absorption
and high transmittance, which is attributed to the band-gap absorp-
tion of TiO, (see Fig. 4, b). As the annealing temperature increases,
the band gap of TiO, increases, resulting in a slight shift of the ab-
sorption edge to higher energies, hence a decrease in absorption,
and an increase in transmittance [29].

Generally, the relationship between optical absorption and trans-
mittance of TiO, with annealing temperature is complex. It depends
on several factors, such as the crystal structure, morphology, size
of the TiO, particles, and the experimental conditions. However, in
general, the optical properties of TiO, can be tailored by controlling
the annealing temperature, which makes it a valuable material for a
wide range of applications, including UV block layers such as solar
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cell windows, protecting glasses, and photosensors at a certain spec-
trum. The best values of optical transmittance were obtained from
the annealed film at 500°C; the red curve in Fig. 4 shows the larg-
est transmittance of the visible length, reaching between 80% and
90% at wavelengths ranging from 400 to 600 nm, respectively.
This film can be used in UV block layers, the most important of
which are windows for solar cells and in medical glasses [29—-31].

3.3. Reflectance and Refractive Index

TiO, thin films exhibit reflectance and refractive index variations
based on factors like film thickness, wavelength of light, and anneal-
ing temperature. The reflectance of TiO, films can be adjusted by ma-
nipulating the refractive index and thickness. Interference effects oc-
cur when the film thickness is comparable to the wavelength, resulting
in constructive or destructive interference and changes in reflectance.
The refractive index of TiO, films is high in the visible and UV regions
and can be increased by increasing film thickness or annealing at high-
er temperatures. The refractive index also varies with the wavelength
of light due to dispersion effects. The film thickness affects interfer-
ence effects, with thinner films showing lower reflectance and thicker
films exhibiting higher reflectance due to multiple internal reflec-
tions. Annealing temperature influences the film crystallinity and
density, affecting its refractive index and optical properties.

0.141
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@ 0.10-
@
= 0.084
[2s]
-+
[&]
2 0.064
Y
5
0.041 1 — 360°C
2 — 460°C
0.021 3 — 550°C
4 — 700°C
0.00

300 400 500 600 700 800 500
Wavelength (1), nm

Fig. 5. Reflectance (R) of TiO, thin films.
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Fig. 6. The refractive index (n) of TiO, thin films.

Higher annealing temperatures generally increase the refractive
index by improving crystallinity and reducing porosity. By control-
ling these parameters, the optical properties of TiO, thin films can
be tailored for specific applications [32, 33].

The best value of reflectance and refractive index appears for the
films annealed at 460°C and 500°C, as the films showed low reflec-
tance values in the visible region 400—-700 nm. It should be noted
that the annealed film at a temperature of 500°C is the best, allow-
ing visible light transmittance; this property is essential in both
solar-cell window applications and UV-block ones.

3.4. The Band Gap E,
(ahv)=A(hv - E,)™; (1)

here, A is a constant that depends on the electron—hole mobility; o
is an absorption coefficient, cm™; hv is photon energy (E,); m=1/2
for a direct band gap:

(ahv) =A(hv — E,)"%; (2)

m = 2 for an indirect band gap.

Figure 7 shows the linear proportion between (ahv)“? and hv of
annealed samples; it also seems that there is no apparent regularity
in the values of the optical energy gaps with the relationship with
annealing temperatures, which may be due to several reasons, the
most important of which is the thicknesses of thin films, or perhaps
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Fig. 7. The band gap of TiO, thin films.

the non-uniformity of the coats as well as [34].

TiO, thin films have high optical transparency in the visible
range and a wide band gap of = 3.2 eV, as obtained for all samples
prepared, especially at T'=500°C, which has n and R, making it ide-
al for use as a window layer in solar-cell applications [35]. The high
transparency ensures that the solar cell absorbs the maximum
amount of light. The wide band gap of TiO, also ensures that the
generated charge carriers can be efficiently extracted from the cell.
The range of 2.3—2.5 is higher than that of most other transparent
conducting oxides, making them suitable for antireflective coatings
[36, 37].

4. CONCLUSION

According to the results and interpretations, which were stated in
the research, we reached the following conclusions.

The values of optical transmittance obtained from the annealed
film at 500°C were the best, as we can see in Fig. 4; the red curve
showed the largest transmittance of the visible length, reaching be-
tween 80% and 90% at wavelengths ranging from 400-600 nm, re-
spectively. This film can be used in UV block layers, the most im-
portant of which are windows for solar cells, as well as in medical
glasses; and the band gap of TiO, thin film annealed at 500°C was
the best.

The best reflectance and refractive index values appear in the
films annealed at 460°C and 500°C, as the films showed low reflec-
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tance values in the visible region 400—700 nm. It should be noted
that the annealed film at a temperature of 500°C is the best, allow-
ing visible light transmittance; and this property is essential in so-
lar-cell window applications and UV-block applications.
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