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Titania dioxide (TiO2) layers were synthesized via the acid-catalysed sol-gel route using
titania (IV) ethoxide, and then annealed at temperatures varying in the range of 150—700 °C.
The research concerned the effect of annealing temperature on the structure of TiO: layers,
their surface morphology, and their optical properties. Further, X-ray diffractometry, and
Raman spectroscopy were used to determine the structure of TiOz layers. Scanning electron
and atomic force microscopy were used to study the surface morphology of TiO2 layers.
Transmittance, reflectance, absorption edge, and optical homogeneity were investigated by
UV-VIS spectrophotometry, while the refractive index and thicknesses of TiO:2 layers were
measured using a monochromatic ellipsometer. Chromatic dispersion characteristics of the
complex refractive index were determined using spectroscopic ellipsometry. Structural
studies have shown that the TiOz layers annealed at temperatures up to 300 °C are amorphous,
while those annealed at temperatures exceeding 300 °C are polycrystalline containing only
anatase nanocrystals with sizes increasing from 6 to 20 nm with the increase of the annealing
temperature. Investigations on the surface morphology of TiO: layers have shown that the
surface roughness increases with the increase in annealing temperature. Spectrophotometric
investigations have shown that TiO: layers are homogeneous and the width of the indirect
optical band gap varies with annealing temperature from 3.53 eV to 3.73 eV.

Introduction

[18, 19]. Titania dioxide is used to fabricate waveguide
layers, both hybrid (SiOx«:TiOy) [20,21] and one-

Titania dioxide is an n-type semiconductor with a wide
band gap, making its transmission characteristics very good
in the visible range of the electromagnetic spectrum.
Thanks to its attractive optical and electrical properties, it is
widely used in applications involving photocatalysis [ 1—4],
adding self-cleaning properties to glasses [5], antireflection
[6, 7], and high reflection coatings [8, 9], electrochromic
films [10], solar cell [8—10], transparent conductors [11-15],
gas sensitive layers [16, 17] and antibacterial coatings
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component (TiO,) [22, 23]. Despite diverse applications of
TiO, in the form of layers and nano-powders, many
research groups conduct research on improving their
technology and optical properties for dedicated opto-
electronic devices. Titania layers can be produced using
both physical and chemical methods which include: e-beam
evaporation [24], magnetron sputtering [25], pulsed laser
deposition [26], ultrasonic spray pyrolysis [27], chemical
vapour deposition [28], metal-organic chemical vapour
deposition [29], atomic layer deposition (ALD) [30, 31],
and sol-gel method [2, 5-9, 19-22, 32].
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The sol-gel method, which belongs to the category of
chemical methods, is a way of production of materials from
the liquid phase [33]. The most important advantage of the
sol-gel method is the controllability of the structure of a
fabricated material in a broad range. Moreover, this method
is very efficient, and its implementation does not require
complex and costly technological installations, it is a low-
temperature method, so its energy consumption is
relatively low. The sol-gel applied to the fabrication of
oxides does not produce waste and the products of sol
synthesis are environmentally neutral. Therefore, one can
call the sol-gel method “green” if applied to fabricate
titania.

Fabrication of TiO; films using the sol-gel method and
dip-coating technique despite the seeming simplicity is a
difficult technological challenge, especially if the intended
goal is the fabrication of high-quality optical layers whose
thickness exceeds 100 nm. Titania layers of such thickness
are desired in the technology of antireflective coatings on
solar cells [6]. The layers for optical applications should be
characterised by uniformity of thickness and high surface
smoothness. Certain research groups reported the fabrication
of TiO; layers of a thickness exceeding 100 nm by multiple
coating of thinner layers [34—37]. The authors are reporting
in this paper highly uniform TiO, layers of a thickness
exceeding 100 nm, but for the first time fabricated in a
single coating process, using the dip-coating method.
Moreover, the majority of research groups are synthesizing
TiO; sols using most frequently titanium (IV) butoxide
Ti(OCsHy)s (TBT) [2, 19, 36] or titanium (IV) isopropoxide
Ti(OCsHy)s (TTIP) [9, 22], as the precursors. They have
been applying TBT for the fabrication of TiO, layers in the
course of previously conducted research [7, 8, 32],
whereas, the authors were using the titanium (IV) ethoxide
Ti(OC;Hs)s (TET) as the precursor to titania for the
synthesis of sols based on which composite SiOx:TiOy
waveguide layers were fabricated [20, 21]. This precursor
is used less often by other research groups however, as it is
presented in this work, a fabrication of excellent optical
quality titania layers is also possible based on TET.

The purpose of this paper is to demonstrate the TiO»
layers that have been fabricated using the combination of
the sol-gel method and dip-coating technique. The research
reported was undertaken to elaborate TiO» layers that can
be applied in the fabrication of anti-reflective coatings on
glasses protecting photovoltaic panels. It was assumed that
in a single process of substrate coating, fabricated TiO-
layers will have thickness in the range from ~100 nm to
~200 nm. In Ref. 38, it has been shown that TiO, layers of
such thicknesses are desirable as components of 3-layer
anti-reflective coatings for solar cell cover glass.

The results presented in this paper involve TiO; layers
deposited on different substrates including soda-lime
microscope slides, fused silica slides, and silicon wafers.
Investigations concerning TiO, layer structure, surface
morphology, and optical properties are presented. The
effect of annealing temperature on the properties of TiO»
layers is also presented. It has been shown that the type of
substrate coated with TiO; layers affects the structure and
thus its refractive index.

The subsequent part of the work is organized as
follows: materials, methods, and apparatus applied in the
reported works are presented in section 2, and the results of

the research together with the discussion are presented in
section 3.

2.  Methods
2.1. Materials

Titania (IV) ethoxide (TET, technical grade, purchased
from Sigma-Aldrich (Steinheim, Germany) was used as a
precursor of titania. Polyethylene glycol with an average
molecular weight of M;=300 (PEG-300) was used as a
surfactant and supplied by Sigma-Aldrich (Steinheim,
Germany). Anhydrous ethanol (EtOH; 99.8%, analytical
reagent grade) and hydrochloric acid (HCl; 36%, analytical
reagent grade) were purchased from Avantor Performance
Materials (Gliwice, Poland). Soda-lime microscope slides
(Menzel Glaser, Thermo Scientific, n=1.513 at
A=632.8nm) of a dimension of 76 x26 x 1 mm?, and
fused silica (Si0,) of a dimension of 26 x 26 x 1 mm?, as
well as silicon wafers were used as substrates. Whatman
Puradisc 25 mm PTFE syringe filters of 0.2 um were
purchased from Sigma-Aldrich.

2.2. Sol synthesis

Sol solutions for TiO, layers were prepared by the
following method. The 0.14 moles of TET precursor were
dissolved in 0.99 moles of absolute ethanol and 0.22 moles
of deionized water. Then, 0.02 mole of PEG-300 and 0.06
mole of HCI were added to the reaction mixture at room
temperature. The formation process of the gel solution was
continued in the ultrasound field (ultrasound power 200 W)
for 2.5 h at a temperature of 50° C. After that, the solution
was filtered by a syringe filter and allowed to age for 24 h.

2.3. Layers fabrications

TiO, layers were fabricated on soda-lime and fused
silica substrates, as well as on silicon substrates using the
dip-coating technique. All substrates were cleaned accord-
ingly with a procedure described in our earlier paper [39].
In the case of the dip-coating technique, a substrate is
dipped in sol and then withdrawn from it at a controlled
speed. The thickness d of the layer that is formed on the
substrate is governed by the withdrawal speed v, hence v is
the fundamental parameter by which the thickness of the
deposited layers is controlled. The relationship linking the
film thickness d and the substrate withdrawal speed v has
the following form:

d(v) =Agv”, M

where A4 is the parameter dependent on liquid-vapour
surface tension and sol viscosity, £=1 (cm/min)™ is the
scaling factor, and the exponent « is referred to as the slope.
The exponent « =2/3 if v is low, in which case the
movement of the substrate does not alter the radius of sol
meniscus curvature. Otherwise, when v is high enough to
change the radius of meniscus curvature, a=1/2 [33, 40].
In the process of drying and annealing, the layer undergoes
collapse, therefore, to determine the final thickness of the
layer, expression (1) must be modified [41]. Sol layers
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deposited on substrates have been annealed at temperatures
varying from 150 °C to 700 °C for 60 min.

2.4. Structural characterisation

Raman spectra were collected with the WITec Alpha
300M+ spectrometer equipped with a laser operating at a
wavelength of 488 nm, Zeiss LD EC 50x objective, and
CCD UV-NIR detector. Grazing incidence X-ray
diffraction measurements were performed using an
Empyrean diffractometer with a Cu X-ray tube
(K, =0.15405980 nm) provided by Panalytical. Reflection-
transmission spinner was used as a sample stage for the
measurements with a sample changer, although with
a constant @ angle (no rotation). Incident beam optics was
set up with a focusing Cu-mirror, a 1/8 deg divergence slit,
and a Soller slit. Information about the diffracted beam was
collected by a 3D pixel detector with a 0.18 deg collimator,
as well as the Soller slit. Chosen geometry of the XRD
measurement allowed to collect the surficial phase
composition of samples, by using a low constant incidence
angle (omega) of 1 deg.

The nanocrystals diameters D were calculated using
the full width at half maximum (FWHM) of the diffraction
peak (101) of anatase TiO,, according to the Scherrer
equation

K-
B-cosf’ 2)
where A is the wavelength of incident X-ray radiation,
K=0.9 which is the constant value related to the shape of
the peak, Ois the Bragg angle, and £ is the FWHM.

2.5. Surface morphology

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were used to observe the morphology
of TiO, thin layers, as well as their surface topography. The
measurements of SEM were made with the SEM Supra 35
(Zeiss, Oberkochen, Germany) in the in-lens mode with
accelerating voltages in the range from 2 to 10 kV.

AFM studies were performed under ambient conditions
using an AFM N_TEGRA (NT-MDT, Moscow, Russia),
operating in semi-contact mode. The silicon cantilever was
applied. It has a resonance frequency of 136.281 kHz and a
nominal curvature radius of its tip of 10 nm. The average
roughness measurements represented as root mean square
(RMS) were evaluated using NOVA 1.0.26.1644 (NT-
MTD) software.

2.6. Optical characterisation

In the first place, visually inspected and recognized as
good titania layers were characterised using a Sentech
SE400 (Sentech, Germany, 4 = 632.8 nm) multi-angle laser
ellipsometer Sentech SE400 (Sentech, Germany,
A=632.8nm) providing information about the titania
layers refractive index n with an accuracy of 0.005 and the
thickness d with an accuracy of 0.5 nm.

The transmission and reflection properties of the
titania layers were investigated using a UV-Vis AvaSpec-
ULS2048LTEC spectrophotometer (Avantes, Apeldoorn,

The Netherlands). The AvaLight-DH-S-BAL (Avantes)
was used as a light source. The transmission and reflectance
spectra were recorded in the wavelength range of 200—
1100 nm at room temperature. Transmission spectra were
recorded using optical fibres with a core diameter of
200 um, whereas reflectance spectra were recorded by
using the UV-Visible Reflection/Backscatter Probes.
Chromatic dispersion characteristics of the refractive
index and extinction coefficient were determined using
a Woollam M2000 (J. A. Woollam Company, A=190—
1700 nm) spectroscopic ellipsometer equipped with a
rotational compensator and a high-speed CCD detection
camera collecting the entire spectrum delivered by the light
source divided into 709 wavelengths. The light source of
the ellipsometer provided light in the range from 190 nm to
1688 nm which is corresponding to the energy range from
c.a. 6.5¢eV down to 0.73 eV. Measurement results were
compiled using CompleteEASE software. The fundamental
ellipsometry equation has the following form [42]

7y )
p=—=tan¥? - exp(iA), ?3)
rS

where r, and r, are the reflection coefficients for the light
polarized parallel (p) and perpendicular (s) to the sample
plane of incidence, respectively. Quantities ¥ and A are the
standard ellipsometric parameters, and they are called
ellipsometric angles. They depend on the parameters of a
titania layer, substate, cover, and wavelength A. The Tauc-
Lorentz model with a single oscillator was used in the
process of determining the chromatic dispersion
characteristics of the complex refractive index. This model
is commonly used in the literature reporting on the
dispersion relations of TiO, [43—46].

The Tauc-Lorentz model calculates the imaginary part
of the dielectric function &” by multiplying the Tauc joint
density of states and the e(L’) obtained from the Lorentz
oscillator model. The Tauc-Lorentz model can be
expressed by equations [47—49]:

e (E) =N (E)+i - €5 (E) (4)

A-Ey-Br-(E—E) 1

i - for E>FE
=y (B =B’ +Bry B E o
0 for E<E,
) ()= e(0)+ 2 - P, wif'g%@df
eqp(E) =& () + — - Pe Z_p (6)

Eg

The term e7; (E) represents the complex dielectric function
contribution of the oscillator as a function of the photon
energy E, Eo is the centre energy of the oscillator, Ej is the
band gap energy of the oscillator, Br is the broadening of
the oscillator, A is the amplitude of the oscillator. All
aforementioned terms are expressed in eV. The real part s(T’L)
is the Kramers-Kronig transformation, where P. stands for
the Cauchy principal value of the integral. The fifth
parameter £)(o0) is the high-frequency dielectric constant.
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Deriving this integral yields, the analytical expression of
the real part of the dielectric function [47, 48]. The
refractive index and extinction coefficient have been
calculated from the formulas

1, 2 . o\1/2 1/2
|2 (" (i) (r) 7
n(E) [2 (e + & ) +& ] s (7)

and

L/ o2 on\1/2 12
=2 (- (@) (r) 8
xk(E) [2 (8 +¢ ) + ¢ ] . (3

Knowing the refractive index n of the fabricated TiO, layer
and the refractive index of the dense material (anatase,
ntio, = 2.512), the porosity P of the TiO, layer material was
estimated using the Lorentz-Lorenz formula

-1 ni+2
1= 5— —5——| 100%, Q)
nz, —1
where 7 is the refractive index of the layers obtained from
ellipsometric measurements (4= 632.8 nm), and n,, =2.512
is the refractive index of the anatase.

3. Results and discussion

In the dip-coating technique, the substrate withdrawal
speed v is the basic parameter whereby the thickness of the
produced layers is controlled (equation 1).

The relations of the final thickness d and the refractive
index n of titania layers on the withdrawal speed are shown
in Fig. 1. After the coating process, all structures were
annealed at a temperature of 500 °C for 60 min. Full blue
diamond markers correspond to the experimental
characteristics d=d(v), whereas empty green diamond
markers correspond to the experimental dependence
n=n(v). Refractive indices and layer thicknesses were
determined by monochromatic ellipsometry. Both
experimental characteristics d=d(v) and n=n(v) were
approximated by linear functions.

The authors’ previous work [20] shows that this
approach to approximation of the experimental character-

20077 T 71 T T — 1 1 220
—2.00

180 1
. -1.80

E -

S 160 +41.60 <

- i
-1.40

140 - Oodn)
HEJ 1120
20 " 1 " | " 1 " | " 1 " | n 1 " 1 n ] 100

32 36 40 44 48 52 56 6.0 64 638
v (cm/min)

Fig. 1. Experimental characteristics and approximating functions
of the thickness & and the refractive index n of titania
layers on soda-lime glass substrates. Both characteristics
are presented as a function of the substrate withdrawal
speed v. The structures were annealed at a temperature of
500 °C for 60 min.

istics d(v) is appropriate in a wide range of v. Using (1), a
good approximation is obtained in narrower ranges of v
variability. Titania layers of thickness varying in the range
from 125 to 180 nm were obtained, if v was varying in the
range from 3.6 cm/min to 7 cm/min. For the presented
batch of TiO; layers, their refractive indices remain at the
same level of ~ 2.1, regardless of the value of v. All layers
were crack-free and perfectly transparent.

Exemplary images of TiO, layers deposited on fused
silica glass substrates are shown in Fig. 2. In both cases, a
uniform colour of the layer is visible on a wide area, which
proves their optical homogeneity. Edge effects prevent a
uniform film thickness over the full aperture of the
substrate. One can observe stronger inhomogeneities in the
area of substrates upper edges. They are the result of the
detachment of a drop of sol when the substrate loses contact
with the sol-free surface.

Fig. 2. Images of exemplary TiO: layers deposited on soda-lime
glass substrates.

Figure 3 shows the XRD spectra of TiO, layers
annealed in the air atmosphere at temperatures in the range
from 200 °C to 700 °C for 60 min. It can be seen that TiO»
layers annealed at a temperature below 350 °C have an
amorphous structure, increasing the annealing temperature
results in the crystallization of TiO». The broad peak at 23°
can be observed in all spectra corresponding to amorphous
Si0; (fused silica) which is used as the substrate. The XRD
spectra of TiO; layers annealed at temperatures equal to or
higher than 400 °C show additional peaks for 26 equal to
25.44°,37.94°, 48.36°, and 54.24°, which corresponds to
the planes of anatase characterised by Miller indices (1 0 1),
(004),(200), and (1 05), respectively [50, 51].

All diffraction peaks are well assigned to the anatase
phase of TiO,. They are marked with asterisk characters.

.
| ™™ . * . . 650 °C
.MM“/*
1

S DR ———

g |o™A . . 550 °C

: A
g ™™\ . « . 500 °C
- FESE e ) V. - Sl
= ,,.,v‘m"\u . . .

2l g " TSNS P
= . L
W 250°C
™ 200 °C

10 20 30 40 50 60 70 80 90
26 ()

Fig. 3. XRD spectra of TiO2 layers on fused silica substrates
annealed at different temperatures.
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The XRD pattern is matching the reference pattern JCPDS
21-1272 of TiO,. The peaks characterised by 26 values
equal to 25.44° and 48.36° confirm the presence of anatase.
The characteristics showing the effect of the annealing
temperature on the value of the nanocrystals diameter D is
shown in Fig. 4. The latter was calculated using the Scherrer
formula (2). As it can be observed, D increases if the
annealing temperature increases up to 450 °C. Above that
temperature, the diameter of the anatase nanocrystals is no
longer increasing.

28— 747771 "7 T 71

24

t

0 " 1 L 1 " 1 X 1 M 1 L 1 i 1 L
300 350 400 450 500 550 600 650 700
Annealing temperature (°C)

T
P ) (T . N .

=T & 1

Fig. 4. Characteristics of nanocrystals diameter as a function of
the annealing temperature.

The Raman spectra of TiO, layers annealed at different
temperatures are shown in Fig. 5. They are in the range
from 100 to 1000 cm™'. Titanium oxide can exist in three
main polymorphs such as tetragonal anatase, tetragonal
rutile, and orthorhombic brookite [52]. The rutile phase is
the most stable structure of TiO,, whereas the anatase phase
to rutile phase transitions occurs above 600 °C in the air
atmosphere. Also, no rutile-derived peak was observed.
The Raman spectra of TiO» layers annealed above 500 °C
show symmetric modes of vibration of tetragonal anatase
phase identified at 142 cm™ (Ey); 195 cm™! (Ey); 394 cm™!
(Big); 515cm™ (4i,) and 638 cm™'. The symmetric
stretching vibration, symmetric bending vibration, and
anti-symmetric bending vibration of O-Ti-O are associated
with the Eg, Big, and A1, Raman modes. The intensity of the
Raman vibration modes depends on the crystallinity of the

200 400 600 800 1000

200 400 600 800 1000
g 650 °C 4

500 °C ]

3 " P
L L L L

250 °C |

Intensity (arb. unit)
Intensity (arb. unit)

200 °C |

200 400 600 800 1000
Raman shift (cm~1)

200 400 600 800 1000
Raman shift (cm~1)

Fig. 5. Raman spectra of selected TiO2 layers, annealed at
different temperatures, as shown on the charts.

titanium oxide. Their intensity depends on the annealing
parameters, i.e., temperature, pressure, and presence of
inert gas. The most substantial peak at 142 cm™' appears
due to an external symmetric vibration confirming
the formation of a long-range order in the anatase phase
[53-55]. The absence of anatase and rutile peaks indicates
amorphousness of the TiO; layers annealed below 350 °C.
It can be seen from the Raman spectra that the trans-
formation from amorphous to anatase takes place at
temperatures ranging from 300 °C to 350 °C.

The surface morphology of TiO; layers deposited on
soda-lime glass substrates was studied using AFM and
SEM. SEM images of the surface of selected TiO, layers
annealed at different temperatures are shown in Fig. 6. The
granular character of the layers is visible. The grains are
randomly oriented and their size increases with the heating
temperature. For the highest annealing temperature, the
diameter of these grains is several tens of nanometres.

(a) T=300 °C (b) T=400 °C

3

100 MM \ag=300.0 KX Signal A=InLens EHT=3.0 kv|'2 "™ Mag=200.0K X Signal A<InLens EHT=3.0kV
(c) T=500 °C |(d) T=600 °C

100 0™ Mag=300.0K X Signal A=InLens EHT=3.0kv|'2% ™ Mag=200.0KkX Signal A=InLens EHT=3.0KkV
(e) T=700 °C|

100 1M Mag=300.0K X Signal A=InLens EHT=3.0kV

Fig. 6. SEM images of TiO: layers annealed at different
temperatures.

AFM images of the selected TiO; layers are shown in
Fig. 7. These results are consistent with those obtained by
SEM. The grains diameter increases as the annealing
temperature increases, leading to the increase in the RMS
surface roughness (orus) as illustrated in Fig. 8. As expected,
the smoothest layer is annealed at 300 °C (ogus = 0.25 nm).
It has an amorphous structure (Figs. 3-5).

The characteristics of surface roughness as a function
of the annealing temperature is presented in Fig. 8.

The effect of the TiO, layers annealing temperature on
their final thicknesses d and refractive indices » is shown
in Fig. 9. Full diamond markers present measured values of
the thickness and empty diamond markers present
measured values of the refractive index. As it can be seen,
the thickness decreases monotonically as the annealing
temperature increases.
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Fig. 7. AFM images of TiO: thin layers annealed at different

temperatures of 300 °C (a), 400 °C (b), 500 °C (c),
600 °C (d), and 700 °C (e).
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300 400 500 600 700
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Fig. 8. RMS surface roughness (orus) of TiOz layers as a function
of annealing temperature.

The increase in annealing temperature from 150° C to
700° C results in a four-fold reduction of the titania layers
thickness. On the characteristics of the refractive index,
there is a narrow range of temperatures, starting at 350 °C,
where n decreases. The green, vertical, dashed line marks
the centre of that range. This is probably the effect of the

400 720
i 116
300 .
200 48 Q
+ -4
100 |- o :0

100 200 300 400 500 600 700
Annealing temperature (°C)

Fig. 9. Influence of annealing temperature on thickness d,
refractive index n, and porosity P of the TiO: layers
deposited on fused silica substrates, wavelength
A =632.8 nm.

phase transition from the amorphous structure to the
polycrystalline structure which is accompanied by the
evaporation of organic compound residues. In the first
range of the n(7T)) characteristics, the increase in n results
from the collapse of the material structure. In the
aforementioned narrow range, the evaporation of organic
compounds results in the decrease of n, whereas in the third
range n (T > 400 °C), the increase in the refractive index
is the result of further collapse of the TiO, material
structure and its crystallization. Red circle markers in Fig. 9
present the experimental dependence of the TiO; layers
porosity P on the annealing temperature. Porosity was
calculated using (9) under the assumption that ngs=2.52
(anatase, 4=632.8 nm). The characteristics of porosity is
limited to the range of annealing temperatures equal to or
higher than 400 °C. That is because, for smaller
temperatures, organic compounds of unknown concentration
are present in the layers structure. As can be seen, porosity
decreases from 17% to 8% if the annealing temperature
increases from 400 °C to 700 °C.

Spectrophotometry studies were carried out to
determine the optical homogeneity of the fabricated TiO-
layers and to determine the positions of absorption edges
and widths of the optical band gaps. Transmission spectra
of selected TiO» layers annealed at different temperatures
are shown in Fig. 10. They were recorded in the UV-Vis-
NIR spectral range. The grey line shows the transmission
of the fused silica substrate. Interference maxima and
minima are visible in these characteristics. For wavelengths
below 350 nm, there is a sharp drop in transmission
resulting from the presence of absorbing edges in this
spectral range. For wavelengths above 500 nm, the
interference maxima lie on the transmission characteristics
of the substrate, which indicates the optical homogeneity of
the layers. With the increase of the annealing temperature,
depth of the interference minima increases, which is the
result of the increase in the layers refractive index (Fig. 10).

TiO; layers optical energy band gap widths and the
absorption coefficients o were determined from trans-
mission spectra. The widths of band gaps of TiO, layers
annealed at different temperatures were calculated by
plotting the Tauc equation, which shows the relationship
between the absorption coefficient and photon energy [56]

(ahv)'" = A(hv = E,). (10)
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Fig. 10. Transmission characteristics of TiOz layers annealed at
temperatures varying from 150 °C to 650 °C.

Herein, 4 is the absorption constant which does not depend
on photon energy (hv), E, is the band gap width, v is the
frequency of the incident radiation, and /% is Planck
constant. The y factor depends on the nature of the electron
transition and is equal to 1/2 or 2 for the direct and indirect
transition band gaps, respectively.

Figure 11 shows the Tauc plots of (ahv)'? as a function
of (hv) for indirect and direct optical transitions in the TiO,
layers of thickness d =153 nm. The layers were deposited
on fused silica substrates and annealed at temperatures of
250 °C and 500 °C, respectively. The optical band gaps
were calculated by extrapolating the linear part of the
experimental curves towards lower energies. The point at

(eVem )2

(ahv)?

(ahv)? (eVem)?

172

Fig. 11. Tauc plots of (ahv)"* as a function of photon energy
(hv) for indirect (blue lines) and direct (red lines) optical
transitions. TiO2 layers were deposited on fused silica
substrates and annealed at temperatures of 250° C (a) and
500° C (b), respectively.

which the extrapolated line crosses the horizontal axis
determines the value of the optical band gap. Charac-
teristics of optical energy band gap widths as a function of
the annealing temperature were determined by applying
this procedure to transmission characteristics of titania
layers annealed at different temperatures. They are shown
in Fig. 12, for both indirect and direct optical transitions.
For all films, energy blue shift vs. bulk anatase
(Eg na=3.2eV) can be observed. This phenomenon is
called the quantum size effect [32]. Moreover, for
presented TiO, layers, a decrease in the optical band gaps
with increasing annealing temperature can be also
observed. This effect is associated with the increase in the
size of the TiO» nanocrystals with increasing annealing
temperature (Fig. 4). Vasantkumar et al. [57] postulated
that the observed decrease in the band gap energy with the
increase in annealing temperature results from the reduction
of interatomic spacing (amorphous—-crystalline).
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Fig. 12 Effect of annealing temperature on energy band gaps of
TiOz layers deposited on fused silica substrates.

A strong influence of the annealing temperature on the
optical band gaps is observed for temperatures lower than
400 °C. The increased dispersion of E, j;,¢ measurement
points in this temperature range is probably the result of the
instability of the layer parameters caused by the presence
of organic residues in them. Above the temperature of
400 °C, a weak effect of the annealing temperature on the
optical band gaps is observed. Such a significant dispersion
of Eg ina measurement points is not observed in this
temperature range. The average width of the optical band
gap corresponding to the indirect transitions for layers
annealed at temperatures above 400 °C is 3.36 eV.

The registered dispersion characteristics of the
ellipsometric angles Wand A, recorded for the TiO, layers
deposited on silicon substrates and annealed at 500° C, are
shown in Fig. 13. Measurements were made for four
different illumination angles of the examined structure
(60°, 65°, 70°, and 75°). Experimental characteristics
recorded for individual angles of illumination of the tested
sample are plotted by continuous coloured lines. The
calculated characteristics, corresponding to the perfect fit
with the experimental characteristics are plotted using
dashed dot lines. Excellent agreement of the modelled and
measured characteristics can be observed for any angle of
illumination. Chromatic dispersion characteristics of the
refractive index n(4) and the extinction coefficient x (1)
were calculated using the Tauc-Lorentz dispersion model.
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Fig. 13. Dispersion characteristics of ellipsometric angles for a
TiO: layer on silicon, annealed at 500 °C. Solid lines —
measured, dashed-dot lines — modelled.

Chromatic dispersion characteristics of the refractive
index n(A) and extinction coefficient k(1) for selected
annealing temperatures are shown in Fig. 14(a) and
Fig. 14(b), respectively. A normal dependence of the
refrac-tive index on the wavelength for 4> 300 nm can be
observed.

Anomalous dispersion for wavelengths less than
300 nm results from the presence of absorption edges in
this wavelength range where the extinction coefficient
increases (Fig. 10). Over the full range of the wavelength
spectrum, both the refractive index n and the extinction
coefficient x increase with the increase in annealing
temperature. The refractive index increase as a result of
material densification during the annealing process. The
evaporation effect of organic residues plays an additional
role at lower temperatures. The increase in the extinction
coefficient, associated with the increase in temperature, is
mainly the result of the increase in the size of nanocrystals
and the shift of the absorption edge toward higher
wavelengths.

4. Conclusions

Homogeneous, crack-free titania layers, the thickness
of which exceeds 100 nm were fabricated using the
combination of the sol-gel method and dip-coating
technique. The titania (IV) ethoxide was used as the
precursor, whereas reactions of hydrolysis and
condensation were catalysed with hydrochloric acid. The
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Fig. 14. Chromatic dispersion characteristics of the refractive
index (a), and extinction coefficients (b) corresponding
to different values of the annealing temperature.

effect of annealing temperature on titania layer structure,
surface morphology, and optical properties was examined.
The investigations carried out using XRD and Raman
spectroscopy have shown that TiO, layers annealed at
temperatures below 300 °C are amorphous. Above this
temperature, they become polycrystalline, but they comprise
only anatase nanocrystals. The size of the nanocrystals
diameter increases with an increase in the annealing
temperature up to 450 °C. The further increase in tempera-
ture does not increase the anatase nanocrystal diameter.
Investigations on surface morphology carried out using
the AFM method have shown that the RMS surface
roughness is less than 1 nm if the annealing temperature
does not exceed 500 °C. The roughness increases up to
3nm for higher annealing temperatures. The spectro-
photometric investigations have shown that titania layers
are optically uniform. The effect of annealing temperature
on the optical band gaps width was carried out by analysis
of the absorption edge using the Tauc method. The
ellipsometric studies allowed to determine the effect of
annealing temperature on the thickness and refractive index
of TiO; layers. The porosity of TiO, layers changes from
18% down to 8% for the increase of annealing temperature
from 400 °C to 700 °C. In this range of temperatures, the
widths of optical band gaps become stabilized at the level
of ~3.36 eV for indirect transitions and ~ 3.69 eV for direct
transitions. Chromatic dispersion characteristics of the
refractive index and extinction coefficient were determined
for selected values of annealing temperature using
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spectroscopic ellipsometry. Elaborated titania layers are
suitable for applications in multilayer antireflective
structures on solar glasses.
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