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1. INTRODUCTION

In the recent years, thin-films of transparent semiconductor have attracted the
attention of many researchers due to their high transparency in the visible
wavelength range and high electrical conductivity of the layers as well as high
reflection in the infrared wavelength region. The usefulness of thin-film
properties and the interest in the study of solids behavior have given special
attention to thin-films both scientifically and technically [1]. Nowadays, a
multitude of modern, sophisticated optical, electrical and electronic components
are made of thin films. The thin-film properties of a material are quite different
from those of the pile types, especially if the layer thickness is too small. Thin-
film technology is used in the production of large-scale [LSI] and very large-
scale [VLSI] circuits, which are used to generate, amplify, record and propagate
electronic signals. Furthermore, these circuits have been able to improve the
memory and increase the speed of data transfer in computers [2]. Various
materials such as SnO», ZnO, etc. are made and used as thin films in various
ways. For example, the SnO. layer prepared by RF magnetron sputtering
method annealed at 350 — 450° C to detect NOx gas and prepared by active
sputtering at 300°C, is suitable for the detection of CO gas. A layer formed by
evaporation of tin metal powder in oxygen plasma at different pressures is used
to detect ethanol, indicating that the type and method of fabrication are very
effective in the functionality and applicability of the layer [3]. One of the most
important and widely-used materials in different industries is titanium dioxide or
titania, which has natural stability in the form of titanium dioxide [4]. Other
applications of the TiO- layer are in cosmetics due to having an energy pace of
3.3to 4.3 eV and its wavelength range is approximately between 365 to 380 nm,
denoting that it possesses strong properties in absorbing UV light [5]. If small
enough, they would have enough transparency against visible light. Use in
thermal mirrors to control the weather of closed places as a combination of
TiO2/Ag/TiO; [6] and as anti- reflective coating on devices such as solar cells is
another valuable application of this material. It is also used in photocatalyst for
water purification [7, 8], hydrogen production [9] and glycerol deformation and
degradation [10]. To put it in a nutshell, other applications of this material as a
thin-film are in a wide range of industries such as , paper, plastics, enamel, as a
catalyst, separators, a coating for self-cleaning surfaces, the white pigment in
paints and food coloring[11], biomaterials applications[12,13] and device
sensors. In addition to high applications, titanium dioxide is used as a white
pigment or in a powder form owing to its high refractive index [14]. Another
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important application of titanium dioxide is in solar cells, where these cells can
obviate the need for energy by receiving sunlight and converting it into
electrical energy and humans can use this clean energy in their industries.

Different solar cells such as silicon solar cells [15], gallium arsenide [16] and
more recently, perovskite [17] solar cells have been made using different
compositions and layers. Their overall structure is designed to convert luminous
energy into electricity from different layers, each of which having a different
task. There are many compounds which can be used as anti-reflective coatings
on solar cells, the most important ones of which are SiO2, ZnS, MgF», ZnO, and
TiO; [18]. ZnS and TiO, are generally used as materials with high refractive
index and SiO, and MgF. are used as materials with low refractive index. As
mentioned, one of the most widely-used materials as an anti-reflective layer in
solar cells, especially in perovskite solar cells, is titanium dioxide or titania [19,
20]. Titanium dioxide is available in three main phases of brookite, anatase and
rutile [21].

It is very difficult to send size large anatase particles due to the conversion of
the anatase phase to rutile with increasing temperature [22]. The n-type titanium
oxide thin-film is used as a cathode buffer layer in a variety of solar cells due to
its low working function over the indium tin oxide (ITO) substrate. Titanium
dioxide is widely used in the visible wavelength range due to its non-toxicity,
low cost, high stability, high electron mobility and high transparency [23]. The
difference between these crystalline structures can be attributed to the different
pressures and heat applied to its formation, which will be investigated in this
article. There are various techniques and processes for making titanium dioxide
in various ways, including powder, thin-film, and so on, some of which are as
follows: spry Pyrolysis [24], Sol-gel [25],Chemical vaporization deposition
(CVD) [26],Pulse of laser deposition (PLD) [27] and Radio frequency
magnetron sputtering (RF) [28, 29].

Chen explored the basic synthetic methods of nanomaterials and films such as
sol/gel, hydrothermal, solvothermal, and microwave [30]. The sol-gel method is
a versatile method that can even produce TiO; films of amorphous crystals
crystalline or low crystallinity at low temperatures [31]. Thermal behavior of
TiOz thin film is known as one of the main factors regulating morphology. TiO;
nanostructured films are efficient charge transfer layers [23, 32]. In this paper,
titanium dioxide layer, one of the most important layers of solar cells, will be
investigated and the effects of laboratory conditions of fabrication of this
important layer on its parameters such as phase type, crystallography, lattice
parameters, the absorption coefficient, the amount of light transmitted,
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morphology and most importantly, the impact on the band gap, which has a
direct and significant effect on the efficiency of the solar cells, will be
examined. It should be noted that in this paper, deposition has been done based
on the RF magnetron sputtering method.

2. MATERIALS AND METHODS

This study used radio frequency Magnetron sputtering device model MSS —
MDAU 160 with injection of Argon neutral gas with 99.99% purity. The
titanium dioxide tablet had a thickness of 3 mm, a diameter of 76.2 mm and
purity of 99.99%. The fixed value of 5 cm was selected as target distance to
substrate for deposition. The normal glass substrate of 2 cm x 5 cm was used for
deposition.
First, all substrates were washed with distilled water for 15 minutes. Then, the
substrates were washed several times with acetone and placed in alcohol for 10
minutes to remove all impurities. Before starting the main deposition on
substrates, to purify the vacuum chamber, the initial pressure inside the
chamber was set to 3.0x10° mbar. After adjusting the device and formation of
plasma for deposition, a deposition was carried out tentatively for 10 minutes to
remove all possible impurities on the target tablet. Having accomplished these
stages and ensuring the minimization of the chamber pollution and substrate, a
plasma was formed for deposition by regulating the initial power of 500 watts
and chamber pressure of 3.0x10° mbar. During deposition process, the
temperature inside the chamber was kept fixed at 58°C. Then, using Argon gas,
five thicknesses of TiO2, (30, 60, 75, 90 and, 105nm) were deposited with a
power of 240-watt and 3.0x10% mbar chamber pressure. In the next step, this
thickness was deposited once with 220 watts of power under different chamber
pressures for a fixed thickness of 30nm. For the next sample, the chamber
pressure was kept at 3.0x10? mbar and deposition were carried out with
different powers. Then, to specify coefficient of absorption and using it to
determine the bands gap energy, the layers were lighted by Perkins Elmer
model Lambda45. A sample of substrate without coating was placed in the
device and its absorption rate became zero for further accurate measurements of
substrates with coating. The amount of light absorption and transmission in the
transparent layers of (TiO2) was examined in the range of 320 to 900nm of
visible light spectrum. Laboratory samples prepared in the laboratory under
different process conditions are shown in Fig. 1.
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Fig. 1. TiO; laboratory samples made in different laboratory conditions add explanation about differences.

3. CHARACTERIZATION

To characterize the titanium dioxide thin film and to investigate the structure
of the layers, phase and crystallography and lattice constants, absorption
coefficients, transmission rate and finally the band gap were done as follows. In
order to do the research, The D8 advanced Bruker X-ray diffraction
spectrometer with a wavelength of 1.54 angstrom ka - cu made in Germany was
used. The X-ray scattering spectrum was taken in the 20 intervals from 10.000
to 80.000 angle at 0.050 deg. and at 1 second intervals at room temperature of
25°C.

3.1. ABSORPTION COEFFICIENT AND TRANSMISSION RATE

Perkins Elmer model Lambda 45 was used so as to light the layers, in a way
that an uncoated substrate sample was inserted into the device, the absorbance of
which was set to be zero for subsequent accurate measurements of the substrates
containing the coating. Lighting was done on layers made in the range of 320 —
900nm visible light and the absorbance of the layers was extracted. Then, we
were calculated the coefficient of absorption and the percentage of light
transmittance of each layer by using (1) and (2), respectively.

o =(2.303) A/t 1)
and
%T =exp (- at) 2)

Where o is the coefficient of absorption, A absorption rate and t the thickness of
the layer, respectively.
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There are different methods such as Beer-Lambert law [33] and Tauc’s plot
[34] for calculating band gap energy. In this research we used Tauc’s plot
method. Coefficient of absorption which term in (3) can be described based on a
function of photon energy (eV). Using (3), we calculated the band gap energy.

ohv = (Eq— hv)" 3)

Where h is the Planck’s constant, v is the frequency, n is the numerical value
depending on transition nature having values of 1/2, 2, and 3/2 for direct,
indirect and forbidden transition, respectively. considering that TiO> is a semi-
conductor with direct band gap transition, the value of 1/2 was considered for n
[35]. Therefore, with drawing (ahv)? versus hv and extrapolation of the linear
area of the curve in a = 0, direct bands gap energy for titanium dioxide was
calculated.

4. RESULTS AND DISCUSSION

4.1. STRUCTURE, PHASE, CRYSTALLOGRAPHY AND LATTICE
CONSTANT
4.1.1. TIO; LAYER MADE WITH DIFFERENT THICKNESSES
Titanium dioxide layers with different thicknesses were made under 240-watts
power and pressure and pressure 3.5x10?% mbar. The XRD spectrum pattern for
different thicknesses was obtained according to Fig 2.
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Fig. 2. XRD pattern TiO; thin film with thicknesses of (a) 30nm, (b) 60nm, (c) 75nm, d) 90nm, and (e) 105nm

Fig. 2, shows that the constituent layers are all amorphous and the
polycrystalline lattice structure is all tetragonal. Bange et al. [36] and Williams
et al. [37] observed amorphous crystal transfer at 350 — 400°C for RF film
vaporization and sputtering, respectively, all of which having a mixed phase of
rutile and anatase, and this mixed phase has been observed by other individuals
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and no brookite phase has been seen. Suhail et al. have observed a mixed phase
of rutile and anatase for TiO layer by DC reactive magnetron sputtering method
[38]. Schiller et al. observed reactive anatase at the substrate temperature of 25 —
500°C [39] with DC reactive plasmatron sputtering and Pawlewicz and Bush
[40] observed the mixed phase of rutile/anatase at the substrate temperature of
200 — 500°C. Mardare et al. [41] and Hou [42] reported a thin-film TiO,
prepared with mixed phase of rutile and anatase by DC magnetron sputtering
and magnetron sputtering cooked in the temperatures of 300 — 1000°C. The
results gained from the deposition with different thicknesses under the constant
power and constant pressure are summarized in the (I).

The unit cell parameters of TiO. anatase tetragonal structure were calculated.
The average values of lattice parameters are found to be a = 3.700 A® and ¢ =
9.560 A% They are very close to lattice parameters calculated from other
experimental data.

TABLE I
RESULTS OF THE DEPOSITION WITH DIFFERENT THICKNESSES
Thickness(nm)  crystallography Lattice Phase  Lattice const.(A?)
structure
a=b c
Anatase 3.785 9.539
30 Amorphous Tetragonal Rutile 4580 2.95
Anatase 3.730 9.370
60 Amorphous Tetragonal Rutile 4593 2.958
Anatase 3.775 9.420
75 Amorphous Tetragonal Rutile 4580 2.950
Anatase 3.730 9.370
90 Amorphous Tetragonal Rutile 4593 2.959
Anatase 3.783 9.510
105 Amorphous Tetragonal Rutile | 4593 2.959

4.1.2. LAYER MADE IN DIFFERENT PRESSURES

Titanium dioxide layers with constant thicknesses 30nm were made under
220-watts power and different pressures. The pattern of the XRD spectrum is
shown in Fig 3.

Fig. 3 depicts, show that the constituent layers are all amorphous. The layer
made at a pressure of 3.0x102 mbar has an orthorhombic/tetragonal lattice
structure, the phase of which is a combination of anatase/srilankite.
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Fig. 3. XRD pattern TiO; layers made at pressures of (a) 2.0x10-2, (b) 3.0x102, (c) 3.5x102, and (d) 4.0x10-2
mbar

The layer, made at 3.5x102 mbar, has a crystal structure of mixed TisOs,
orthorhombic and tetragonal and the lattice structure of which is a mixture of
monoclinic Tis0s, anatase and rutile TiO, and the other layers made have a
tetragonal structure and have a mixed phase of rutile and anatase [38]. Nair et al.
[43] reported the mixed phase of rutile and anatase for titanium dioxide thin
films made by RF magnetron sputtering at different pressures. Crystalline TiO;
(anatase, rutile or a mixture of both) was obtained either by controlling the gas
flow and sputtering pressure [44,45]. The results obtained from the constant
thickness deposition under constant deposition power of 220 watts and different
pressures are summarized in (11).

TABLE 11

RESULTS OF THE DEPOSITION UNDER DIFFERENT PRESSURES
Pressure(mbar) crystallography Lattice Phase Lattice const.(A?)

structure a=b c
Anatase 3.785 9.514
2.0x107? Amorphous Tetragonal Rutile 4.593 2.958
Tetragonal Anatase 3.783 9.510
3.0x10% Amorphous  QOrthorhombic ~ Srilankite ~ 4.550  4.920
Tetragonal Anatase 3.730 9.370
3.5x107? Amorphous Rutile 4580  2.950

monoclinic TisOs 10.120 9.970

Anatase 3.730 9.370
4.0x10? Amorphous Tetragonal

Rutile 4.580 2.950
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4.1.3. LAYER MADE IN DIFFERENT POWERS

Titanium dioxide layers with constant thicknesses 30nm were made under
constant pressure 3.5x10% mbar and different powers. The pattern of the XRD
spectrum is shown in Fig 4.
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Fig. 4. XRD pattern TiO, layers made at pressures of (2)2.0x102, (b) 3.0x10%, (c) 3.5x102, and (d) 4.0x10-2
mbar

Fig. 4 shows that the constituent layers are all amorphous. The layer made at
the power of 200 watts has an orthorhombic/tetragonal lattice structure, the
phase of which is a combination of brookite/rutile. The layer made at 220 watts
power has a lattice structure of monoclinic Ti;Os, and tetragonal, the phase of
which is a mixture of anatase/rutile. Also, the layer made at 240 watts has a
lattice structure of tetragonal, the phase of which is a mixture of anatase/rutile.
In fact, the structure and phase change with the change of deposition power and
move towards more homogeneity. This is easily explained by the fact that more
RF power was employed, which increased the sputtering yield, and a
considerably higher vacuum, which increased the mean free path of our
atoms/ions [46]. The results obtained from the constant thickness deposition of
30 nm under different power of deposition are illustrated in (I11).

The unit cell parameters of TiO, anatase and rutile tetragonal structure were
calculated. The average values of lattice parameters under different preparation
condition are shown in (IV). They are very close to lattice parameters calculated
from other experimental data.
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TABLE III
RESULTS OF DEPOSITION UNDER DIFFERENT POWER
Power(W) Crystallography Lattice Phase Lattice const.(A?)
structure a b c

Orthorhombic Brookite 9.182 5.456 5.143
200 Amorphous

Tetragonal Rutile 4593 4593 2.959
Monoclinic TisOs  10.120 5.074 9.970
220 Amorphous Anatase  3.730 3.730 9.370
Tetragonal Rutile  4.580 4.580 2.950

Anatase 3.785 3.785 9.514
240 Amorphous Tetragonal Rutile  4.580 4.580 2.950

TABLE IV
VARIOUS VALUES OF STRUCTURAL PARAMETERS OF ANATASE,
RUTILE AND BROOKITE

a=b(A% c(A) cla
This work
Diff. thicknesses
Anatase 3.760 9.442 2.511
Rutile 4,588 2.955 0.644
Diff. pressures
Anatase 3.757 9.441 2.513
Rutile 4,584 2.953 0.644
Diff. powers
Anatase 4,584 9.442 2.060
Rutile 4,584 2.953 0.644
Brookite a=9.182, b = 5.456 5.143 0.560
Experiments of other
Anatase
3.733[47] 9.372[47] 2.510[47]
3.782[48] 9.502[48] 2.512[48]
3.823[49] 9.612[49] 2.514[49]
3.814[50] 9.583[50] 2.512[50]
3.787[51] 9.516[51] 2.513[51]
Rutile
4.522[47] 2.905[47] 0.642[47]
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4.593[48] 2.959[48] 0.644[48]
4.534[52] 2.920[52] 0.644[52]
4.631[53] 2.980[53] 0.643[53]
Brookite
a=9.184, b =5.447 [49] 5.145[49] 0.560[49]

R
.YH

(b) (c)

Fig. 5. Crystal structures of TiO; (a) anatase, (b) rutile and (c) brookite

calculated values of lattice parameters a, ¢ and the quotient c/a, as well as
other theoretical and experimental values, are given in (IV). We found that our
optimized lattice parameters are in good agreement with experimental other
obtained results.

5. ATOMIC FORCE MICROSCOPIC(AFM)

Surface roughness and topography used to characterize contact surfaces, are
described with surface roughness [54]. In practice, most commonly used
parameters for surface roughness description are Ra, Rims, and Rmax. Average
surface roughness, R,, gives a very good overall description of height variations,
but does not give any information on the wavelength and is not sensitive to
small changes in profile. Root mean square, Rms, iS more sensitive to deviations
from the main line than R, [55,56]. The surface roughness of transparent
conductive thin films has a significant influence on device performance [57].
The Figs. (6,7), and (8) show the microstructure of the TiO,, which are made
under different conditions deposition. Atomic force microscopy (AFM)
analysis was done using Mobile(s) equipment, and the topography contrast
images were acquired in the contact mode. The grain-wise identification and
profile statistics were carried on using Gwyddion 2.31 software.
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5.1. THICKNESS - ROUGHNESS RELATION

At this stage, the layers of titanium dioxide prepared in different thicknesses
at a constant sputtering power of 240W and sputtering pressure of 0.035mbar
were examined by atomic force microscopy. The images and results are shown
in Fig. 6 and (V), respectively.
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Fig. 6. (a) Typical 2D and 3D AFM images and (b) Typical roughness analysis of TiO; thin films made in
different thicknesses.

TABLE V
ROUGHNESS PARAMETERS OF TiOz THIN FILMS MADE IN DIFFERENT
THICKNESSES

Thickness(nm)

30 60 75 90 105
Average 0.9045 0.8311 0.7481 0.7028 0.8185
roughness(nm)
Median 0.9686 0.8863 0.8314 0.7098 0.8941
roughness
parameter
Minimum 0.3216 0.1882 0.0000 0.1765 0.0000
roughness(nm)
Maximum 1.0000 0.9882 0.9882 1.0000 0.9882
roughness(nm)
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Ra (nm) 0.0971 0.1513 0.2253 0.1621 0.1665
Rq (nm) 0.1278 0.1722 0.2601 0.1898 0.2021
Ry/Ra 1.316 1.138 1.154 1.170 1.214
Rsk -1.82 -0.716 -0.766 -0.189 -1.18
Riu 3.08 -0.611 -0.566 -0.977 0.729

It is observed that the maximum roughness varied in the range of 0.9882 to
1.0000nm with the thickness change. The roughness analysis of TiO thin films
is presented in Fig. 6. With an increase in the thickness, roughness initially
increased (up to 75 nm) and then decreased and increased again to a thickness
of 105 nm. The same behavior was true for Ry The topography and section
analysis of TiO- thin films with different thickness obtained by AFM images
are listed in (V). It can be seen that the average roughness almost decreased as
the thickness increased.

5.2. EFFECT OF SPUTTERING PRESSURE

Next, the layers of titanium dioxide, prepared with constant thickness of 30nm
at a constant sputtering power 220W, were examined under different sputtering
pressures by atomic force microscopy. The images and results are shown in
Fig. 7 and (V1), respectively.

Journa of Optoelectronical Nanostructures. 2020; 6 (4): 59- 94 73



Structural, Morphological and Optical Analysis of TiO2 Thin Films ...

117nm

(0.02mbar) § (0.03mbar)

%

£ &
T o x* 9.21pm % Opm " 9.21um
; §
~| (0.035mbar v (0.04mbar)
-\/\/\'\N\,\/\J\r»\/\'\/ wl AN
§ 5
£
H &
%" opm X 23m . 2 opm X0 921pm

Fig. 7. (a) Typical 2D and 3D AFM images and (b) Typical roughness analysis of TiO; thin films made under
different sputtering pressures
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TABLE VI
Roughness parameters of TiOz thin films made under different pressures
Pressure(mbar)
0.02 0.03 0.035 0.04
Average 0.9045 0.8311 0.7481 0.7027
roughness(nm)
Median 0.9686 0.8863 0.7314 0.7098
Parameter roughness
Minimum 0.3216 0.1882 0.0000 0.1765
roughness(nm)
Maximum 1.0000 0.9882 0.9882 1.0000
roughness(nm)
Ra (nm) 0.0971 0.1513 0.2253 0.1621
Rq (nm) 0.1287 0.1722 0.2601 0.1898
Ry/Ra 1.316 1.138 1.154 1.170
Rsk -1.82 -0.716 -0.766 -0.189
Rku 3.08 -0.611 -0.566 -0.977

It is evident that the maximum roughness varies in the range 0.9882 to 1.0000
nm with the pressure change. The roughness analysis of TiO; thin films is
presented in Fig. 7. Initially, roughness increases and then decreases following
an increase in pressure up to 0.03 mbar. The same behavior is true for Rq. The
topography and section analysis of TiO, thin films under different pressures
obtained by AFM images are listed in (\VI1). It can be gathered that the average
roughness almost decreased with increase of pressure.

5.3. EFFECT OF SPUTTERING POWER

At this stage, layers of titanium dioxide, prepared in constant thicknesses of
30nm, were examined at a constant sputtering pressure of 0.035mbar and
different sputtering powers. The images and results are shown in Fig. 8 and
(VID), respectively.
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Fig. 8. (a) Typical 2D and 3D AFM images and (b) Typical Roughness analysis of TiO; thin films made in
different sputtering powers

Table VII
Roughness parameters of TiOz thin films made in different sputtering powers
Power (W)
200 220 240

Average 0.7236 0.8862 0.9045

roughness(nm)
Median 0.7373 0.9686 0.9686

Parameter roughness

Minimum 0.0000 0.1333 0.3216

roughness(nm)
Maximum 0.9882 1.0000 1.0000

roughness(nm)
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Ra(nm) 0.1044 0.1207 0.0971
Rq (nm) 0.1429 0.1690 0.1287
Ry/Ra 1.368 1.400 1.316
Rek -0.94 221 -1.82
Riu 2.34 4.78 3.08

It is obvious that the maximum roughness varies within 0.9882 to 1.0000 nm
with the pressure change. The roughness analysis of TiO: thin films is presented
in Fig. 8. The amount of roughness variation after increasing the power of the
deposition system is negligible. The same process is true for Rq. The topography
and section analysis of TiO> thin films under different powers obtained by AFM
images are listed in (VII). Moreover, it can be reported that the average
roughness rose with increase of power. Measuring the surface roughness of TiO»
films was important before the manufacturing of photoelectric devices. The
roughness parameters were estimated by the analyzing the topography scans of
the sample’s surface. The surface profile parameters include average roughness,
Ra, root mean square roughness, Rq, skewness of the line, R, and kurtosis of the
line, Rx. The average roughness, R, is the mean height as calculated over the
entire measured length/area. Ra is typically used to describe the roughness of
machined surfaces. It is useful for detecting general variations in overall profile
height characteristics and for monitoring an established manufacturing process.

Root mean square (RMS) roughness, Rq, is the square root of the distribution
of surface height and is considered to be more sensitive than the average
roughness for large deviations from the mean line/plane and is also used in
computing the skew and kurtosis parameters. RMS roughness, Rq, describes the
finish of optical surfaces. It represents the standard deviation of the profile
heights and is used in computations of skewness and kurtosis. Rg is used to
measure the symmetry of the variations of a profile/surface about the mean
line/plane and is more sensitive to occasional deep valleys or high peaks.

Rs illustrates load carrying capacity, porosity, and characteristics of non-
conventional machining processes. Negative skewness is a criterion for a good
bearing surface. Usually, Rs is used to distinguish two profiles of the same R,
or Rq values but of different shapes. Kurtosis is a measure of the distribution of
spikes above and below the mean line. Kurtosis describes machined surfaces
and is rarely used for optical surfaces. It is sometimes specified for the control
of stress fracture. Ry, is used to measure the distribution of the spikes above and
below the mean line/plane. For spiky surfaces, Ri, > 3; for bumpy surfaces, Rw
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< 3; and perfectly random surfaces have kurtosis 3. For a Gaussian distribution
of asperity height, statistical theory shows that the ratio R¢/Ra, should be 1.25.
Ward [58] notes that the asperity height distribution of most engineering
surfaces may be approximated by a Gaussian distribution with R¢/Ra values of
up to 1.31. (V), (VI) and, (VII) show the roughness parameters for layers made
under different deposition conditions. Project area for samples was selected
852.1 um? as well inclination 6 and ¢ selected 0.0 and 59.5 degrees,
respectively. The values of R¢/R,, using data collected from AFM imaging for
(V), 1.138 - 1.316, (VI1), 1.279 - 1.404 and (VII), 1.316 - 1.400 are reasonably
close to the value of 1.31 predicted by theory.

This result is significant since it indicates that at the imaging scale, the

asperity height distribution of these surfaces is approximately Gaussian and that
the statistical relationships for surface roughness are applicable.
In (V), (VI) and, (VII), negative values of the skewness indicate that the
valleys are dominant over the scanned area and positive values show that the
peaks are dominant on the surface. Continued negative values would indicate
cracks, representative of valleys. The distribution of positive and negative
values indicates the existence of protruding grains. For Kurtosis, Rk, < 3 shows
that the distribution over the scanned area has relatively few high peaks and
low valleys, which means a bumpy surface. When Ry, > 3, the distribution will
have relatively higher numbers of high peaks and low valleys, characteristic of
a spiky surface [59]. The results of skewness and kurtosis prove that the
surface of TiO; thin films is generally spiky with peaks being dominant. Films
with high Ry values have high R and R, values as well. This is due to the
strong relation between these parameters, where Ry, is, mathematically,
directly related to the peak heights and valley depths [60,61].

6. ABSORPTION COEFFICIENT AND TRANSMISSION SPECTRUM

6.1. DEPENDENCE ON THE THICKNESS

Fig. 9-a and Fig. 9-b, summarize the absorption coefficients and transmission
spectrum in terms of a function of the wavelength of the visible spectrum of
light drawn for different thicknesses compared with each other.
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Fig. 9. (a) Absorption coefficient, (b) Transmission spectrum in different thicknesses

Fig. 9-a and Fig. 9-b, show the changes rate of absorption coefficient and the
transmission spectrum of each layer in terms of wavelength in the visible light
range, respectively. Due to the high absorption coefficient of titanium dioxide in
the visible light range, it drops significantly for wavelengths below 400 nm
(A<400 nm). Hou [42] reported 80 to 85(%) transmittances for titanium dioxide
thin films made by magnetron sputtering. It is quite clear that the 30 nm and, 90
nm layers have the lowest absorption coefficient and the highest transmission
spectrum between 80 to 90(%) between different thicknesses in the range 420 to
700 nm, which is suitable for solar cells of all thicknesses. In the rest of the
layers, approximately the highest light transmission spectrum (minimum
absorption) occurs in the wavelength range of 400 to 550 nm

6.2. DEPENDENCE ON SPUTTERING PRESSURE

Fig. 10-a and Fig. 10-b, represent the absorption coefficients and the amount
of light transmission spectrum in terms of the wavelength range of the visible
light spectrum plotted for 30nm thickness made under different pressures.
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Fig. 10. (a) Absorption coefficient, (b) Transmission spectrum in different sputtering pressures

Fig. 10-a and Fig. 10-b, display the changes rate of absorption coefficient and
the transmission spectrum of each layer in terms of wavelength in the visible
light range, respectively. The amount of light transmitted is almost the same in
all the layers, but with a slight difference, as shown in the Fig. 10-b, the 30nm
layer made under the pressure of 3.0x10 mbar has the highest transmittance
(lowest absorption coefficient) among the various layers.

As seen in Fig. 10-b, it could be concluded that the pressure change in the
layer construction, changes the wavelength range of the maximum transmitted
light, in a way that for the layers made at pressures of 2.0x10 and 3.0x10?
mbar, the highest wavelength light transmittance occurs at 400 to 500nm and at
3.5x10? and 4.0x10?mbar, occurring at 450 to 550nm and 550 to 650nm,
respectively. In general, the highest light transmittance (lowest absorption)
occurs in layers at wavelengths of 400 to 650nm. Therefore, the change in layer
pressure changes the light transmittance to create the maximum wavelength
layer, or as the device layer pressure increases, the higher (having lower energy)
wavelengths have a greater share of the crossing.

80 Journal of Optoelectronical Nanostructures. 2021; 6 (4): 59- 94



Mohsen Vaezzadeh Asadi et al. DOI: 10.30495/JOPN.2021.28681.1230

6.3. DEPENDENCE ON SPUTTERING POWER

Fig. 11-a and Fig. 11-b, illustrate the absorption coefficients and the amount
of light transmitted over the wavelength range of the visible spectrum of light
drawn for the 30 nm layers made under different powers.
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Fig. 11. (a) Absorption coefficient, (b) Transmission spectrum in different sputtering powers.

Fig. 11-a and Fig. 11-b, show changes rate of absorption coefficient and the
transmission spectrum of each layer in terms of wavelength in the visible light
range, respectively. The amount of light transmitted as well as the range of their
maximum wavelength transmittance in all the layers is almost the same, and
only the wavelength transitions of the layers different, in a way that in the
fabricated layers, the highest amount of transmission (lowest absorption) at 220
and 240 watts, which is overlapping of course, is in the range of 450 to 600nm,
and the layer made at 200 watts is in the range of 600 to 700nm. Therefore, it
can be concluded that a change in the deposition power of the layer construction
changes the range of the wavelength of the maximum transmitted light. In other
words, with an increase in the deposition power, more energetic (shorter
wavelengths) light has more transmission and more wavelengths also contribute
to maximum light transmission.
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7. DETERMING BAND GAP ENERGY (Ec)

The final results of extraction of bands gap energy of the making layers under
different preparation conditions by using Figs. 12-a, 12-b, and 12-c, are shown

in (VII).
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TABLE VIII
The extracted band gap energy related to TiO2 compact layer
Thickness(nm) Pressure(mbar) Deposion Power(W) Eg (eV)
105 3.5x102 240 3.635
90 3.5x102 240 3.640
75 3.5x102 240 3.587
60 3.5x102 240 3.576
30 3.5x102 240 3.664
30 2.0x102 220 3.605
30 3.0x102 220 3.647
30 3.5x102 220 3.687
30 4.0x1072 220 3.623
30 3.5x10? 200 3.618

Using (VIII), the change of band gap energy versus different thicknesses,
different chamber pressures and different deposition power are shown in Figs.
12-a, 12-b and, 12-c respectively.

As depicted by table (VIII) and Figs. 12-a, 12-b and, 12-c, the range of bands
gap energy change is 3.618 to 3.687eV, showing that it depends highly on the
process conditions and is compatible with other results [62]. Band gap energy of
titanium dioxide deposited through DC magnetron sputtering method under
different powers and pressures lies within the 3.20 to 3.28eV limits which is in
line with the results of this study [63]. The bands gap energy of thin film of
titanium dioxide with mixed phase has been reported in 3.58 to 3.75eV limit
[43] which is in line with bands gap energy of this study in 3.576 to 3.687¢V.

Usually, variations in bandwidth thickness occurs when quantum effects occur
in the small nanometer ranges and deviates from the bandwidth thickness of the
bulk state of the material, thus a change in energy band gap with a change in the
thickness can be attributed to the grain size and pressure drop and grain
boundary. As for the titanium dioxide layers made of constant thickness under
different pressures and energies, changing the pressure or the power of the
deposition causes a change in the amount of band gap energy which could be
due to changes in the lattice parameters or the degree of the overlap between
different titanium and oxygen orbitals. Therefore, the bands gap energy is
dependent on the manufacture conditions including pressure and power, and
changes in the conditions applied to the layer, and optimal laboratory situation
can be designed according to the application type. Optical studies of thin films
made under the conditions of this article using deposition method for optical
devices with different applications are very promising. In summary each of the
deposition parameters has an influence on the energy of the deposition particles
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the geometry of the deposition chamber has to be taken into consideration as
well. Partial pressure can influence the deposition mode (metal/oxide)/poisoning
degree of the target [64]. Deposition pressure can influence the degree of
ionization and the mean free path of sputtering and deposition atoms/ions. The
power of the discharge plays a big part as well: by increasing it to a certain
point, we can maximize the sputtering yield. It should be noted that too much
power can lead to ion implantation, which should be avoided [44].
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8. COCLUSION

In summary, we reported on the experimental study of the structural,
electrical, electronic and optical properties of the TiO, thin films. It has been
shown that in the making of titanium dioxide layer by radio frequency
magnetron sputtering, different preparation conditions have a direct influence on
the structure, lattice constants as well as the type of crystal phase. The X-ray
analysis results revealed that the synthesized TiO; is composed of clusters of
both anatase and rutile phases and all prepared layers are amorphous.

Reason behind may have been the effect of amorphous layers can be found in
charged clusters. The experiment showed that for different thicknesses, the
lattice structure was changed and consequently the lattice phase and constants
were changed and therefore, the thickness change had no effect on
crystallography, phase type and lattice structure, but it impacted on the lattice
constants impressively. The calculated structural parameters are in close
accordance with the published experimental work. It was also found that a
change in pressure for thickness of 30nm had no effect on the crystallography,
but changed the structure of the lattice, caused impurity to enter the lattice phase
(Ti30s in the pressure of 3.5x102 mbar) and also changed the lattice constants.

Thickness 30 nm with different powers, it was found that the power change
had no effect on crystallography but changed the lattice structure and also
impurities in the lattice phase (Ti3Os at 220 watt) and varies the lattice constants.
The absorption of coefficient and the transmission rate of the layers were the
evidence that these parameters are strongly dependent on the thickness change.
Changes in power or pressure were observed, which sometimes affect the
absorption of coefficients and the rate of transmittance of the titanium dioxide.

In layers with varied thicknesses, the highest level of transmission (the least
absorption) of the light takes place within the wavelength of 400-600 nm. In
making the layer with changing pressure and power, the maximum level of light
transmission (least absorption) takes place first, within the wavelengths of 400-
650nm and second, 450-700nm. Different preparation conditions, suitable for
the type of application, can be designed to produce the mentioned layer. The
band gap energy is strongly dependent on the thickness of the layer and varies
with thickness.

Usually, bandwidth variations in thickness occur when quantum effects
appear in the small nanometer ranges and deviates from the piled state of the
material, thus, a change in band gap energy with a change in the thickness can
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be attributed to the grain size, pressure drop and grain boundary. TiO, was made
by changing the pressure or the power of the deposition. Furthermore, the
amount of band gap energy was changed, which could be due to changes in the
lattice parameters or the degree of overlap between different titanium and
oxygen orbitals.

In conclusion, each of the deposition parameters has an influence on the
energy of the deposition particles and one has to take into consideration the
geometry of the deposition chamber as well. Partial pressure can influence the
deposition mode (metal/oxide)/poisoning degree of the target. Deposition
pressure can influence the degree of ionization and the mean free path of
sputtering and deposition atoms/ions. The power of the discharge plays a big
part as well: by increasing it to a certain point, we can maximize the sputtering
yield, keeping in mind that too much power can lead to ion implantation, which
is to be avoided [64]. With this band gap energy, the material is suitable for
large optoelectronic applications.
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