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Effect of Aluminum Doping on some physical
Properties of TiO, Thin Films Prepared by Chemical
Spray Method
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Abstract

The effect of doping aluminum (Al) into Titanium dioxide (TiO,) on
glass substrates coated by Chemical spray pyrolysis (CSP) utilizing
different doping concentrations, namely Owt. percent Al, 1wt. percent Al,
and 3wt. percent Al, was investigated. Using tools such as an atomic
force microscope (AFM), an X-ray diffractometer (XRD), and an
ultraviolet-visible spectrometer, Surface topologies affected by Al
doping, structural characteristics, and optical properties were examined

(UV-Vis). increasing aluminum dopant concentration (0 to 3 mol%)
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increases the crystallite size until it reaches its maximum value at 3
mol% aluminum. The band gap, on the other hand, shrinks from 3.36 to
3.24 eV. TiO, thin films have a decreasing refractive index and
extinction coefficient as the Al doping level increases, according to

optical experiments.
Keywords: CSM, TiO,: Al thin film, morphology and Optical properties.
Introduction

The band gap TiO, is very large (3.2 eV-3.5 eV), so it can only
absorb UV spectrum, Accounting for 3—5% of solar irradiation [1]. Rutile,
anatase, brookite, and srilankite are the four known structures of (TiO2)
at ambient circumstances (TiO,-Il). The most stable structure is rutile
[2-4]. Single crystals, powders, ceramics, and thin films can all be
made from TiO,. Transiton metal oxides are frequently
nonstoichiometric, and oxygen vacancies are the most common defect
in TiO2 at near—atmospheric oxygen pressure. The lack of oxygen
causes an overabundance of electrons to be introduced into the
substance, resulting in an increase in electrical conductivity [5]. TiO,—x
is an n—type semiconductor because the oxygen vacancies operate as
electron donors, as opposed to p-type semiconductors, which contain
electron acceptors. [6] As a result, numerous attempts were undertaken
to either manage the oxygen vacancy content or inject charge carriers
(doping) into TiO, to improve or reduce electrical conductivity,
depending on the intended use [7-11]. The selection of doping material
plays a vital role in the improvement of TiO, lattice. The dopant material
should have same ionic radii as the TiO, lattice. Copper (Cu), zinc (Zn)
and aluminum (Al) cause more effective doping with TiO, thin films

electrode since ionic radius of these are similar to that of TiO,. The
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ionic radius of Cu*, zZn* and AP is 0.874, 0.884 and 0.684
respectively while Ti* is 0.60A. Hence Cu®*, Zn>* and by substituting
Al3+ ion in TiO, lattice, TiO, can be stabilized in anatase phase without
losing its crystal structure [12, 13]. Sputtering [14], e-beam
evaporation. [15], CVD [16], sol-gel technique. [17], PLD [18],
electrodeposition. [19], hydrothermal [20], and CSP [21] have all been
utilized to produce TiO, thin films. In this study, a spray pyrolysis
approach was used to develop TiO2 and Al doped TiO, thin films over
glass substrates, and structural, surface morphological, and optical
characteristics were studied in detail. The oxygen vacancy concentration
will rise in this situation, and the electron concentration will fall as a
result. Aluminum atoms are acceptor impurities in this case [22]. Spray
pyrolysis is a low—cost and convenient method for creating
semiconductor thin films. The basic idea of spray pyrolysis is the
pyrolytic (endothermic) breakdown of salts of the desired substance to
be sprayed onto a substrate kept at a higher temperature, resulting in
an individual crystal or group of crystallites. It can produce high—quality,
large—area adhesive films with consistent thickness. Varying the spray
settings allows for easy control of the deposition rate and film thickness.
Doping is simple with this process and maybe done with any ingredient

in any quantity by just adding it to the spray solution in any way.
Methodology

The TiO, thin films were made by dissolving O.1 M TiCl, (provided by
Sigma-Aldrich — Germany) in a 1:1 deionized water and ethanol
solution. Al trichloride AICI;) was used as a doping agent It is mixed
with deionized water and then adding a few drops of HCI makes the

solution transparent (provided by Pub. Chem. India). Al-doped TiO,
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coating was formed on a glass slide substrate by chemical spray
pyrolysis. Substrate temperature was 400°C, 28 cm separated the
nozzle from the substrate, the spraying time was 8 seconds but
extended by 60 seconds to avoid cooling, the spray rate was 4ml/min,
and N, was utilized as a carrier gas. The layer thickness was
determined to be 330 25 nm using the gravimetric technique. XRD was
used to determine the structural characteristics. AFM (AA3000 Scanning
Probe Microscope) was employed to study surface of the deposited
films. UV-Visible spectrophotometer was employed for recording

spectra of absorption in the 300-900 nm wavelength range.
Characterization
Structural Study

In order to determine crystallinity. Figure 1. Depicts The observed
XRD patterns of all Al-TiO, thin films well matched with standard
JCPDS File No: (46-1238).  Characteristic peak patterns were
corresponding to TiO,, which was a major anatase phase when
undoped with Al. The TiO, phase shows three dominant peaks at
23.68°, 24.88° 33.16° 33.16° and 67.19° attributed to the (201),
(110), (310), (601) and (023) planes respectively. There were no peaks
connected to Al or Al,Os, suggesting that Al isn't producing a major
second phase [23]. diffraction pattern indicated that they were produced
from single phase orthorhombic brookite TiO,. The TiO, peaks increase
slightly with the increasing the Al doping concentration due to the
disorder caused by the size of ionic radius AI** and Ti** [23, 24]. It is
found that the size of the particle increases slightly in all films with
higher concentration values and results are consistent with the AFM

results. The increasing crystallizing of the sample attribute to annealed
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films with synthesis causes significant dominant peaks of TiO, films.
Crystallite size was calculated using Scherrer's formula [25]:

kA

D= ———-1
LcosB

Where; k = (0.9 is shape factor, k is Used wavelengths (1.5405A), B
is FWHM, and 0 is the Braggs angle. Calculation of the average
crystallite size based on XRD peaks (110) with 26=24.88" at different
doping was found to be 11.93 nm. Information about the crystal

structure can be obtained from the dislocation density of the crystal.

The density of dislocations was determined employing the formula: [26]:

6=25 - )

A low dislocation density will result in a faster crystallization. A
dislocation is a flaw in a crystal caused by misregistration of the lattice

in one area of the crystal compared to other. § is a metric for

measuring lattice flaws and faults.

In order to calculate strain (€) and dislocation density (d), we use the

following equations [27]:

Crystallite size increases as strain and dislocation density decrease,
as shown in Table 1, indicating improved crystallinity with increased Al
doping. Crystallite sizes increase as strain and dislocation densities
decrease, indicating impurities, flaws, and lattice distortion in the film

[28].
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Fig. 1. XRD patterns of TiO2:Al films are undoped.
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Fig. 2. X-ray parameter of pure and TiO,:Al films.

Table 1. Microstructural TiO,: Al films and their parameters
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Dislocations Strai
i i rain
o0 (hkiy  FwHm OPtcal o Gran iy
Specimen bandgap size (x
° Plane (° x 10"
0 O e om O 0 gy
(lines/m")
Undoped
_ 24.88 110 0.73 3.36 11.14 80.58 31.10
T|02
TiOZ: 1%
A 24.85 110 0.68 3.30 11.96 69.09 28.97
TiO,: 3%
A 24.82 110 0.64 3.24 12.71  61.90 27.26
AFM Study

An AFM was used to study the topography of entended films. In
Figure 3, it gives the AFM image of the undoped and TiO,:Al
histograms of distribution of grain sizes on the surface, which was
compared to the AFM image of (Figure 3al, 3bl and 3cl). About 5.39
nm of roughness is measured on the TiO, surface. The AFM image
reveals the polycrystalline fiim to have the same grain size, as
established by XRD measurements. The sizes of TiO, grains reach the
nanometer scale. AFM investigation shows the three dimensions image
and the average particle size in nanometer dimension and There are no
cracks in any of the deposits and the films are not compacted and
uniform distribution. Table 2 illustrates the AFM information for all films.
AFM data demonstrate the surface roughness and morphology and the
differences between the types of concentration. The average diameter,

average roughness and average RMS plot of pure and TiO,:Al films
Y
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demonstrates the values reduced when the Al content increases. As a

result of the doping of TiO, with Al, smaller grains are present on the

surface [29] is the reason for this.
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Fig.3. AFM of pure and TiO,:Al films.
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Table 2. AFM parameter measurement of pure and TiO,:Al films.

Average Particle R, (nm)

_ R. M. S.
Samples size
nm
o (nm)
Undoped 68.83 5.39 6.84
TiO,
TiO,: 1% Al 59.42 4.28 5.87
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TiO,: 3% Al 52.61 3.25 2.41

Optical Study

In with wavelengths between 300 nm and 900 nm, Figure 4 shows
the UV-Vis transmittance of TiO, thin films with varied Al concentration
(0 to 3 percent). In the visible light, the undoped TiO, sample shows
transmission of more than 90%. As shown in Fig. 4, Thin films'
transmission spectrum of TiO, is reduced with increasing Al dopant
quantity, which may be attributed to light scattering from grain
boundaries and an increase in crystallographic defects due to the
introduction of AlI*® into the TiO, network. The absorption edge of the

specimens must be to evaluate the optical characteristics of films.
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Fig.4. Transmittance of pure and TiO,:Al films with different dopant.

Equation (4) is used to calculate the optical absorption coefficient
[30]:

SN J—

T represents optical transmittance, and d represents thickness of film.
Figure 5 the absorption coefficient of undoped TiO, shifted to lower
photon energies after Al doping. It is well known that doping improves
TiO,'s absorbance spectrum. The introduction of a metal dopant into the
TiO, matrix can result in the formation of a new energy level in TiO,
bandgap. As a result, the amount of photon energy required to activate

an electron decreases, raising the vis absorbance value [31].
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Fig. 5. a of pure and TiO,:Al films with different dopant.
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As a function of optical band gap, optical absorption coefficient is

given by equation [30]:
ahv = A(hv — Eg)“ ————— (5)

A band gap is defined as Eg, A represents a constant, and n denotes

the type of the transitions [32].

The fluctuation of (o(hv)2 versus photon energy (hv) is seen in Figure 6.
Extrapolation of the linear component of this curve yields the band gap
energy values (Eg). Figure 6 depicts the relationship between E, values

and the quantity of Al doping.

Pure TiO, and 3% Al doped TiO, have energy band gaps of 3.36eV
and 3.25eV, respectively, In the case of doped TiO2, this leads to a
shift in the uv-vis spectrum towards lower wavelength region due to
which absorption is increased as compared to pure TiO,. UV-Vis diffuse
reflectance spectra of Al doped TiO,, As a result of Kubelka—Munk
function [33].

AR
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Fig.6. direct band gap (EH) of pure and TiO,:Al films with different
dopant.

The extinction coefficient may be calculated using the following
formula [34]:

al
k=0 ()

Where ( A ) is the wavelength of the incident radiation impinging on
the film. Extinction coefficient k versus wavelength spectra is shown in
Fig. 7

from the reflectance (R) data, The refractive index (n) can be

determined using the relation [35]:

VY
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(n—1)°
T O ©

Figure 8 shows the refractive index (n) against wavelength spectrum.

With increasing Al content, a function of wavelength drops for refractive
index (n) and extinction coefficient (k). The refractive index of a film is
proportional to its atom density and crystallinity; as crystallite size
increases, the refractive index decreases [36]. The modest drop in the

extinction coefficient might be attributable to light absorption [37].

0.80

= Undoped TiO,
— TiO, : 1% Al
— TiO, : 3% Al

<0.60

Rl

[=

%0

2

b

3 0.40

5.0

=

.~

)

Q

=

X 0.20

0.00 v r v T r r v r v T r
300 400 500 600 700 800 900

Wavelength A (nm)
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Conclusion

Spray pyrolysis at 400°C was used to successfully synthesize Al
doped TiO2 thin films on glass substrate. The impact of aluminum
dopant on structural, surface topologies, and optical characteristics have
been investigated. The films are polycrystalline with a brookite crystal
phase, according to XRD measurements. UV-Vis experiments show that
increasing the Al content reduces the transmitted spectrum and
refractive index of TiO, thin films. Furthermore, increasing the Al
concentration causes a blue shift in the optical band gap energy of TiO,
thin films, which lowers from 3.36 to 3.24 eV. Increased Al dopant
levels reduce surface roughness and grain size, according to AFM

research.
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