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ABSTRACT

Titanium dioxide (TiO:z) is a widely available transparent conducting oxide (TCO). In recent
years it attracted the attention of researchers due to its compatibility with several
applications. To achieve the best TiO: thin film properties possible, the deposition
parameters must be optimized. In this research, TiO2 was deposited on silicon and quarts by
pulsed laser deposition (PLD) technique aiming to study the effect of changing the energy of
the PLD Nd-YAG laser between 500, 600, and 700m]. The optical properties have been
investigated using a UV-Vis spectrophotometer, morphological properties using Atomic
Force Microscopy, and structural properties using an X-ray diffractometer and Raman
spectrometer. 700mJ] was proven to provide the best thin film properties, the tests and
measurements have shown a crystalline structure, and the distribution of the grains was
regularly in the film. Raman spectroscopy showed two diffraction peaks corresponding to
anatase Eg and rutile Eg. This observation is typically used in dye-sensitized solar cells,
separation sensor devices, and more.
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1. INTRODUCTION

Titanium dioxide (TiO2) is a transparent conducting oxide (TCO) that has a wide optical band gap
which attracted a wealth of attention from researchers in several applications like dye-sensitized
solar cells, paints, light-emitting diodes (LEDs), separation sensor devices, photocatalysis, and
more[1-6] due to its good chemical and physical properties, and high stability[7-9]. Titanium
Oxide could exist in three phases, anatase, rutile, and brookite, with band gaps of 3.2ev, 2.96ev,
and 3.02ev, respectively, which differ in particle size and distribution[10-14]. TiO- rutile phase
has a tetragonal structure with six atoms per unit cell. TiO; anatase phase same as rutile, has a
tetragonal structure; however, in anatase, the distortion of the TiOs octahedron is slightly
larger[15-18]. In a rutile structure, each octahedron is coordinated with ten neighbors, while in
anatase, it is in contact with eight. Anatase is less stable than rutile at most pressures and
temperatures; however, it is more suited to TCO applications[19-22]. TiO, appears amorphous as
it is prepared and could be transformed to anatase by annealing at 300-500° C. At further
temperatures of 600-700° C, it could be transformed into rutile[23-26]. Synthesis of TiO is done
by using amorphous titania and hydrothermally treating it with NaOH, sodium titanate is formed,
which is then transformed to pure rutile TiO», or it is prepared from titanium IV isopropoxide
with acetic acid to form phase pure anatase TiO2[27-30]. Pulse laser deposition (PLD) is an
effective and fast method for growing different oxides, polymers, metallics, etcetera [31-33]. PLD
can be controlled with different parameters (pulse energy, pulse frequency, gas pressure,
temperature of substrate, number of pulses, and laser wavelength) [34-37].
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Each parameter change will influence the thin film's optical properties and surface morphology.
Any specific application for particular material appoints the characteristics of the thin film, which
an optimum value of each parameter can achieve [38-42].

In this paper, a study was made on a nanostructure TiO; thin film preparation using the PLD
system to ablate the nanomaterial and deposit it on heated quartz and silicon substrates in a full
vacuum, discussing the effect of laser pulse energy changing on optical and structural properties
of the thin films.

2. EXPERIMENTAL WORK

TiO2 nanopowder of more than 99.8 percent purity and 30+5 nm particle size (Changsha Santech
company) was provided, a hydraulic press pressed 3.5g of the TiO2 nanopowder with a 10-ton
weight into a cylindrical shape of 5mm height and 20mm diameter forming the target. The target
was then placed in the rotating base of the PLD system that consists of a vacuum pump and a
1064nm Q-switched Nd-YAG laser with a 12cm focal length lens. A 250mm height - 150mm
diameter and 10mm thick glass vacuum chamber inside it is the rotator attached to the base of
the target, which is placed at an angle of 45 degrees, a 600w AC halogen lamp working as the
heater of the system, a thermocouple to measure the temperature, and a stand where the
substrate can be placed separated by 2cm to the target base, Figure 1 shows the PLD system as a
schematic diagram. Two types of substrates were used; the first one is a one-side polished (P111)
type silicon of a 525+25 micron thickness cut to make a 1cm square shape substrate, and the
second substrate was a 1mm thick quartz cut to make a 2x1cm rectangular shape. The two
substrates were cleaned and sanitized, then attached to a piece of glass with thermal tape and
placed in the PLD system, the vacuum chamber was sealed, the vacuum pump, as well as the
halogen lamp, was turned on, and after the full vacuum was reached and a temperature of 300°C,
the rotator of the target was turned on, after that the Nd-YAG laser was operated using 200 pulses
striking the target at 3Hz pulse repetition rate with three deferent energies (500, 600, 700) m].
Each of the three energies worked to deposit TiO; thin film on the substrates. The 2x1cm quartz
substrates were used in the investigation of the transmittance of the films using a UV-Vis
spectrophotometer (Metenech SP8001) in a (200-1000) nm spectral range and in Field Emission
Scanning Electron Microscopy (FESEM) (MIRA3 TESCAN). The 1cm silicon substrates were used
to investigate the crystal structure, morphology, and optical properties with an X-ray
diffractometer (XRD) (1.5406Ang), Atomic force microscopy (AFM), and Raman spectrometer
(Sunshine). Figure 2 shows a schematic diagram of the work steps.
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Figure 1. Schematic diagram of the PLD system.
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Figure 2. Schematic diagram of the experimental work.

3. RESULTS AND DISCUSSION

The XRD pattern is shown in Figure 3 informs the formation of phase pure tetragonal rutile and
anatase, where “A” and “R” indicate anatase-phase crystals and rutile-phase crystals,
respectively[15], as seen in the figure, for the energies 500, 600, and 700m] keeping this order
the peaks for plane A(101) were located at 20= 24.8, 24.4, and not shown for the 700m], for plane
R(110) at 26= 27.44, not shown, 27.48, for plane A(103) at 26=not shown, 38.12, 36.12, for plane
A(004) at 20= 38.12, 38.6, not shown for 700m], for plane R(211) at 26= not shown, 54.2, 54.32,
for plane R(310) at 20= 63.16 only with 600m], and plane R(002) at 26= 61.76, 61.76, 61.76 as
we notice most of the peaks are in phase between the deferent energies with some peaks having
small shifts referring to crystallization differences.

The crystallite size (D) of all anatase and rutile peaks was calculated by using the Scherrer
equation [43-48].

KA
D= Bcos6 (1)

Where (K) is Scherrer’s constant equal to 0.94 (depends on the crystal shape, equals 1 for
spherical shape), (A) is the wavelength of the X-ray and equals 0.15406 nm, (f3) is the (FWHM)
full width at half maximum of the peak (in Radians), and 6z represents the position of the peak.
The dislocation density (8) was calculated using [49-53].

5=~ (2)

And the strain (&) was calculated by [54-57]

g= 2L (3)

" 4tan®
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All the calculations were tabled in (Table 1)[16]. As seen in the XRD patterns (002), rutile is the
highest intense peak at 26=61.760, so one could assume that it will be the most exposed facet of
the material in catalytic reactions.

Table 1 Calculation of XRD results

. Dislocation .
Laser Peak Pe.a.k FWHM Crystalllte Ave:rage density (5) Stram_
position size (D) size (e) (10
Energy label (degree) (degree) (nm) (nm) (1014) 3
g (1/m?)
500m] A101 24.8 0.04 212.49 166.799 0.22 0.79
R110 27.44 0.105 81.38 1.51 1.87
A004 38.12 0.038 231.109 0.19 0.48
R002 61.76 0.068 142.22 0.50 0.49
600m] A101 24.44 0.06 141.56 154.906 0.50 1.21
A103 38.12 0.065 135.11 0.55 0.82
A004 38.6 0.05 175.9 0.32 0.62
R211 54.2 0.05 186.48 0.29 0.43
R002 61.76 0.13 74.39 1.81 0.95
R310 63.16 0.045 216 0.21 0.32
700m] R110 27.48 0.13 65.74 99.705 2.31 2.32
A103 36.12 0.09 97.01 1.06 1.20
R211 54.32 0.06 155.48 0.41 0.51
R002 61.76 0.12 80.59 1.53 0.87
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Figure 3. XRD test of the three samples of TiOz thin film.

Raman spectroscopy recorded in the range of 0-1000 cm-! shown in Figure 4, reveals information
about the film's structure. Two characteristic Raman active modes, one for anatase with Eg
symmetry observed at (200 to 150 cm-) which is shifted as the laser energy increases from
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500m] to 700m], and one for rutile also with E; symmetry observed at 450cm-! with a slight shift
between deferent laser energies[58-61], all of the anatase and rutile peaks were broad. The

Raman and XRD analysis confirmed the presence of phase pure rutile and anatase TiO> in the thin
film.
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Figure 4. Raman spectra of TiOz thin film.
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Figure 5. Transmission and absorption spectra of the thin film.

The transmission spectra of TiO; thin films created by laser energies of 500, 600, and 700m] are
shown in fig. 5. As noticed, the transmission is overall decreasing with increasing laser energy
because the higher the energy more ablation of the nano TiO; occurs from the target then the
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deposition rate increased, so the thickness of the thin film goes from 76-89-97nm that which was
measured using Fizeau fringes interferometer method[62-64]. The colors of the thin films were
white to gray, and as seen, it has high absorption in the region of 200-350nm (UV), referring to
the small particle sizes of the nanomaterial. The bandgap was wide and direct, making the TiO; a
good material for optoelectronic applications such as solar cells. Figure 6 is a plot of (hv) versus
(ahv)2z. With this graph, it is possible to find the energy bandgap (E,)[65-68], the values of E; were
found to be 3.95, 3.96, and 3.85 eV, respectively, to energies from 500-700m] that indicate a red
shift in the absorption spectrum and is agreeing with [69-71].
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Figure 6. Energy band gap of TiO: film prepared at three laser energies of PLD.

The TiO; surface topography was studied with the help of the AFM test. The AFM shows some
uniformity in the distribution of the grains, with some individual grains stretched vertically,
making some high peaks. As the laser energy increased from 500 to 700m] in the step of 100m],
the roughness (Ra) and the root mean square (RMS) values were also increased starting from
(Ra=1.03nm, Rms=1.48nm) at laser energy of 500m], reaching their maximum values of
(Ra=1.1nm, Rms=1.51nm) at 700m] laser energy as shown in table 2, this is due to the
crystallization of TiO, was at its best at 700m] laser energy when compared to the other
energies[72-74], for this reason, this value of energy is considered to be better than the two other
energies. The FESEM photomicrograph shows a homogeneous and smooth structure with a good
distribution of grains at 700m] laser energy. Figure 7 shows the AFM and FESEM images of the
700m] samples.

Table 2 AFM information
Laser energy (m}) Root mear;rf::ll;are (RMS) Roughness (Ra) (nm)
500 1.48 1.03
600 1.5 1.04
700 1.51 1.1

98



International Journal of Nanoelectronics and Materials
Volume 15 (Special Issue) December 2022 [93-102]

SEM MAG: 200 kx Det: InBoam | |

WO: 4.92 mm B1:7.00 200 nen
View fiold: 1.04 ym Date{midly): 02115722

Figure 7. (a) AFM image of TiO: film prepared at 700m] PLD laser energy. (b) FESEM images of TiOz at
700m] PLD laser energy with three different magnifications.

4. CONCLUSION

TiO thin films were prepared using the PLD technique. The XRD test confirmed the formation of
phase pure anatase and rutile TiO; the highest was at 20=61.76°, making it the most exposed
material facet. As the laser energy reached 700m]J, the crystallization became more specified to
show two obvious rutile and two anatase peaks. Raman spectroscopy also confirmed the
formation of anatase and rutile TiO, both with the E; structure plane. The optical properties were
investigated with a UV-Vis spectrophotometer. The transmission decreased as the thickness
increased from 76nm to 97nm, resulting in increased laser energy. Determined from the
transmission value, the absorption was at its highest in a wavelength range of 200-350nm, and
the measured energy gap of the three samples was (3.95, 3.96, and 3.85)eV. The morphology,
which was tested by AFM, showed the highest roughness and root mean square values at 700m]
laser energy, conforming to the best crystallization at this energy, so it could be considered the
best value of the tested energies.
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