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Abstract Aluminum (Al) doped titanium dioxide thin film with different Al doping concentration (Al
= 0 mol%, 1 mol%, 3 mol%, 5 mol% and 7 mol%) were deposited using solution spin coating
technique and the effect of Al concentration on the structural, morphological and optical properties
were examine. All samples were annealed at 450°C for 1 hour. XRD revealed that the films exhibits
anatase crystal phase at (101) peak orientation. Based on the FESEM and AFM images it is found
that, surface morphology of the film was significantly affected with different doping concentration.
Al doped titanium dioxide with 3 mol% Al concentration shows the highest transmittance compared
to other samples. Consequently, it is shown that different Al doping concentration plays vital roles
in producing an optimum Al doped titanium dioxide thin film samples.
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Introduction

Metal oxide semiconductors (MOS) have attract the interest of experts in the science and technology
industry for many years and have been utilised in a number of technologies. High chemical, physical, and
thermal stability, high transmittance in the visible region, significant photocatalytic activities, non-toxicity,
and a cost-effective production method are a few of the qualities that make this material ideal for thin film
applications. [1]-[4]. Titanium dioxide (TiOz2) is recognised as the most adaptable MOS material among
others such as In203, ZnO, and SnO3 because to its extensive technological applications, including gas
sensors [5], photocatalysts [6]-[8], biomedical [9], and solar cell devices [10]-[13].

TiO2, often referred to as titania, may occur in three distinct structural phases: brookite, rutile, and anatase
[14], [15]. Generally, anatase and rutile have tetragonal crystal phase, but brookite has orthorhombic
crystal phase, depending on the fabrication conditions and variables [16]. Several technique were adopted
to fabricate TiOz thin film, for example, pulsed laser deposition[17], sputtering[18], hydrothermal treatment
[19] chemical vapour deposition[20], spray pyrolysis [21], dip coating [22] and spin coating [3], [23].

By having high absorption, high chemical and mechanical stability and wide energy bandgap, makes
titanium dioxide (TiOz) a suitable candidate for photovoltaic application [24]. However, the relatively high
surface trap state of pure TiO2 has impeded the development of solar devices [25][26]. Numerous
strategies have been implemented to enhance the characteristics of pure TiO<2>, by modifying the
composition of pure TiOz2 thin film by injecting dopant material. The characteristic and properties of TiO2
thin film can be simply control by introduction of dopant materials. Modification of TiO2 thin film composition
with appropriate substitution ion such as Y3+ [27], Mg?* [28], Sn** [29] and Nd3* [30] has been demonstrated
by many researchers. It is found that, introduction of dopant materials such as Aluminum (Al), will reduce
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the surface trap state and increased the overall efficiencies of the solar cell by removing the oxygen defect
from the TiO: lattice [31]. Even though there are many studies had been explored Al doped TiOz, yet the
optimum concentration of Al dopant and the effect of Al doping are still in fact not always clearly understood
[8], [31], [32]. As for photovoltaic application, higher light transmittance through the window layer is
important in TiO2 based photovoltaic cells. Bhat et al. reported that significant changes in the transmittance
of the prepared film with the increase of the of Al dopant percentage [13].

Therefore, in this paper we demonstrate the preparation process of Al doped TiOz2 thin film using solution
process spin coating method, and investigate the effect of Al doping on the TiOz2 thin film layers on its
surface morphology, structural and optical properties. Al doping concentration is varied from 0.0 mol%, 1.0
mol%, 3.0 mol%, 5.0 mol% and 7.0 mol%. The aim of this study is to produce a superior Al doped TiO2
thin film samples with high crystallinity and high transmittance that can be used for future solar cell
development.

Materials and Methods

Al:TiO2 thin samples with different Al doping concentration were prepared using a simple and cost-
effective spin coating method. Titanium (1V) isopropoxide (TTiP) (Ti[OCH(CHs)2]s, 97%) (Sigma Aldrich),
ethanol 95% (Bendosen), hydrochloric acid (conc. 37%) (RCI Labscan) and deionized water were used
as starting materials to produce TiO2z solution. In general, two different solutions (solution A and solution
B) were prepared first at room temperature. For solution A, a mixture of 3 ml of ethanol and 5 ml of
deionized water were stirred for 30 minutes, followed by the addition of 0.4 ml HCI at the end of the
stirring. Simultaneously, 1 ml of TTiP and 2 ml of ethanol were vigorously stirred for 30 minutes to
produce solution B. Then, both solutions A and solution B were mixed together under continuous stirring
for 1 hour and then they are kept in dark confinement space for 12 hours ageing process. Al:TiOz thin
films with different Al doping concentration (Al concentration = 0.0 mol%, 0.5 mol%, 1.0 mol%, 1.5 mol%
and 2.0 mol%) were prepared by adding aluminum nitrate ((AINOz)3-H20) powder (Sigma Aldrich) to
TiOz2 solution prepared earlier. Each solution mixture was mixed thoroughly and homogenous
transparent solutions were obtained.

Soda lime glass (SLG) substrates were used as the substrate to hold the deposited Al:TiO2 thin film
samples. First, the glass substrates were cut into a desired size (dimensions: 10mmx10mmx1.3 mm)
and cleaned using an ultrasonic cleaner. The prepared Al:TiO2 solution then was spin coated on top of
SLG substrates at a spin speed of 3500 rpm for 60 s. MTI VTC-100 spin coater unit were employed in
fabricating Al:TiO2 thin film samples. After successive coating of Al:TiO2 layer, the substrates than dried
at 150°C for 5 minutes using a hot plate in air ambiance. The process of coating and drying process
were repeated for five times for each sample. Finally, the deposited samples were annealed at 450°C in
vacuum environment using tube furnace for 60 minutes for the samples recrystallization process. All thin
films samples with different aluminum doping concentration were characterized and analyzed thoroughly.

Characterization Process

The structural analysis was performed using X-ray diffraction (XRD) diffractometer (Rigaku SmartLab)
with wavelength of Cu Ka (~1.54060A at 30mA and 40kV) and 26 ranging from 10° to 80°. The surface
roughness of Al:TiOz thin film were observed using atomic force microscope (AFM) (SPA300HV AFM
probe station) in dynamic force mode at ambient temperature. Field emission scanning electron
microscope (FESEM) (Hitachi SU8000 In-line FE-SEM) utilizing 10.0kV accelerating voltage with
magnification of x250k were used to observe surface morphology and elemental composition of Al:TiO2
thin film. The transmittance of ALTiO2 thin film were measured using UV-Vis spectrophotometer
(Shimadzu UV-3600 Plus) in the wavelength ranging from 300 — 700 nm.

Results and Discussion

Structural Properties

X-ray diffraction pattern shows that all samples are crystalline and all peaks can be assigned to anatase
phase of TiO2with prominent peak of (101) at 26 = 25.45°. No other diffraction peaks related to Al dopant
were detected, suggesting that Al dopant materials did not develop a significant phase. Based on the
XRD pattern, it is found that the diffraction peaks intensities of the samples were intensified slightly and
reach highest peak intensity as the dopant concentration increased to 3.0 mol%, which indicates that
high crystalline thin film is obtained. As the Al doping concentration increased, the TiO: diffraction peaks
became smaller and weaker due to high structural disorder caused by the substitution of different ionic
radius of AI®* and Ti** [33].
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Figure 1. X-ray diffraction patterns for the undoped and Al-doped TiOz2 thin film samples.

The average crystallite size (d) of the samples was estimated using Debye-Scherrer's equation (Kumar
et al., 2015; Nadzirah & Hashim, 2013)

0891
" Bcosh

where A the X-ray wavelength of Cu Ka radiation (0.154056nm),0 is the Bragg angle, and (8 is the
experimental full-width half-maximum (FWHM) of the respective diffraction peak (in units of radians).
Table 1 show the FWHM and the calculated crystallite size of Al:TiOz thin film samples. As reported in
Table 1, there is an initial growth in crystallite size from 2.58 nm to 4.20 nm when the doping
concentration increased to 3.0 mol% and followed by a size decrease to 3.34 nm as doping reach 7
mol%. The initial crystallite size growth may have contributed by the Al and TiO: crystal agglomeration.
While for the crystallite size decrement, it may have due to secondary phase growth such as Al2Os which
hinder the grain growth and reduction of crystallinity [32], [36].

Table 1. FWHM and crystallite size of Al:TiOz thin film samples with different Al doping concentration.

Al Doping (mol%) 20 FWHM | Crystallite Size (d) (nm)
0.0 2482 | 2.92 2.58
1.0 2524 | 2.28 4.15
3.0 2527 | 2.31 4.20
5.0 2541 | 2.73 3.85
7.0 2539 | 281 3.34

Figure 2 shows the 3D AFM image of undoped and Al doped TiO2 thin film samples with different Al
doping concentration of Al: 0.0, 1.0, 3.0, 5.0, and 7.0 mol%. From the 2.5um x 2.5um scanned 3D AFM
images, it is found that microcrystalline structure thin film is successfully grown and all samples are
uniformly distributed with hills and valley shaped grains with various sizes. Based on the 3D AFM
images, it's clearly seen that the surface morphology of the films change as with doping addition. Thin
film with larger size grain is observed as Al doping percentage increased to 7 mol%. The root means
square surface roughness (RMS) was further characterized and calculated using Nano navi station
Ver. 5.01C software and the data obtain are plot as Figure 3. Figure 3 shows the RMS of Al doped
TiO2 thin film layers deposited with different doping concentration. Based on the figure, the RMS value
has initially decreased from 7.07 nm to 1.26 nm as it reach 3 mol% and then increased to 8.54 nm at
7.0 mol% which indicate the surface are becoming more smooth initially and become rougher latter as
Al doping concentration increased. It is correlated with the crystallite size data obtained from XRD
characterization [37]. Figure 3 displays the crystallite size and RMS of Al:TiOz thin film samples with
different Al dopant concentration. Based on Figure 3, it shows that the RMS value were decreased
(surface roughness become smoother), when the crystallite size increased. According to S.
Thanikakarasan et al. (2009), larger crystallite size samples have good film stoichiometry, which
reduces dislocation density and stacking fault probability, resulting in samples with smoother surfaces
and lower RMS [38].
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Figure 3. Crystallite size and RMS value for Al:TiOz thin film with different doping concentration.
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FESEM micrographs of 0.5 mol%, 3mol% and 5.0 mol% Al:TiOz thin films are shown in Figure 4 (a), (b)
and (c) respectively. It can be clearly seen that the morphology of the all films is uniformly distributed
without any crack, but slightly different microstructure. The FESEM image of 0.5 mol% Al:TiO2 thin film
shows lesser and smaller ‘white’ granular grain compared to 3.0 mol% and 5.0 mol% Al:TiOz2 thin film
which showing more and bigger grain. The quantity and size of Al grain are found to increase with the
increased of Al doping concentration. The grain quantity and size increment may cause by the
coalescence between Al dopant atom with Ti host atom, which reduce the atomic stress and promote
the grain growth [36], [39]. To check the homogeneity and identify the elements in the thin film samples,
EDX spectra and elemental mapping was carried out. From the EDX spectral and EDX elemental
mapping of 5.0 mol% AIL:TiO2 on Figure 4 (c) and (d), show the presence of Ti, O, Al and Si element on
the samples and equally distributed over the surface area of the film. The presence of Si is from the
glass substrate.
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Figure 4. (a) 0.5 mol% sample (x250k magnification)
(b) 3.0 mol% sample (x250k magnification)
(c) 5.0 mol% sample (x250k magnification)
(d) EDX spectra of 5.0 mol% Al:TiO2.
(e) Elemental mapping of 5.0 mol% Al:TiO2

Optical Properties

The transmittance spectra for all Al:TiOz thin film samples are plotted in Figure 5 and the spectral in
range of 300 — 700 nm. Based on Figure 5, it is clearly seen that all thin film samples exhibit high
transmittance ranging between 60% and 80% in the visible region (365-680 nm), and it would probably
due to relatively low surface roughness, which result in less light scattering [40]. Based on Figure 6,
transmittance values has increased with the increased of Al doping and reach highest transmittance for
Al:TiO2 3.0 mol% sample and gradually decreased as the doping percentage increased to Al:TiO2 7.0
mol%. The decrease of transmittance may due to the increase scattering photon by crystal defect and
also may due to free carrier absorption of access doping materials [41]. This suggest that, optical
properties of the Al:TiOz thin film samples are variable with Al doping concentration.

The optical absorption coefficient (a) can be calculated from the transmittance (T) data and thickness of
the film (d), according to the following equation [42]:
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The energy bandgap (Eg) then was calculated using the well-known Tauc equation [42];

k _ n
e (hv Eg)
hv

where (k) is a constant, (hv) is the photon energy, and the value of n can be % or 2 depending on whether

it is direct or indirect transitions. The plot of (ahv)? versus (hv) for all Al:TiOz2 thin film samples is shown
in Figure 6. Extrapolating the straight line section of the (ahv)? versus (hv) graph yields the energy band.
Pure TiO2, 1.0 mol% Al:TiO2, 3.0 mol% Al:TiO2, 5.0 mol% Al:TiO2, and 7.0 mol% Al:TiO2 have estimated
energy bandgap values of 4.15 eV, 4.11 eV, 4.10 eV, 4.12 eV, and 4.15 eV, respectively. This is
consistent with the XRD data, which indicates crystallite growth and shrinkage [43], [44]. According to
the estimated energy band gap, when the doping concentration grew to 3.0 mol%, the energy band gap
decreased, perhaps due to the production of energy levels near the TiO2 valence band by the Al ion. As
a result, the energy bandgap between the new modified dopant energy level and the TiO2 conduction
band shrink [45]. Then as the dopant concentration kept increased, the energy band was found
increased. Following the Burstein Moss effect, the rise in optical bandgap with increasing Al-dopant
concentration may be intrinsically linked to the increase in free-electron concentration caused by the
increased of Al doping [8], [40].
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Figure 5. UV-vis transmittance spectra of Al:TiO2 thin film samples.
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Figure 6. (ahv)? versus (hv) for all Al:TiOz thin film samples.

Conclusions

In summary, Al doped TiO2 crystalline thin film samples with different Al doping concentration were
successfully coated onto glass slide substrate via sol-gel spin coating method. Based on the XRD
diffraction pattern, it shown that all thin film samples exhibit anatase phase of TiO2 with prominent peak
of (101) at 26 = 25.45°. Larger crystallite size and more crystalline structure thin film are observed when
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doping concentration reach 3.0 mol%, but decreased as the Al concentration kept increased to 7.0 mol%.
AFM image shows, all thin film samples are uniformly distributed with hills and valley shaped grains with
various sizes. The RMS was found initially decreased (3 mol%) and then increased as the Al doping
concentration kept increased (7 mol% ). SEM confirms that doping process has increased the grain size
of the Al doped TiOz2 thin film samples. Based on the transmittance spectra, higher transparent Al doped
TiO2 samples are obtain as the doping concentration reach 3.0 mol% but then decreased as the
concentration getting higher to 7.0 mol%. Based on the result obtain, the incorporation of Al doping may
resulted in changes of the property of TiO2 thin film and Al doped TiOz2 thin film were more optimum at
3.0 mol% due to the improvement of transmittance of the TiOz2 thin film which can be cooperated to high
quality ETL for perovskite solar cell development.
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