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ABSTRACT - Ferroelectric materials, one of which is Barium Strontium Titanate (BST), can be applied ARTICLE HISTORY

for photovoltaic. Ferroelectric films function as the P-type semiconductor in the P-N junction. BST Eec?lvzq:zgsomins 2022012 1
(BaogsSro.0sTiOs) films have been deposited on Pt/Si (111) and quartz substrates via the CSD method Asgclasged- o7 égog;r 2021
prepared by spin coater. The films were annealed at various temperatures of 800°C, 900°C, and 1000°C '

to observe the annealing temperatures' effects on the microstructure and optical properties of the BST  keywoRDs

films. From the XRD results, the intensity of diffraction peaks gets higher along with the higher annealing  Bag 5Sro,05TiOs films
temperature. It thus causes the level of crystallization and the crystal size of the Bao.gsSro.0s5TiOs films to  Annealing Temperature
increase. The morphology results reveal that the grains size of the Bao,gsSro0sTiOs films is getting larger  Microstructure

with the higher annealing temperature. The optical properties examined in the Bao.ssSro.0s TiOs films include ~ Optical properties
absorbance and bandgap energy values. Values of bandgap energy show a decrease with increasing

sintering temperature. The smallest bandgap energy of the Bao.s5Sro.05TiOs film is achieved at 1000°C of

3.20 eV. BST films were annealed at temperature 1000°C attained from this study can be considered as

candidate for a photovoltaic ferroelectric material.

INTRODUCTION

Perovskite solar cells (PSCs) have attracted the broad attention of the scientific community because of their fascinating
features in the field of photovoltaic devices. It is a perovskite film sandwiched in a solar cell that acts as a photon absorber
[1, 2]. It is low production costs, high absorption coefficient of light, high mobility, and adjustable bandgap [3, 4]. The
photovoltaic effects in perovskite ferroelectrics occur inside the materials by exploiting the internal electric field to
promote charge separation and electron transport [5, 6]. The internal electric field is originated from the spontaneous
polarization and domains of the materials themselves [1, 3, 5]. Photovoltaic effects have been many studied in ferroelectric
perovskites including BiFeOs [1, 5], Pb(Zr,Ti)Os, Nd-doped BTO [7], BTO [2-4, 8], and BST [9] where the current study
reported efficiency of up to 21% [10].

In this study, BST is expected to be applied as a potential ferroelectric material in photovoltaic devices. The BST is
easy to use because it has more stable chemical and mechanical characteristics and nearer Curie temperature to the room
temperature than other ferroelectric materials [9, 11, 12]. Moreover, the BST also possesses relatively low bandgap
energy, which is minimum photon energy to drive electrons from the valence to the conduction band [9].

Usually, BST films can be synthesized by pulsed laser deposition (PLD), radio frequency (RF) magnetron sputtering
[13], metal-organic chemical vapor deposition (MOCVD), vacuum evaporation [14], molecular beam epitaxy (MBE)
[15], and chemical solution deposition (CSD) [8, 16, 17] methods. Among these methods, the sol-gel method is most
desirable by researchers because it is a simple and easy process, cost-effective, easy composition control, good
homogeneity achieved, and low annealing temperature [8, 16-18].

Further, the films’ properties are influenced by several deposition parameters one of which is annealing temperature.
The annealing temperature has a significant action in the formation of BST film properties primarily on its basic structural
and morphological properties. Meanwhile, the role of BST films in photovoltaic devices can be governed by several
fundamental properties including the structural, morphological, and optical properties such as crystal size, micro-strain,
grain size, refractive index, absorption, and bandgap [14]. It is crucial to study how the annealing temperature influence
these properties because there is a relationship between the optical properties and the crystal structure also the morphology
of the BST films. Moreover, less work has been done on the study related to this matter on BST film. Therefore, this
study presents the investigation of the synthesis of the BST films by the CSD method and their microstructural,
morphological, and optical properties at various annealing temperatures.

EXPERIMENTAL METHOD

Materials and Instruments

Here, the preparation of the BaggsSroosTiOs films employed the CSD method. The starting materials for the
manufacture were Barium Acetate Ba(CH3COOQ),, Titanium IsopropoxideTi(OCsH7)a, and Strontium Acetate
Sr(CH3;COO), while Acetic Acid (CHsCOOH) and Ethylene Glycol (HOCH,CH,OH) were the solvents.
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The equipment used in this study involved X-Ray Diffractometer (XRD) to determine the crystal structure, Scanning
Electrons Microscopy (SEM) to find out particles or grains size distribution, and UV-Spectrophotometry to investigate
their optical properties.

Method and Procedure

Firstly, the solutions of BST were made by mixing the starting materials and the solvents. Barium Acetate and
Strontium Acetate were dissolved in Acetic Acid by stirring using a magnetic stirrer on a hot plate. Titanium Isopropoxide
was then added and the stirring process was continued. Ethylene Glycol was lastly poured and stirred. The solutions were
further heated for 1 h until homogeneous BST solutions were obtained. Finally, the solutions were deposited on the Pt/Si
and quartz substrates via the spin coating technique with a rotating speed of 3000 rpm. The films were dried then followed
by annealing process at varied temperatures of 800°C, 900°C, and 1000°C with a heating rate of 5°C/min for 5 h. The
chemical reactions occurred during the manufacture of the BST solutions were as follows.

0.95 Ba(CHsCOO)2+ 0.05 Sr(CH3COO)2 + Ti(C12H2804) + 2202 — BaoesSro.05TiO3 + 16 CO2 + 17 H20 (D)

The films were then characterized by XRD to determine the crystal structure with the Cu X-Ray (A=1.5406 A). The
XRD patterns were then exploited to estimate the crystallinity level and crystallite size through Eqg. 2 and Eq. 3,
respectively. D was crystallite size, k was Scherer constant, A was the wavelength, f was Full-Width Half Maximum
(FWHM) and 6 was the diffraction angle [9]. Finally, the films’ morphology was examined by Scanning Electrons
Microscopy (SEM) and UV-Spectrophotometry.

D=kA/Bcosb 2

IntMax
oo Antmax 0
Crystallinity (%) = It + Into x100% (3)

RESULT AND DISCUSSION

The BST (BaixSrxTiOs) films with a concentration of 0.6 M and x=5% have been successfully deposited on Pt/Si
(111) and quartz substrates with various annealing temperatures of 800°C, 900°C, and 1000°C. Figure 1 presents the XRD
patterns of the BST films at different annealing temperatures. The patterns have been compared and agree with ICDD
database of BaTiOs; (#831880) revealing tetragonal crystal structures of the BaggsSroosTiO3 films at all temperatures.
Besides, there are other phases exhibiting the existence of the Pt/Si(111) substrates which matches with ICCD database
numbers of #011190 (Pt) and #721088 (Si).

Based on Figure 1, the effect of the annealing temperature on the intensity of the diffraction is very significant that is
seen on the main peak of (101) which reveals the higher the intensity as the higher temperature. The annealing process
with high temperatures causes atomic vibrations in the material so that the atoms will be arranged regularly in a certain
crystal plane orientation [20]. This leads to the more X-Ray rays diffracted and captured by the detector which means the
higher intensity is detected. Furthermore, the higher intensity indicates the larger crystallinity level of materials.

Table 1 displays crystallinity level/ degree, lattice parameter, and crystallite size of the BST films at various annealing
temperatures. The lattice parameters of the BST films were obtained from the refinement process (Rietveld Method) using
GSAS software. The refinement process reveals that the lattice of the films are getting larger with the higher sintering
temperature and the increment is majorly located in the c lattice. Additionally, in accordance with the lattice, the crystallite
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Figure 1. Diffraction patterns of the Bap g5Sro.0s TiO3 at different annealing temperatures
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Table 1. Lattice parameter, crystallinity degree, and crystallite size of the Bag.g5Sro.0sTiO3 films at various annealing
temperatures

Annealing  Lattice Parameters (A) Crystallinity ~ Crystallite

temperature  g=p c degree (%)  size (hnm)
800°C 3.994 4.041 77.48 20.55
900°C 3.995 4.083 86.39 25.95
1000°C 3.995 4.085 89.27 27.16
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Figure 2. ophlogy images of the Bap.g5Sro0sTiO3 films at (a) 800°C, (b) 900°C, and (c) 1000°C.
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Figure 3. Particles size distribution of the Bag.gsSro.0sTiO3 films at 900°C and 1000°C

size is greater with the higher sintering temperatures either. For this reason, the higher sintering temperatures deliver
higher energy received by atoms to diffuse and agglomerate which leads to the larger lattice parameters and crystallite
size [14].

Table 1 displays crystallinity level/ degree, lattice parameter, and crystallite size of the BST films at various annealing
temperatures. The lattice parameters of the BST films were obtained from the refinement process (Rietveld Method) using
GSAS software. The refinement process reveals that the lattice of the films was getting larger with the higher sintering
temperature and the increment is majorly located in the ¢ lattice. Additionally, in accordance with the lattice, the crystallite
size is greater with the higher sintering temperatures either. For this reason, the higher sintering temperatures deliver
higher energy received by atoms to diffuse and agglomerate which leads to the larger lattice parameters and crystallite
size [14].

The morphology images of the Bao.gsSroosTiO3 films for the annealing temperature variation are shown in Figure 2.
At 800°C the grain boundaries are not visible because the grains might be very fine in such magnification so that the grain
size in this part could not be measured. Meanwhile, at 900°C and 1000°C, the grain boundaries are visible and the effects
of annealing temperatures could be observed.

Figure 3 presents the grain size distribution for the BST films at 900°C and 1000°C. The grain size of the BST films
at 900°C is in the range of 100-250 nm while it is in the range of 250-400 nm at 1000°C. Therefore, it can be concluded
that the grain size increases with increasing annealing temperatures. This is because the higher annealing temperature
could rise the diffusion process between the grains. This result is in accordance with the research conducted in [21].

Table 2 presents the thickness of theBao.gsSro.0s TiO3 films at all annealing temperatures. Based on the table, the films’
thickness decreases as the increase in the annealing temperatures which is inversely proportional to the grain size. Since
the films ware made of the acetic solvents with the boiling point of ~125°C, the higher temperatures could cause reduction
in the films’ mass leading to compactness and a decrease in thickness. The thickness values were further exploited to
estimate the bandgap values of the Bag.gsSro.0sTiO3 films based on the Eq. 5.
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Table 2. Thickness of the BaggsSro.0s TiO3 films at various annealing temperatures

Annealing temperatures Thickness (nm)
800°C 556
900°C 424
1000°C 236
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Figure 4. Absorbance spectra of the Bag.g5Sro.0s TiO3 films

Next, Figure 4 is the absorbance spectra of the BaggsSroosTiO3 films at the various annealing temperature. It can be
seen that the higher the temperature induces the smaller absorbance spectra. Besides, the absorbance peak also shifts to
the right (towards the visible area) [21].

The highest absorbance value is at a temperature of 800°C. The absorbance value increases at 200-400 nm wavelength.
The Bao.gsSro.osTiOs films can absorb sunlight well in UV areas. However, it does not work well in the visible region
because the absorbance is constant [5].

The calculation of the energy value of the bandgap uses the Tauc-plot method using the following equations. d is the
film thickness, o is the absorbance coefficient as a function of photon energy (m™), E 4 1S the bandgap energy (eV), C is
the material constant, h is the Planck constant (6.626 x 10-34Jsor 4.14 x 10"%¢V.S), A is the wavelength (nm), and v is the
frequency of the wave (Hz) [21].

ahv = C(hv — E,)" (4)
v=c/A ®)
a= —%lnT (6)

Figure 5 exhibits the bandgap energy of the Bao gsSro.05 TiO3 films those are 3.81eV, 3.66 eV and 3.20 eV for annealing
temperatures of 800°C, 900°C and 1000°C, respectively. These results are consistent with research conducted in [18]. The
bandgap energy is influenced by the microstructure of the films in which the microstructure itself can be strongly affected
by the annealing temperature during fabrication. Lower bandgap energies indicate increased crystallinity and
homogeneity of the layers [18]. The other reasons might come from the increase in the lattice parameter and crystallite
size. It is on several reports that in the non-thin film, the thickness did not affect the bandgap, however, the larger
crystallite size lead to the higher bandgap values due to there is a quantum confinement effect [21-23]. Thus, since the
higher sintering cause the larger crystallite size, it thus could lower the bandgap energy.

When it is applied to solar cells, the Bag.g5Sro.0s TiO3 with small bandgap energy will accelerate the transfer of electrons
from the conduction band gap to the valence band gap [7]. Therefore, due to the optimal microstructure and morphological
properties so that the lowest bandgap is obtained, the BST film at 1000°C can be considered a good candidate for
photovoltaic ferroelectric material that further research related to photovoltaic properties can be carried out on this
material.
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Figure 5. Tauc-plot for bandgap energy estimation of the Bag.g5Sro.05 TiO3 films

CONCLUSION

The Bag.gsSro.0s TiO3 films on Pt/Si (111) and quartz substrates have been successfully grown using the CSD process.
The XRD results show the higher the intensity peak of the Bao.gsSro.0sTiO3 films as the higher the temperature. The higher
temperature also causes a higher crystallinity level and a larger crystallite size. The optical properties of the
Bao.gsSro.0sTiO3 films including the absorbance and the bandgap energy exhibit that the absorbance value and thus the
band gap energy decrease with increasing temperature. The smallest bandgap energy is obtained by the Bag.gsSroosTiO3
annealed at 1000°C. Hence, it can be concluded that the Bag.9sSro.05s TiO3 annealed at 1000°C is the best perovskite material
obtained from this study so that it can be a good candidate for solar cells or photovoltaic application. (TNR 10)
Conclusions are written in paragraph forms without numbering or indenting.
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