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Optical properties and bandgap analysis of multilayer
sol-gel Ba1xGdxTiOs3 thin films for AR coating
application
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Perovskites are promising materials for being used as an antireflection (AR) coating in conventional solar cells due to their
high refractive index and reasonable energy bandgap. In this work, perovskite-structured Bai1-xGdxTiOz thin films at different
Gd®* contents and thicknesses have been prepared via the sol-gel technique and tested using UV-Vis spectroscopy to
investigate their possibility of being used as an AR coating. The results show relatively high transmittance and low
reflectance for all films in the range of wavelengths from 400 nm to 850 nm; the variation of transmittance and reflectance
with Gd3* content and film thickness is attributed to the scattering of light with the microstructure. In the range of
wavelengths from 200 nm to 400 nm, high absorbance is observed that is gradually reduced with the Gd®* ratio and
increases with film thickness, which is attributed to the grain size effect. The optical bandgap energy for films shows an
increase from 3.94 eV to 4.14 eV as the Gd3* content increases from 0.05 to 0.3, while it decreases from 3.84 eV to 3.77 eV
with the film thickness, which is also correlated to the grain size variation. The relatively high energy bandgap, high
transmittance, low reflectance, and low absorption for Ba1-xGdxTiOs thin films in the wavelength range of 400-850 nm make
them potential candidates for AR coating in conventional solar cells. The high absorption in the wavelength range of 200 nm
to 400 nm leads to conclude using a top layer of these films is suitable for UV absorption in addition to their role as an

antireflection layer for visible wavelengths.
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1. Introduction

Ferroelectric barium titanate (BaTiO3;) has been
extensively studied for many applications, such as
dynamic random access (DRAM) ferroelectric memories,
multilayered ceramic capacitors, and electro-optic devices,
due to its excellent dielectric, optical, and ferroelectric
characteristics [1-3]. BaTiOs; thin films are also
characterized by long-range UV-Vis transparency and a
comparably high index of refraction [4-6]. These
properties are similar for many antireflection coating oxide
materials such as ZrO, and TiO; [7, 8]. Therefore,
ferroelectric BaTiO3 could be a promising candidate for
AR coating for the solar cells to increase the absorption of
photons by reducing the reflection of incident light onto
solar cells, increasing the short circuit current (Js); as a
result, increasing the efficiency of solar cells [9]. The
advantage of using BaTiOs; as AR coating material is due
to the variety of techniques of preparation, which are
mostly low in cost.

This work proposes introducing the transition Gd®*
ions as a dopant for Ba; the selection is based on its good
optical properties in oxide form, making Gd.O3 a good
candidate for many nanophotonics and optoelectronics
applications [10]. In Gd®" doped BaTiOs, the Gd** ions
substitute whether on Ba?* or Ti* site in its lattice
structure depends on the doping percentage, which directly

alters the electrical and optical properties of the material
[11]. A study by Fasasi et al. [12] reports that Gd** doped
BaTiOs shows high transmittance within the visible range,
and the cut-off wavelength is localized between UV and
visible wavelengths. Besides, it offers a high refractive
index value, which makes it a suitable candidate for AR
coating for solar cell applications.

Minimal studies in the literature report the optical
characteristics of Gd** doped BaTiOs. Our previous work
reports the impact of annealing temperature on the optical
bandgap energy, showing a decrement trend with the
annealing temperature [13]. The current work aims to
investigate the effect of doping concentration and film
thickness on the optical properties of Gd®* doped BaTiO3
in addition to the optical bandgap energy to be used as an
antireflection coating. Thus, films of the BaixGdxTiO3
formula at different Gd®* molar ratios are fabricated at
different thicknesses via a sol-gel approach. The optical
properties of the films are studied using UV-Vis
spectrophotometry and correlated to the film structure.
Besides, the films' optical bandgap energy value is
evaluated with the aid of the transmittance spectrum.

2. Methodology

Ba:;xGdxTiOs solutions at different molar ratios,
namely at x = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, have been
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synthesized. Where barium and gadolinium in acetate
composition and titanium (IV) isopropoxide are used as
the raw materials. The solutions synthesis process uses the
procedure described in previous work [13]. Two sets of
samples at different molar concentrations and thicknesses
are fabricated by depositing the solutions on pre-cleaned
UV-grade fused silica (JGS1) substrates due to high
transparency over a wide range of wavelengths. The
fabrication process for all films is performed similarly as
described in previous work and annealed at 800 °C for one
hour in the atmosphere [14]. The first set is named based
on the molar ratio for the barium to gadolinium as Ba:Gd,
while the second set is fabricated for the Gd** molar ratio
of 0.05 and named based on the film thickness.

Due to the amorphous structure of silica substrate, the
perovskite  structure for BaixGdxTiOs films s
characterized on SiO»/Si substrate by X-ray diffractometer
(XRD6000, Shimadzu) using Cu-ka radiation source (A =
1.5406 A). For thickness measurement, the films are
partially etched to create a step profile; then, this step is
used to measure the film thickness using stylus
profilometry. It is found that the average film thickness for
the second set of samples is 269.57 nm, 332.96 nm, 416.89
nm, and 502.15 nm. The transmittance, absorbance, and
reflectance spectra for Bai.xGdxTiOs thin films on silica
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substrates are measured at a normal angle, in the range of
wavelengths from 200 nm to 800 nm at room temperature
using an Ultraviolet-Visible Spectrophotometer (UV-Vis,
Perkin Elmer Lambda 950).

3. Results and discussion
3.1. Structure analysis

To confirm the perovskite structure of Ba;-«GdxTiO3
films in this study, the XRD patterns of the films at
different molar ratios and an annealing temperature of 800
°C are presented in Fig. 1. A slight shifting for peaks
toward a higher angle, except for (100) peak, with the
increase of Gd®* content as compared with the non-doped
sample. This indicates that the smaller ionic radius Gd®*
ions (0.94 A) substitute for larger ionic radius Ba?* ions
(1.34 A); as a result, a smaller crystal would be obtained
[14-15]. To confirm the reduction in crystallite size, the
lattice parameters are determined using Highscore Plus
software and summarised in Table 1. It is noticed that a
and c lattice parameters reduce; thus, the lattice volume
with the increases of Gd®* content. Moreover, the ratio of
c/a is noticed to be greater than 1 for all samples
confirming the tetragonality of the films.
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Fig. 1. XRD patterns of Ba1xGdxTiOs films at different Gd3* content annealed at 800 °C
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Table 1. Lattice parameters for BaixGdxTiOs films

Sample Lattice Lattice Tetragonality | Lattice
constant, | constant, ¢ c/aratio Volume,
a (A A AGS)
BaTiOs 3.994 4.029 1.00876 64.28
+0.005 +0.010
0.95:0.05 3.981 4.032 1.01281 63.90
+0.006 +0.013
0.90:0.10 3.981 4.026 1.01130 63.81
+0.005 +0.012
0.85:0.15 3.979 4.024 1.01130 63.70
+0.004 +0.013
0.80:0.20 3.975 4,012 1.00930 63.41
+0.007 +0.016
0.75:0.25 3.969 3.998 1.00730 62.99
+0.004 +0.012
0.70:0.30 3.967 3.991 1.00605 62.82
+0.003 +0.015

3.2. UV-Vis spectrophotometry analysis

The transmittance spectrum of BaixGdxTiOs; thin
films at different x values and film thicknesses of the Gd**
molar ratio of 0.05 is shown in Fig. 2. It can be observed
that all films reveal transparency greater than 70% in the
range of wavelengths from 400 nm to 850 nm. The
transmittance increases from 80% to 93% with the
increase of Gd®* content, as illustrated in Fig. 2(a). The
high transparency of BaixGdxTiOs thin films within the
visible spectrum suggests using it as an antireflection layer
to enhance conventional solar cell efficiency. In Fig. 2(b),
it can be noticed that the transmittance decreases with the
film thickness, which is more obvious in the wavelength
region of 400 nm to 500 nm, where above this range of
wavelength, the transmittance fluctuates forming
interference fringes for the thicker film. A similar trend for
the transmittance with film thickness for indium oxide thin
films at different thicknesses is observed by Nouadji et al.
[16]. Moreover, the transmittance is observed to fall to its
minimum value in the wavelength range of 350 nm to 200
nm for all samples. The low transmittance value over this
wavelength range shows that the Bai.xGdxTiOs films tend
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to respond effectively to UV wavelength, which will be
discussed further in the absorption part in the following
paragraphs.

The variation of transmission, in the range of
wavelengths from 400 nm to 850 nm, with molar ratio and
film thickness, is attributed to the scattering of light with
the microstructure of the films. As the light incident into
polycrystalline films, it suffers several scatterings with
microstructure imperfections depending on the film’s
surface roughness, grain size, and grain boundaries. Thus,
the effectiveness of scattering gets higher with the increase
in the grain size and surface roughness, thus, reducing the
transmittance of light through the films. It is discussed in
previous work that the grain size and roughness average
are decreased with the increase of Gd*" content [14],
which explains the increment of the transmittance with the
increase of Gd** content. Moreover, the grain size and
roughness average increased with the film thickness [14],
which explains the decrement in the transmittance with the
increase of film thickness. A similar reduction in
transmittance with film thickness is also observed by
Singh et al. [17], Soram et al. [18], and Batra et al. [19].
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Fig. 2. Transmittance spectra of Ba1xGdxTiOs films at different (a) Gd®* contents and (b) film thicknesses for the Gd** molar ratio of
0.05 (color online)
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The absorbance and reflectance spectra of
Bai«GdTiOs films at different Gd® contents are
illustrated in Fig. 3. In the range of wavelengths from 200
nm to 400 nm, the films reveal relatively high absorbance
denoting that more photons are being trapped and
absorbed by films. The high absorbance in this wavelength
range confirms the UV absorption ability of Ba;xGdxTiO3
films, leading to conclude the possibility of using Bai-
xGUxTiO3 as a top layer in a conventional solar cell to
absorb solar UV wavelengths. The low absorbance in the
wavelength region of 400 nm to 850 nm, in Fig. 3(a), is
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consistent with the high transparency in the same
wavelength range shown in Fig. 2(a). It can be noticed
from Fig. 3(a) that the highest absorbance is obtained for a
0.95:0.05 ratio, and it gradually decreases with Gd**
content. This decrement is correlated to the decrease in
grain size with the Gd®* ratio. Besides, a notable shift in
absorbance threshold towards shorter wavelength with
Gd® content. This shifting results from grain size
reduction due to the ionic substitution of relatively smaller
Gd®* ions on the Ba?* site.

7.5x10"

1000 — BaTi0
6.5%10" - 3
6.0x10' | 5 oy = = 0.95:.0.05
555407 0.90:0.10
POt — .- 085025
8 4.5x10' .
% 4.0x10" 4 080020
© 3.5¢10" ===0.75:.0.25
3000 0.70:0.30
2.5x10"
2.0x10" A
1.5x10" 1§43
1.0x10" 4
5.0x10°
0.0 1
-5.0x10° T . ;
200 400 600 800

Wavelength (nm)

(b)

Fig. 3. (a) Absorbance and (b) reflectance spectra for BaxGdi1xTiOs film at different Gd®* contents (color online)

On the other hand, the reflectance spectrum shown in
Fig. 3(b) illustrates relatively low reflectance for all Bai-
xGdxTiOs films within the visible region, which supports
the possibility of using this material as an AR coating for
conventional solar cells. In the range of wavelengths from
300 nm to 450 nm, a peak in the reflectance spectrum is
observed, where its intensity increases gradually as Gd**
content increases up to 17%. According to Cui et al. [20],
the light scattering within polycrystalline materials is
directly proportional to the surface roughness and grain
boundaries. It is reported in earlier work that the grain size
decreases with Gd®** content, leading to an increase in
grain boundary areas [14]; as a result, more light is
scattered. From Fig. 3(b), the sample with a ratio of
0.95:0.05 has a minimum reflectance of 10% compared
with the other ratios.

Fig. 4 shows the absorbance and reflectance spectra
for BaixGdxTiOs films of x = 0.05 molar ratio with
different film thicknesses. It is noted in Fig. 4(a) that the
absorption in the range of wavelengths from 200 nm to
350 nm increases with the film thickness. This trend of

absorbance with the film thickness could be explained
based on the Beer-Lambert law, which is given by [21]

Iy = Ipexp™ @ 1)

where lg is the incident light intensity, It is the transmitted
light intensity, a is the coefficient of absorption, and d is
the film thickness.

From this relation, one can notice that less transmitted
light intensity is obtained for thicker film, which indicates
that higher light would be absorbed. This variation in
absorption with film thickness can also be attributed to the
increment of grain size. The grain size increases as the
film becomes denser, leading to smaller grain boundary
areas [14]. As a result, more photons will be trapped, and
higher absorbance will be obtained. From Fig. 4(b), it can
be seen that the reflectance peak intensity increases with
film thickness, where the film of a thickness of 502.15 nm
exhibits the highest peak intensity of 19%. This increment
in reflectance peak intensity is attributed to the surface
roughness resulting from larger grain formation of a
thicker film.
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Fig. 4. (a) Absorbance and (b) reflectance spectra for Bao.ssGdo.osTiOs films at different thicknesses (color online)

3.3. Optical bandgap analysis

Evaluating the optical bandgap energy value is an
important step to realizing the electron transition
mechanism between valence and conduction bands in a
material corresponding to light absorption [22]. The
optical bandgap energy for Bai«GdyTiOs; films can be
estimated using the Tauc relation that is given by [23]

1
hva(E) = B(hv — E,)= (2
where Av is the photon energy, Eq is the optical bandgap
energy, and B is a constant. The coefficient of absorption

(o) can be evaluated depending on the transmittance
spectra using the following formula [24]
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where d is the film thickness, and T is the transmittance.

Fig. 5 illustrates the Tauc plot of (akv)? versus photon
energy for Ba;«Gdy«TiO3 films at different Gd®** contents
and film thicknesses of the Gd** molar ratio of 0.05. The
value of the optical bandgap energy of the films can be
estimated by extrapolating the linear part of the plot (not
shown in the plot due to overlapping) towards the intercept
where the y-axis is zero. Thus, the x-axis intercept would
be the value of the corresponding bandgap energy. The
value of optical bandgap energy for all samples is given in
the legend of the figure. The linear behavior of the plots
confirms the direct bandgap of the Bai.xGdxTiOs films,
which is also comparable to other works on BaTiO3-based
thin films [25].
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g. 5. The Tauc plot fitting of BaxGd1«TiOs3 films at different (a) Gd3* contents and (b) film thicknesses for the Gd** molar ratio of 0.05

(color online)

The estimated optical

bandgap energy of Bai.

«GdxTiO; thin films is plotted as a function of Gd**
content and film thickness for the Gd** molar ratio of 0.05,
as shown in Fig. 6. It can be seen that the optical bandgap

energy value increases from 3.94 eV to 4.14 eV as the
Gd®* content increases from 0 to 0.3. At the same time, it
decreases from 3.84 eV to 3.77 eV as the film thickness
increases from 269.57 nm to 502.15 nm. These optical
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bandgap energy values are comparable with the reported
values in the literature for BaTiOs-based films [25].
Furthermore, the large value of optical bandgap energy of
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Bai1«GdxTiO3 films indicates that this material is a good
choice for AR coating for conventional solar cells.
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Fig. 6. Variation of optical band gap for BaxGd1«TiOs films at different (a) Gd®* ratios and (b) film thickness at the Gd** molar ratio of

The increment in optical bandgap energy with the
increase in Gd** content in Ba;xGdTiOs and the
decrement in its value with the film thickness can be
attributed to the grain size effect, where the grain size
decreases with Gd** content and increases with film
thickness. According to Koole et al. [26], the electronic
structure in a nanoscale crystal is strongly dependent on
crystallite size. In films with nanostructure, the reduction
in unit cell volume and atomic separation result from
residual compressive stress, creating large grain boundary
areas that subsequently modify the optical bandgap energy
of the material. Thus, the reduction in grain size with Gd3*
content leads to a large area of grain boundaries, which
could result in a potential barrier that gives rise to an
increase in the energy difference between the edge of the
bands in the electronic structure; thus, bandgap shifts to
higher energy [15]. The decrement in optical bandgap
energy with film thickness can be explained using the
same theory.

4. Conclusion

The effect of molar ratio and film thickness of Bai.
xGdxTiOs thin films fabricated using the sol-gel approach
and annealed at 800 °C is investigated. The transmittance,
absorbance, and reflectance spectra have been extracted
using a UV-Vis Spectrophotometer. It is found that the
transmittance for all films is greater than 70% in the range
of wavelengths from 400 nm to 850 nm, whereas it shows
an increment trend with Gd** content and a decrement
trend with the film thickness. A relatively low reflectance
with a peak in the 400-850 nm wavelength region is
observed. The transmittance and reflectance variations are
correlated to the light scattering with the microstructure.
The optical bandgap energy of the films is evaluated based
on the transmittance spectrum with the aid of the Tauc

0.05

relation. The estimated value of the optical bandgap
energy increases from 3.94 eV to 4.14 eV with the
increase of Gd® content and decreases from 3.84 eV to
3.77 eV as the film thickness increases. The relatively high
energy bandgap, high transmittance, and low reflectance
for BaixGdxTiOz thin films make them potential
candidates for AR coating for conventional solar cells for
the wavelength range of 400-850 nm. Moreover, the
absorbance spectrum in the wavelength region of 200-400
nm shows a high value, which reduces with Gd** content
and increases with film thickness. The absorption variation
is attributed to the grain size effect. The high absorption
for BaixGdyTiOs thin films within the UV range leads to
the conclusion that these films are possible to be used as a
top layer in conventional solar cells to absorb solar UV
wavelength besides its function as an antireflection layer
for visible wavelengths.
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