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Abstract. Ba0.9Gd0.1TiO3 thin films have been fabricated on SiO2/Si and fused silica by sol-gel method. 
The films are prepared through a spin coating process and annealed at 900 oC to obtain crystallized films. 
The effect of film thickness on the microstructure and optical band gap has been investigated using X-ray 
diffractometer, atomic force microscope and ultraviolet-visible spectroscopy, respectively. XRD patterns 
confirm that the films crystallized with tetragonal phase perovskite structure. The films surface morphology 
is analysed through amplitude parameter analysis to find out that the grain size and surface roughness are 
increased with the increase of films thickness. The transmittance and absorbance spectra reveal that all films 
exhibit high absorption in UV region. The evaluated optical band gap is obtained in the range of 3.67 - 3.78 
eV and is found to be decreased as the thickness increase. 

1 Introduction  
Barium titanate (BaTiO3) is a ferroelectric material that 
has gained much attention in recent decades for its 
excellent electrical and optical properties, and the 
simplicity of its crystal structure that can adapt variety 
types of dopant [1-2]. The incorporation of different 
element as dopant into BaTiO3 has been extensively 
investigated in order to improve its original properties 
and extends the areas of application of barium titanate 
[3-4]. In spite of the fact that Gd3+ possessed a strong 
influences on electrical properties with high refractive 
index which makes it a good candidate for optoelectronic 
applications [4-6].   
 
In optoelectronics, the responsivity of the material 
toward light wavelength is important to define its 
application. As a result, many researchers have focused 
on tuning the material’s band gap based on desired 
applications through variety of parameters. The 
thickness of perovskite oxide films plays a role as one of 
parameters that can influence on many properties of the 
films, such as transport properties, optical band gap and 
the electronic structure [7]. Chen et al. [8] reported that 
film quality is highly dependent on the film thickness of 
sputtered BFO thin films, whereby thinner film displays 
greater leakage current with less light absorption yet 
demonstrated a great photovoltaic effect. Fasasi et al. [9] 
observed changes in band gap energy by altering the 
thickness of Zn-BaTiO3 thin films. Thus, a better 

understanding of the thickness effect on the film 
properties is essential to optimize the optoelectronic 
device for better performance. Among the thin films 
fabrication technique, Sol-gel method possessed a great 
advantages for its simplicity in producing high 
homogeneity films at low processing temperature with 
low cost equipment [10]. In the present work, multi-
layered of Ba0.9Gd0.1TiO3 (BGT) thin films are fabricated 
on SiO2/Si and fused silica substrate by sol-gel 
technique. The effect of different thicknesses on the 
microstructure and optical properties of BGT films are 
investigated using XRD, AFM and UV-Vis 
spectroscopy. The correlation between the optical band 
gap and microstructure at different film thicknesses are 
also discussed in some details. 

2 Experimental Procedures  
Pre-calculated amount of barium and gadolinium 
acetates were dissolved in heated glacial acetic acid at 
constant stirring, and followed by refluxing until a clear 
and transparent solution was obtained. At room 
temperature condition, a titanium solution was prepared 
by mix-stirred a stoichiometric amount of titanium (IV) 
isopropoxide with 2-methoxyethanol. This solution was 
then added into Ba:Gd solution and continued in stirring 
at room temperature. The stirred mixture was refluxed at 
120 oC to obtain a clear and homogeneous solution. The 
final solution is filtered and used as stock solution. The 
BGT thin films were fabricated by spin coating 
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technique. The stock solution was spun-coated onto 
SiO2/Si and fused silica substrates at 4000 r.p.m for 20s, 
and then followed by heating at 200 oC for 10 minutes to 
vaporize the organic solvent which formed a thin film.  
The deposition and heating processes were repeated until 
desired thickness was achieved. The final as-deposited 
thin films were annealed at 900 oC for 1 hour in 
atmosphere ambient to form crystallized films. Four 
samples with different thicknesses were prepared, and 
denoted as BGT1, BGT2, BGT3 and BGT4. In order to 
measure the film thickness, the films were partially 
etched using diluted hydrofluoric acid to create a step 
profile. This step profile was measured using stylus 
profilometer. The obtained average thicknesses of 
fabricated sample BGT1 to 4 were 121.215 nm, 219.556 
nm, 363.890 nm and 490.398 nm, respectively. The 
crystal structure of the BGT films was confirmed by 
using X-ray diffractometer (XRD, XRD 6000, 
Shimadzu) with Cu-kα radiation source (λ = 1.5406 Å). 
Surface morphologies were characterized using a non-
contact mode of atomic force microscopy (AFM, SPA 
400, SII Nanotechnology, Inc) at different location away 
from sample edges. The optical transmittance and 
absorbance spectra were measured by using UV-Vis 
spectrometer (Perkin Elmer, LAMBDA 950) at room 
temperature. 

3 Results and discussion  
Fig. 1 illustrates the XRD pattern of BGT films, 
deposited on SiO2/Si and annealed at 900 oC. The 
orientation peaks (marked as P) appear in the pattern 
confirms the existence of perovskite structure in the 
films. A minor secondary phase corresponding to 
fresnoite (marked as f) is detected within the diffraction 
range. This secondary phase is attributed to the inter-
diffusion between BGT films and substrate at high 
annealing temperature [11]. The appearance of 
secondary phase at 900 oC is consistent with Huang et al. 
[12] results for Gd2O3 deposited on silicon substrate. The 
determined lattice constant, a and c, from the perovskite 
peaks are 3.9786 ± 0.0056 Å and 4.0248 ± 0.0189 Å, 
respectively. This indicates that the film is crystallized 
with tetragonal perovskite structure phase. 
 
AFM analysis has been employed to study the surface 
morphology of BGT films deposited on fused silica. Fig. 
2 shows the AFM three-dimensional micrographs of 
different thicknesses of BGT films with scanned area of 
5 µm x 5 µm. These micrographs reveal the 
microstructure nature of the films and the behaviour of 
grain structure with the film thickness. It is apparently 
seen from the fig. that dense and smooth surfaces are 
obtained with grains distributed uniformly over the 
surface area. The grain size of distributed grain on the 

surface are measured and listed in Table 1. The grain 
size is found to be increased as the thickness increases. 
This increment is attributed to the grain growth during 
heating and annealing processes [13].  
 
In order to further analyse the surface roughness of BGT 
films, amplitude parameter analysis has been performed 
at different point on the sample surface and the results 
are compiled in Table 1. From the table, both average 
roughness and RMS roughness increased with the 
increase of thickness. This increase in roughness could 
be due to the surface grain growth [14]. The surface 
asymmetry and flatness can be evaluated from the 
parameter of skewness and kurtosis [15]. Apparently, 
from the table all the samples show positive skewness 
surface and kurtosis surface of less than 3 indicating that 
all the film surfaces contain disproportionate number of 
peaks [16]. 
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Fig. 1. XRD pattern of Ba0.9Gd0.1TiO3 thin films. 
 
Fig. 3 shows the transmittance and absorbance spectra of 
BGT films at different thicknesses, recorded at room 
temperature. It is found that the transmittance of the 
BGT films in the wavelength region of 350 nm to 800 
nm reduces as the thickness increases as shown in fig. 
3(a). This transmittance reduction has satisfies the Beer-
Lambert law which is given by [17]  

                               )(exp dT         (1) 

where the intensity of transmitted light, T, decreases 
exponentially with thickness of sample, d, and 
absorption coefficient, α. As incident light shines 
through the sample, the total incident of light reduces as 
a result of scattering from the films. This light scattering 
could be due to the grain size increment and higher 
surface roughness [18]. 
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Fig. 2. Three-dimensional AFM micrograph of BGT films fabricated at different thickness of (a) 121.215 nm, (b) 219.556 nm, (c) 
363.890 nm and (d) 490.398 nm . 

 
Table 1   Amplitude parameters of BGT films at different thicknesses. 

Sample BGT1 BGT2 BGT3 BGT4 

Grain size (nm) 160.522 ±3.202 164.594 ±3.486 174.794 ±3.693 187.4545 ±4.193 

Average Roughness (nm) 7.839 ±0.078 11.782 ±0.085 19.542 ±0.405 15.122 ±0.410 

RMS Roughness (nm) 9.7936 ±0.092 14.590 ±0.080 24.185 ±0.466 19.500 ±0.514 

Skewness 0.2614 ±0.041 0.601 ±0.018 0.558 ±0.010 0.971 ±0.059 

Kurtosis 0.21556 ±0.121 0.166 ±0.030 0.243 ±0.059 1.208 ±0.179 
 
The absorbance spectra reveal the light absorption 
behaviour in the wavelength range of 200 nm to 800 nm. 
It is clearly seen that relatively low in absorbance found 
in the range of 350 nm to 800 nm as shown in fig. 3 (b). 
However, BGT films apparently have high absorption in 
the UV wavelength region of 200 – 350 nm as shown in 
fig. 3(b). It is also observed that the absorbance in this 
region is proportionally increased with the film thickness 
which could be due to film crystallinity improvement. A 
significant shift in cut off wavelength towards longer 
wavelength as the thickness increase can be observed 
clearly from both transmittance and absorbance spectra, 
which attributed to the thickness effect [19]. 
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Fig. 3. Optical spectra, (a) transmittance and (b) absorbance, of 
BGT films fabricated at different thicknesses. 

 
The optical interband transition and the value of band 
gap can be determined using Tauc relation which given 
as [20]  

                 m
gEhvBhv )()(                                (2) 

where hv is the photon energy, B is a constant,   𝑚𝑚 = 1/2 
and 3/2 for allowed direct and forbidden direct 
transitions, and 𝑚𝑚 = 2 and 3 for allowed indirect and 
forbidden indirect transitions respectively [21]. 
Absorption coefficient, denoted as α can be calculated 
from transmittance spectra which given as 

 α = 1/d ln (1/T)           (3) 

Thus, the optical band gap is deduced from the intercept 
of x-axis at zero y-axis from the plot of αhv 1/m against hv 
through extrapolation of the linear part of the plot. 
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Fig. 4. Tauc plot of (a) (αhν)2 and (b) (αhν)1/2 as a function of 
hν of BGT films at distinct thicknesses. 
 
In order to determine the interband transition of BGT 
films at different thicknesses in this work, the αhv 1/m 
with direct and indirect transition are plotted against hv 
as illustrated in fig. 4 (a) and (b). By comparing both 
graphs, it is observed that the best fit of straight line is 
obtained for m = 2, indicating that direct-allowed 
transition takes place between valence bands and 
conduction bands for BGT films. The value of optical 
band gap for BGT1, BGT2, BGT3 and BGT4 films are 
found to be 3.78 eV, 3.73 eV, 3.69 eV and 3.67 eV, 
respectively, which are decreasing as the thickness 
increased. The decrement in band gap can be linked to 
the increment of grain size as discussed in AFM results, 
which is attributed to the quantum size effect, whereby 
the smaller the crystal size, the larger the energy band 
gap [22]. Similar reduction in optical band gap as the 
thickness increased has been reported by Zhou et al. [23] 
for BFO thin films. 

4 Conclusions  
Gadolinium doped barium titanate thin films have been 
fabricated on SiO2/Si and fused silica by sol-gel method. 
The phase structure of the crystallized films obtained 
from XRD result confirms the existence of perovskite 
structure with tetragonal phase. AFM micrographs 
illustrate the distribution behaviour of grain over the 
surface as the thickness increases. The average grain size 
is found to be increased with the increase of film 
thickness, which is resulted from the grain growth 
mechanism during heating and annealing processes. 
Similar increment is observed for surface roughness with 
thickness increase. From the skewness and kurtosis, the 
films surfaces are found to be having disproportionate 
number of peaks and spread out distribution. Both the 
transmittance and absorbance spectra illustrate that all 
the films exhibit high absorption in the wavelength 
region of 200 - 350 nm. The optical band gap that 
determined from transmittance spectra is found to be 
reduced as the film thickness increases, which due to 
quantum size effect as correlated with the grain size of 
the films. Therefore, the obtained results illustrate the 
possible integration BGT thin films into optoelectronic 
devices depending on the application needs. 

This work is supported by the Fundamental Research Grant 
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