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Abstract: This study aimed to synthesize Praseodymium (Pr) doped Barium Titanate (BT) or Ba1-xPrxTiO3 thin film and 
investigate the influence of Pr doping concentration on their microstructure and optical properties. The thin films with 
different Ba/Pr ratios (x=0, 0.03, 0.05, and 0.15) were fabricated on the quartz substrates using the sol-gel method with a 
spin coater. The microstructure and optical properties were observed by X-Ray Diffractometer (XRD) and UV-Vis 
Spectrophotometer, respectively. The microstructure results revealed that the lattice parameter, unit cell volume, and 
crystallite size of the Pr doped thin films decreased by the addition of Pr dopant. Meanwhile, the lattice strain and 
tetragonality were modified due to Pr doping. The optical measurement showed that the transmittance value advanced by 
giving Pr dopant, which caused the Pr-doped BT thin film to have higher refractive indices than the BT, thus making the Pr-
doped samples possible to be anti-reflection coating. However, the bandgap is influenced by the thickness so that BT with 
the highest thickness possesses the highest bandgap, followed by Pr doping of 15%, 3%, and 5%. 
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1 Introduction  

Recently, Barium Titanate (BaTiO3), with the short name 
BT, has been one of the most attractive materials due to its 
remarkable features such as high dielectric constant, low 
optical losses, and low dielectric loss. Besides, BT also 
exhibits ferroelectric, piezoelectric, and pyroelectric with 
good non-linear optical properties [1,2,3,4]. Due to these 
properties, BT in bulk, as well as thin film form, has a wide 
range of applications, including flat panel displays [5], 
Ferroelectric Random Access Memory (FERAM), 
multilayer ceramic capacitors [6], pyroelectric detectors [4], 
sensors [7], switches [4], solar cell or photovoltaic [8], and 
other optoelectronic devices [4,6,9]. Moreover, BT 
possesses high optical transmittance and a high refractive 
index [2,4,6], so it is also employed as an effective window 
material and anti-reflection coating [2,4]. 
BT is a perovskite structure with ABO3 formula with an 
oxygen octahedron structure, while Ba+2 cations and Ti+4 
cations fill A-site and B-site, respectively [1]. The perovskite 
structure has a unique fundamental capability and high 
flexibility to host different ions, permitting various dopants 
to be introduced in BT lattices [1,5]. As known, doping with 
other elements is one of the principal technologies to 
enhance and alter the properties of materials [8]. Mainly, 
trivalent rare-earth (RE), especially lanthanide ions, are 

attractive dopants because they can perform as an acceptor 
and donor. They also can replace both A and B sites by 
considering the ionic radius of RE elements and the Ba/Ti 
ratio[3,5]. The RE dopants with large ionic radius tend to 
occupy the Ba2+-site (A-site) such as Nd3+ (1.08Å) and La3+ 
(1.15Å). Meanwhile, the intermediate ones such as Er3+ 
(0.89Å) and Ho3+ (0.90Å) may replace both the A- and B- 
sites [4]. 
Many studies have reported the effects of RE lanthanide 
dopants, including La3+, Yi3+, Gd3+, Nd3+, Sm3+, Er3+, Mn3+, 
Ho3+, and Yb3+ in BaTiO3 properties. It reveals that doping 
with these elements could enhance the microstructure, 
mechanical, electrical, dielectric, and optical properties of 
such materials by altering the crystal structure, grain size, 
morphology, phase transition, energy bandgap, and other 
characteristics related [1,2,3,4,10,11,12,13,14,15]. Further, 
Pr3+which also includes the lanthanide ion, has been 
employed by researchers to improve the piezoelectric, 
optical properties, and photoluminescence behavior of 
ferroelectric compounds such BaSrTiO3, (Ba1-xCax) TiO3 
ceramics, and BT ceramics [5,7,9,16,17]. Nonetheless, not 
as much effort has been made on Pr3+ doped BT thin film, 
even only on the development of the microstructure and the 
optical properties. 
Therefore, this study aims to present a work of Pr3+ doped 
BT thin film synthesis with an analysis of the microstructure 
and optical properties as the influence of Pr3+ concentration. 
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The fabrication employed the sol-gel method because of its 
advantages, such as easy operation, stoichiometry control, 
and low-cost equipment [12]. 

2 Experimental details 

2.1. Preparation of Pr-doped BT 
 
The thin films of Pr-doped BT with different molar ratios 
(x=0, x=0.05, x=0.10, and x=0.15) and the formula Ba1-

xPrxTiO3 (BTPr) were made through the sol-gel method. The 
raw materials of Barium Acetate [Ba(CH3COO)2], 
Praseodymium (III) Acetate Hydrate [Pr(OOCH3)3.xH2O], 
and Titanium (IV) Isopropoxide [Ti(CH3CH3CHO)4] were 
dissolved in the solvent agents of Acetic Acid [CH3COOH] 
and Ethylene Glycol by stirring using a magnetic stirrer. It 
then produced the solutions of BTPr. The thin films were 
prepared by depositing the solutions on quartz substrates via 
a Spin Coater. The rotation speed and deposition time were 
set at 300 rpm for 30 s, followed by pyrolysis on a hot plate 
at a temperature of 150oC. The deposited films were then 
annealed for 2 h at a temperature of 950oC. The samples 
would be named as BT, BTPr3, BTPr5, and BTPr15 for 
various Pr concentration-doped BT of x=0, x=3%, x=5%, 
and x=15%, respectively. 
 
2.2. Characterization of Pr-doped BT thin film 
 
The samples were tested using Philips PW 3710/40 kV X-
ray Diffraction (XRD) with Cu Ka radiation (λ = 1.5406 Å) 
for the crystal properties analysis. Scanning Electron 
Microscopy (SEM) was performed on the samples for 
morphological feature analysis and to estimate the thickness. 
Meanwhile, the UV-VIS Spectrophotometer was employed 
in a wavelength range of 200-800 nm for the optical 
properties' investigation.  
 

3 Results and Discussion 

Figure 1 presents the XRD profiles of BT and Pr-doped BT 
deposited on the quartz substrate with various concentration 
ratios. The profiles agree with ICDD database number 
#831800, which reveals a single-phase polycrystalline 
barium titanate with a tetragonal structure (P4mm space 
group). However, there are impurities detected marked with 
(*). As perceived from the magnification of the (101) peak, 
it exhibits that the main peak from BT to BTPr15 shifts 
toward a smaller d-spacing. It means that the shift convoys 
the change in the lattice constant of the samples. This 
indicates that the Pr dopant has entered the crystal structure 
and replaced the Ba-site. The Pr+2 ionic radius is 0.99 Å 
while Ba+2 is 1.35 Å. Based on Bragg's Law as Eq.1, the θ 
diffraction angle is inversely proportional to d-spacing. In 
contrast, d-spacing is proportional to the lattice number, and 
thus if the lattice constant becomes smaller due to doping, it 
causes the d-spacing to be smaller, which moves it to the left. 

 
Fig. 1: (left) XRD profiles of BT and BTPr thin films, (right) 
the magnification of (101) peak as a function of d-spacing 
 
Table 1: The crystal structure of BT and BTPr thin films 
 

Samples BT BTPr3 BTPr5 BTPr15 
Concentration 
(Ba1-xPrxTiO3) x=0 x=0.03 x=0.05 x=0.15 

Lattice Constant (Å)     

𝑎 = 𝑏 3.9986 3.9956 3.9958 3.9862 

𝑐 3.9972 3.9922 3.9901 4.0187 

Cell Volume (Å 3) 63.91 63.735 63.709 63.857 

d-spacing(𝑑'(') 2.829 2.829 2.824 2.816 

Crystallite Size (nm) 44 41 24 27 

Lattice Strain 0.0109 0.0333 0.0096 0.0098 
 
The crystal structure of the BT and BTPr thin films is shown 
in Table 1, calculated from the XRD data. The lattice 
constant in this study was computed by lattice geometry for 
tetragonal structure as Eq. 2. In which d is interplanar space, 
h k l is crystal plane orientation, a b c is lattice constant, and 
𝜃 is diffraction angle. It is observed that the lattice constant, 
unit cell volume, and thus d-spacing of all Pr-doped BT films 
are reduced as a result of doping as compared to the undoped 
BT film. As mentioned, the lattice reduction is led by the 
substitution of Ba2+ by Pr3+ dopant. Even so, the decrease in 
the lattice constant, unit cell volume, and so the d-spacing of 
the BTPr3 and BTPr5 films are proportional to the more Pr 
concentration. However, the lattice constant and unit cell 
volume of BTPr15 increases instead of the BTPr3 and BTPr5 
films, though it is still slightly smaller than BT's values. As 
reported, this condition could be considered because of the 
defect formation within the lattice constant due to doping.13 
Vacancies might be generated when +3 state cation (Pr3+) 
substitutes +2 state cation (Ba2+), thus inhibiting the space 
within the lattice and allowing the lattice constant to 
increase. 
+
,-
= sin 𝜃 (1) 

'
-1
= 	 3

1451

61471
+ 91

:1
 (2) 



 Int. J. Thin. Fil. Sci. Tec. 11, No. 3, 307-311 (2022) / http://www.naturalspublishing.com/Journals.asp                                              309 
 

 
        © 2022 NSP 
         Natural Sciences Publishing Cor. 

 

𝐷 = (.=	+
> ?@AB

 (3) 

𝛽 cos 𝜃 = 	 (.=	+
F
+ 4𝜀 sin 𝜃 (4) 

The crystallite size was estimated via the Scherer equation 
as Eq. 3. D is crystallite size, 𝜆 is the wavelength of the X-
ray source, and 𝛽 is Full-Width Half Maximum (FWHM). 
Overall, with the addition of Pr content, the crystallite size 
of the Pr-doped BT is smaller than BT. The decrement in 
crystallite size might be attributed to the decrease in the 
lattice constant and cell volume of the samples due to Pr3+ 
doping. Besides, this trend of the crystallite size values is 
appropriate with the lattice and cell volume values trend of 
the respective sample with the crystallite size seems to 
increase lightly from 24 nm for BTPr3 to 27 nm for BTPr15. 
The crystallite size values demonstrate that all samples are 
nanocrystalline. 
Meanwhile, the lattice strain (𝜀) was determined through the 
William-Hall way using Eq. 4 [18]. By plotting 4 sin 𝜃 (x-
axis) and 𝛽 cos 𝜃 (y-axis), the lattice strain can be 
determined from the slope of the plot. It exhibits that the Pr 
dopant changes the lattice strain of the samples. The BTPr3 
possesses the largest strain of 0.0333, followed by BT, 
BTPr15, and BTPr3, which are 0.0109, 0.0096, and 0.0098, 
respectively.  
Figure 2 displays the SEM images of the surface of BT, 
BTPr3, BTPr5, and BTPr15 films. From the figure, the 
grains of the undoped BT film are fine with a smooth micro-
crack. Even so, the surface appears very dense than those of 
the Pr-doped BT. For the doped ones, the grains are larger 
and experience more agglomeration with more Pr. 
Additionally, more porous is observed on the films with 
higher Pr concentration, while the crack only appears on the 
BT surface. 
Figure 3a shows the UV-Vis transmittance spectra of the BT 
and BTPr thin films. Both the BT and BTPr films are 
transparent in the visible light region. The absorption edge is 
around the wavelength range of 325-370 nm. As the change 
in the Pr number, there is no significant shift in the 
absorption edge. However, doping affects the transmittance 
values of the films at the wavelength range of 400-800 nm. 
As perceived, all Pr-doped BT samples have higher 
transparency than the undoped BT. The BTPr15 has the 
highest transparency, about 80%, followed by BTPr3 and 
BTPr5, which have a slight difference in the value of about 
75%. The transmittance might be associated with crystallite 
size. The crystallite size enlargement may impact the grain 
boundaries and bring more compact crystal layers. 
Further, it has been stated that more dopants may cause 
vacancy because of the substitution of Pr3+ in the Ba2+ site, 
which means the crystal layers are not as compact as the 
undoped ones. Hence, the film with bigger crystallite, in this 
case, BT with the size of 439 nm, has the lowest 
transmittance. Meanwhile, BTPr15 with vacancies available 
possesses the highest transmittance. 

 

 

 
Fig. 2: Morphological features of BT and BTPr thin films 

 

 
Fig. 3: (a) Transmittance spectra and (b) refractive indices of the 
BT and BTPr thin films as a function of wavelength, and (c) the 
relationship between (n2-1)2 and E2 of the BT and BTPr thin films 
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Through the transmission data and the Swanepoel method 
[19], the refractive index as a function of the wavelength of 
all samples can be plotted in Figure 3b. It can be seen that 
the Pr doping leads to the advance in the refractive index of 
the film. The values are about 3.7 and 4.7 at 250 nm, 
decreasing as the higher wavelength then becomes constant 
at the wavelength above 400 nm. The alteration between the 
refractive indices of the samples is an indication of the 
structural modifications that occurred due to doping during 
the fabrication process. The high refractive index makes Pr-
doped BT possible for anti-reflection coating. Further, 
Figure 3c presents the relationship between (n2-1)2 and E2, 
denoting the dispersion energy of the materials. Here, 
BTPr15 shows the highest dispersion energy compared to the 
others, while the curves between BT and BTPr3 coincide. 
 
Table 2: Thickness and bandgap values of BT and BTPr 
films 

Samples BT BTPr3 BTPr5 BTPr15 
Thickness (nm) 155 77 55 117 
Band-gap (eV) 3.64 3.51 3.32 3.60 

 
Table 2 lists the thickness of BT and BTPr films which is 
significantly different at each doping number. However, 
here, we didn't observe the doping effects on the films' 
thickness. Indeed, we used it to calculate the bandgap value 
of the films via the Tauc's Plot relation (Eqs.). In which	𝐴, 
𝛼,ℎ, 𝜈 and 𝐸O are a constant, absorption coefficient, Planck 
constant, frequency (hν is the photon energy) and the optical 
band gap, respectively. 𝐸O could be obtained by making the 
plot of (𝛼ℎ𝜈), vs. ℎ𝜈 and extrapolating the linear part of the 
abscissa ((𝛼ℎ𝜈), = 0) as shown in Figure 4. 
(𝛼ℎ𝜈), = 	𝐴Qℎ𝜈 − 𝐸OS   (5) 

 
Fig. 4: The plot of (𝛼ℎ𝜈), vs ℎ𝜈 and line extrapolation to 
(𝛼ℎ𝜈), = 0 of the BT and BTPr films 
 
 
As seen in Figure 4, the bandgap of the BT is 3.64 eV and 
decreases as the Pr doping. Nevertheless, the decrement is 
not linear with the Pr number because BTPr3, BTPr5, and 

BTPr15 bandgap values are 3.51, 3.32, and 3.60 eV, 
respectively. The bandgap value can be associated with the 
crystallite size of the material. In non-thin film materials, the 
morphology and thickness do not influence the bandgap. 
However, in the thin film, there is a quantum effect applied 
so that the thickness can affect the bandgap energy. In this 
study, we could not discuss the effects of the crystal property 
and surface morphology on the bandgap because the data are 
not in line with it. Indeed, since the significant distinction of 
the film's thickness and the trend of bandgap values are in 
line with the thickness, we consider that the bandgap values 
are affected by the thickness. Figure 4 and Table 1 show that 
the films with lower thickness results in lower bandgap 
energy values and vice versa. 

4 Conclusions  

The influence of Pr doping concentration on BT thin film's 
microstructure and optical properties has been observed by 
XRD, SEM, and UV-Vis Spectrophotometer, respectively. 
The results exposed that the lattice parameter, unit cell 
volume, and crystallite size of the Pr doped thin films shrink 
with the addition of Pr dopant. On the other hand, the 
crystallite size enlarges while the lattice strain and the 
tetragonality modify because of the Pr doping. The optical 
measurement displays that the transmittance value advanced 
by giving Pr dopant, which leads the Pr-doped BT thin film 
to possess higher refractive indices than the BT. However, 
the bandgap is influenced by the thickness so that BT with 
the highest thickness possesses the highest bandgap, 
followed by BTPr15, BTPr3, and BTPr5. 
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