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INTRODUCTION 

In a wide range of applications, ferroelectrics 
are key ingredients and barium strontium titanate 
(BST) is one of them [1–5]. The material is an 
exemplary ABO3 perovskite structure of numer-
ous features, such as high dielectric constant, 
good stability, low current leakage [6–9], low dis-
sipation factor [10], low optical losses [11], and 
composition-dependent Curie temperatures [12]. 
Because the replacement of Sr+ for Ba+ in the BST 
lattice may shift the Tc to lower temperatures, the 
ferroelectric/paraelectric phase transition temper-
ature (Tc) may be adjusted by changing the Ba/Sr 
ratio [13]. The ideal perovskite structure features a 
cubic unit cell with a side of approximately 3.9Å, 

a space group of Pm3m. The oxygen coordination 
of the B ions is octahedral, whereas the oxygen 
coordination of the A ions is 12-fold. Six cations 
(4A + 2B) are connected to the oxygen ions. If the 
unit cell is chosen with a B ion at the body center, 
the oxygen ions fill the face centers of the unit 
cell and the A ions occupy its corners. The oxygen 
ions are in the middle of the edges and the B ions 
are at the entrances of unit cells when the A ion is 
allocated the body center location [14]. The most 
experimentally and theoretically inspected ferro-
electric material is barium strontium titanate (Ba1-

xSrxTiO3) due to it is a preliminary ferroelectric, 
utilized widely as [15], voltage-tunable capaci-
tors [16], actuators [17], solar cells [18], oscilla-
tors [19], light detector [20] and optical, acoustic 
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devices [21]. Ba1−xSrxTiO3 is a continuous solid 
solution between two conventional ferroelectrics 
barium titanate (BaTiO3) and strontium titanate 
(SrTiO3). BST is a nonconductor at ambient tem-
perature due to the large value of the energy band 
gap [22] and also has been investigated in bulk, 
glass-ceramic and thin film forms [23]. BST is a 
perovskite structural material that is ecologically 
benign [24]. Numerous discoveries made by many 
academics in recent years have been linked to the 
use of renewable energy technology. A solar cell 
is an electronic device that transforms photons 
from the Sun’s energy directly into electrical en-
ergy. The photovoltaic effect is the name given to 
this conversion process. Due to their widespread 
availability, many ferroelectric materials can be 
used in solar cell applications. BaTiO3, SrTiO3, 
and BST are some of the ferroelectric minerals 
that are accessible for use in solar cell applica-
tions [25]. Furthermore, by changing the barium-
to-strontium ratio, the temperature range in which 
the ferroelectric behavior is reflected may be 
readily adjusted [26]. BST is a ferroelectric mate-
rial, as it represents a unique class of crystalline 
materials in which the electric polarization ap-
pears automatically, which helps to form specific 
regions divergent from each other, determined by 
the direction of the electric dipoles and separated 
from each other by walls in which these diodes 
are gradually changed. Small polarizing regions 
play an essential role in forming an internal con-
structive potential employed in dye-stained solar 
cells. Many effective and efficient techniques have 
been devoted to the synthesis of new morpholo-
gies of BT and BST in past research, including 
solid-state reaction [27] sol-gel [28], Pulse laser 
deposition [29], chemical vapor deposition [30], 
spray pyrolysis [31], hydrothermal process [23], 
and the features of the hydrothermal technique 
involve the ease, low cost, and homogeneity of 
the product, with an uncomplicated aggregation 
method at comparatively low temperatures [32]. 
Energy harvesting techniques are still a major 
concern to take advantage of the existing ener-
gies. One of the most important features of solar 
cells is that they have the ability to convert light 
into electricity even in the presence of weak light-
ing with low efficiency. Therefore, the research-
ers’ attention turned to increasing the efficiency 
of the solar cell, even under weak lighting. The 
effect of duration time on the size and structure 
of crystalline TiO2 has been investigated by many 
researchers, such as Zhao et al. [33]. TiO2 films 

with thicknesses ranging from 0.7 to 2.3 μm were 
produced and placed on FTO substrates for use 
as electrodes in DSSC [34]. They discovered that 
increasing the thickness of TiO2 films improves 
dye adsorption via TiO2 layers as well as VOC and 
ISC. Chen et al. [35] studied alkaline metal halide 
Perovskites, inorganic oxide perovskites, and or-
ganic metal halide perovskites. Dewi [36] study 
the variations in Sr of Ba1-xSrxTiO3 thin film that 
grown on a glass substrate, which has been car-
ried out using the sol-gel method. He showed that 
the composition is greatly influence absorbance. 
The higher the Sr composition in the thin film, 
the lower the absorbance produced. The width 
of the energy band-gap obtained from the Ba1-

xSrxTiO3 (x = 0.25: 0.3 and 0.35) thin film was 
determined using the Tauc Plot method and the 
energy band-gap of Ba0.75Sr0.25TiO3. In this paper, 
the authors focused on the synthesis of barium 
strontium titanate (Ba0.7Sr0.3TiO3) utilizing hydro-
thermally treated TiO2 nanorods films of various 
thicknesses has been effectively accomplished in 
this work for use in solid-state dye-sensitized so-
lar cells. In the current research, a ferroelectric 
material (BST) was used in a dye-sensitized solar 
cell after preparing it in the form of a film, using 
the hydrothermal method. The surface area of the 
ferroelectric film was increased by controlling the 
preparation mechanism and a nanorod film was 
obtained. The efficiency of the making solid-state 
dye-sensitized solar cell was measured.

EXPERIMENTAL

Synthesis of barium strontium titanate thin 
films

The formation of BST films with different 
morphology and structure is twofold: firstly, the 
growth of the titanium dioxide films vertically 
on the florine tin-oxide (FTO) substrate utilizing 
the hydrothermal technique. FTO substrates were 
washed using isopropanol, acetone, and deionized 
water (DW) before being ultrasonically cleaned 
for 45 min and after that, the samples were rinsed 
with deionized water. TiO2 nanorods were made 
by mixing an equal volume of 30 mL deionized 
water and hydrochloric acid in concentrated form, 
after that stirring until 25 min then titanium bu-
toxide (1 mL) was added. The result was poured 
into a Teflon-lined stainless steel autoclave, after 
placing the samples at an angle against the Teflon 
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container with the conducting side facing down at 
150 °C for 4 h. After synthesis, the autoclave was 
cooled at ambient temperature and the samples 
were taken out and rinsed carefully with deion-
ized water. Secondly, an appropriate amount of 
barium and strontium hydroxides was dissolved 
and still stirred for 120 minutes on a hotplate 
at 80 °C until formed transparent solution was. 
Subsequently, the mixed solution was poured 
into a 100 ml Teflon-lined autoclave where TiO2 
substrate is inside it. The hydrothermal process 
was conducted at 150 °C for 2 hours to produce 
BST film, then was cooling and rinsing process 
is done with acetone. Finally, the BST films were 
dried at room temperature. After that, the BST 
nanorods were annealed for half an hour at 450 
°C in the air. Then, the BST film has been dyed 
by immersing it in N719 (0.25 mM) dye solution 
for 24 h to be the absorber. The Spiro-OMeTAD 
hole-transporter layer (HTM) was deposited on 
BST film by spin coating (2000 r.p.m. for 60 s) 
after dissolving 60 μL of spiro-OMeTAD in 1 ml 
of chlorobenzene solution at room temperature. 
The hole-transport layer (HTL) was diffused onto 
the surface of the BST. Finally, the gold thin film 
was deposited on HTL by thermal evaporation 
technique (Edward 306 England equipment at 2 
× 10−5 mbar). Figure 1 illustrates the structure of 
ss-DSSC structure.

The structure of prepared films was exam-
ined using the X-ray diffraction (XRD) model 
(Shimadzu XRD 6000), Cu Kα radiation (λ = 
1.5406 A°), 40 kV and 30 mA at a 1° scanning 
speed in the 2θ range from 20° to 80° was used to 
investigate the crystal phase and chemical com-
position. An ultraviolet spectrophotometer (UV–
Vis) is used to study the optical properties. The 
recombination rates of charge transfer were ex-
amined, where 277 nm have been excited using 
a fluorescence spectrophotometer. BST nanorod 
films were measured by diffuse reflectance spec-
tra; furthermore, the optical properties examined 

by photoluminescence (PL), besides the electrical 
properties of the fabricated samples, were exam-
ined. The ss-DSSCs were characterized using a 
variety of key characteristics. The BST film that 
was produced served as a bridge between the p-
type (Spiro-OMeTAD) and n-type. On a BST 
substrate, the Spiro-OMeTAD solution was devel-
oped. This link was created during the spin coat-
ing process, to be precise. Using a thermal evapo-
ration deposition system, gold was deposited on 
Spiro-OMeTAD and FTO to create the electrodes. 
The ss-DSSC measurements were performed with 
a Xenon lamp and TES 1333R solar power meter 
to produce 100 mW/cm2. 

RESULTS AND DISCUSSION

The X-ray diffraction of TiO2 and Ba0.7Sr0.3TiO3 
samples deposited on FTO substrate through hy-
drothermal technique at 150 °C for 2 h is shown 
in Figure 2. The TiO2 film deposited on FTO is ru-
tile, as shown in Figure 2, where the pattern peaks 
were in well compatible with the tetragonal rutile 
TiO2 peaks (JCPDS no.21-1276). Figure 2 also 
shows the appearance of FTO peaks (SnO2). The 
rutile TiO2 transformed to the BST phase after 
being hydrothermally treated as shown in Figure 
2. It is also indicated that the BST film has good 
crystallinity and is compatible with ferroelectric 
tetragonal phase distinct peaks are similar to that 
reported by Joshi et al. [37]. Peaks are assigned 
by comparing the observed peaks to the standard 
JCPDS card no. 39–1395. The BST peaks in all 
specimens primarily grow along (100) orienta-
tions [38, 39]. Table 1 summarizes the matching 
XRD result. The results of Figure 2 also showed 
that the value of the lattice constants a and b was 
0.366 nm and c was 0.376 nm respectively, the 
lattice constants was pointed to the congruously 
tetragonal phase. The crystallite size (D) was 

Figure 1. Solid state dye-sensitized solar cell



331

Advances in Science and Technology Research Journal 2025, 19(7), 328–337

calculated using the Scherrer equation as listed in 
Equation 1:
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where: λ is the wavelength of the incident X-rays 
which = 0.154 nm, β is the full width at 
half maximum, and θ represents the dif-
fraction angle [40, 41]. The XRD results 
are listed in Table 1.

Figure 3 shows FESEM pictures of the top 
view of Ba0.7Sr0.3TiO3 nanorods prepared using 
the hydrothermal method on a TiO2 substrate at 

150 °C for 2 hours. The TiO2 nanorods were pre-
viously produced on an FTO substrate. Figure 3 
shows the FE-SEM images of the surface of BST 
thin films, which primarily represent the mor-
phology of the top layer and data on particle size, 
shape, and size distribution and also shows typi-
cal FESEM images of the morphology of BST 
films and cross-section view. Rutile TiO2 and 
FTO have almost equal lattice constants, which 
permit the epitaxial growth of TiO2 on the FTO 
film enabling the rods to grow. The images reveal 
that the BST nanorod arrays grow uniformly on 
the TiO2 substrate. The top view shows that the 

Figure 2. X-ray diffraction of Ba0.7Sr0.3TiO3 fabricated on TiO2 nanorods

Table 1. Experimental results of XRD data for Ba0.7Sr0.3TiO3

Ba0.7Sr0.3TiO3

2θ (degree) hkl β (degree) Crystallite size (nm) a=b (nm) c (nm)

24.2968 100 0.30340 26.79 0.366 0.376

Figure 3. FESEM images of Ba0.7Sr0.3TiO3 nanorods (a) the top view (b) cross section
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nanorods are nearly perpendicular to the TiO2 
substrate. The nanorods are tetragonal in shape 
with square top facets [42]. As shown in Figure 
3, some of the NRs are inclined while others are 
standing vertically on the titanium oxide film as 
their lengths reached approximately 2.360 μm, 
while their diameter was 202.59 nm [43].

Figure 4 shows the photoluminescence spec-
tra (PL) of Ba0.7Sr0.3TiO3 nanorods prepared us-
ing the hydrothermal method at 150 °C for 2 h. 
The BST film obtained was excited by 285 nm 
wavelength. A strong luminescent band centered 
at 367 nm (3.37eV) was detected and the mea-
surements were implemented at ambient temper-
ature. From the observation of the PL spectra, the 
band peaks due to oxygen vacancies and radia-
tive transformations inside the sub-states started 
from the Ba0.7Sr0.3TiO3 surface are in charge of 
these emissions [32, 44–46]. Figure 5 reveals 

the diffuse reflectance spectra of Ba0.7Sr0.3TiO3 
ceramics in the range of 300–420 nm, and Fig-
ure 6 shows the discovered optical band values 
for Ba0.7Sr0.3TiO3 ceramics with various periods 
of time. The energy gap value was deduced by 
utilizing reflection data; the optical band gap 
energy (Egap) was computed using Kubelka and 
Munk’s equation. The Kubelka-Munk equation 
is as follows:
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where: F (R∞) is the Kubelka-Munk function or 
the absolute reflectance of the sample, S is 
the scattering coefficient, can be used to 
link the absorption coefficient (K) to re-
flectance (R). 

All light will be transmitted or absorbed if S 
approaches zero (no scattering), while all light 
will be reflected if K approaches zero (no absorp-
tion). Figure 6 show the absorption spectra trans-
lated from diffuse reflectance using the Kubelka-
Munk function F(R). As shown in Figure 6, the 
energy band gap (Eg) for the prepared samples is 
3.13 eV [47–51].

For BST nanorod films with various concen-
trations, the DC conductivity ln (σ) varies as a 
function of (1000/T) across a temperature range 
of 25 to 135 °C. Figure 7 shows the change of 
Ba0.7Sr0.3TiO3 DC conductivity at 150 °C, the 
samples were produced using the hydrothermal 
technique. Using equation 3 below to estimate 
activation energy (Ea),
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 (3)Figure 4. PL spectra of Ba0.7Sr0.3TiO3 NRs

Figure 5. Diffuse reflectance spectra of the 
Ba0.7Sr0.3TiO3 film

Figure 6. UV–Vis diffuse reflectance spectra of the 
Ba0.7Sr0.3TiO3 film
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where: σ, σ°, k, and T are the conductivity, con-
stant, Boltzmann constant, and absolute 
temperature respectively. 

The activation energy was calculated from 
Figure 7 and was equal to 0.15804 eV. The sam-
ple conductivity increases along with tempera-
ture up to a point termed the Curie temperature, at 
which the material transitions from the ferroelec-
tric to the paraelectric state. This illustrates the 
impact of the conduction process on the electric 
dipole moment. Conductivity drops dramatically 
at elevated temperatures owing to the existence of 
free electrons that are thermally activated. Con-
ductivity between Ba and Sr at low temperatures 

follows the polaron hopping hypothesis. The ac-
tivation energies estimated in the ferroelectric 
area confirm the existence of the polaron hopping 
model. Conductivity in the ferroelectric zone is 
not reliant on electron concentration, but rather 
on thermal activation of mobility. 

Figure 8 shows the J-V curve for SS-DSSC 
based on BST NR film and Figure 9 shows the 
power of the solar cell as a function of volt-
age. The short circuit photocurrent density (Jsc), 
open circuit voltage (Voc), FF, and overall energy 
conversion efficiency have been deduced from 
Figures 8 and showed a 35.38 mA/cm2, 0.57 V, 
0.353, and 0.071 respectively. The reason for 
the low cell efficiency is the low current den-
sity, whereby the chances of electrons reaching 
the FTO are few, which promotes the occurrence 
of the recombination process. Although the BST 
film was hydrothermally treated in order to en-
hance the bonding between the nanoparticles 
and reduce the recombination process, the cur-
rent density was relatively low, which led to low 
efficiency. The thickness of the BST film in the 
form of nanorods was close to 2 micrometers, as 
shown in Figure 3, as the increase in the surface 
area exposed to light leads to an increase in the 
number and length of nanorods in order to en-
sure and gain more incident light, which in turn 
is responsible for the generation of photoexcited 
electrons, constituting one of the important fac-
tors to increase the current density. The behavior 
of electron lifetime (τn) showed using an open 
circuit voltage decay (OCVD) experiment. The 
OCVD technique was used to determine τn of the Figure 7. DC conductivity of the Ba0.7Sr0.3TiO3 film

Figure 8. J-V curve for DSSC based on BST NRs
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minority charge carriers, where the observed de-
cay in the open circuit voltage is monitored by 
equipping the cell with a current pulse, and then 
the lifetime is calculated using the following ex-
pression [52–54]:
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where: V and T are the voltage and temperature 
respectively.

The OCVD of BST films electrode-based ss-
DSSCs is seen in Figure 10 where the voltage 
decay is inversely varied with τn. Figure 10 also 
showed that the Voc started with 0.61 V and then 
begins to sharply decay, indicating the process 
of recombination. The faster response of OCVD 
may be due to the low concentration of electrons 
that set the recombination process.

CONCLUSIONS

The hydrothermal technique has applied at 
150 °C for 2 hours to fabricate polycrystalline 
perovskite Ba0.7Sr0.3TiO3 samples. The absence 
of any TiO2 peaks in the XRD patterns of the 
samples shows that the materials have been fully 
transferred to the BST. The broadband of BST 
film that appeared in the photoluminescence 
spectra was indicative of a relaxation occurring 
by several pathways. UV-Vis spectra demon-
strate that the replacement between Ba2+ by Sr2+ 
showed a decline in the value of Eg, which can 
be attributed to the presence of an intermedi-
ate energy level located within the band gap of 
the BST film. An ISC, VOC, FF, and efficiency of 
solid-state dye-sensitized solar cells based on 
prepared BST film have been measured and the 
efficiency was 0.071.

Figure 9. Power of the solar cell as a function of voltage

Figure 10. Open circuit voltage decay of Ss-DSSCs
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