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Abstract 

Gadolinium (Gd) doped barium strontium titanate (BST) was 

prepared using the microwave-assisted solid-state reaction method 

for dye sensitized solar cell (DSSC) applications. The optical 

properties and the structural analysis of the prepared samples reveal 

the optical band gap and the morphology. The XRD pattern of the 

annealed samples confirms the polycrystalline nature with the cubic 

crystal structure. When the dopant is added, the bandgap increases 

slightly from 3.11 to 3.27 eV.  The J-V characteristics of DSSCs 

prepared with pure and doped BST were investigated. The efficiency 

of the DSSCs remained constant and there is a slight increase in the 

Jsc for highly doped samples under 1-sun illumination. Gadolinium 

doped barium strontium titanate shows variation in the J-V 

characteristics and could be a potential candidate for the solar 

photovoltaic applications. 

 
Keywords: Barium strontium titanate, Gadolinium. Microwave synthesis, Dye 

sensitized solar cell, Photovoltaic 



V. Kavitha et al (MNIJ) Issue 1 (2021) 71-82 

72 | Malay. NANO Int. J. Vol. 1,1 (2021) 
 

     

1.  Introduction 

Although the levelized cost of electricity from solar photovoltaic (PV) technologies [1] is so 

low that it is forcing fossil fuels off the grid [2], there is a concerted effort to increase PV 

deployment velocity and reach the terra watt scale [3]. The current PV industry is dominated by 

silicon-based PV [4]. Although silicon-based PV is still undergoing a rapid learning curve [5,6] 

and has new technological improvements being scaled up that reduce costs like black silicon [7,8] 

it is still fundamentally limited by a relatively low single bandgap of 1.12eV [9].  One approach to 

further driving down PV costs and accelerating PV adoption is to transition to non-silicon-based 

PV   [10, 11]. Ternary metal oxides are considered a potential candidate for PV devices due to 

their high bandgap energy [12]. Among different types of metal oxides, strontium titanate (SrTiO3) 

has more structural similarities with anatase titanium dioxide (TiO2) [13], which is the 

conventional material for dye-sensitized solar cells (DSSCs) [14]. Sr atoms can be replaced with 

Ba to form BaSrTiO3 (BST) with modified crystalline structure and properties [15]. BST is a useful 

electronic material because of its high electric permittivity and dependence of Curie temperature 

on its composition, utilized with a large number of applications in the manufacture of thermistors, 

multilayer capacitors, electro-optical devices and semiconductor devices, tunable filter and 

antenna devices, capacitor devices and other applications [12]. Suitably tuning bandgap, BaSrTiO3 

can be made as a promising material for the development of DSSCs to yield higher open-circuit 

voltage (VOC) values [16]. A dye-sensitized solar cell of SrTiO3 offers a high open-circuit voltage 

compared with TiO2, due to the reduction in recombination loss leads to an increase in electron 

transport. By doping or substitution of atoms into Ba or Sr sites, the band structure and its electrical 

properties are easily controlled [17]. BST has higher stability, tunability, and low optical losses 

[18]. Many methods have been developed to prepare the material, the most common of which are 

based on sol-gel and hydrothermal technologies [19]. Rare-earth ions doped BST can enhance the 

thermal and electro-optical properties. Both the mechanism and luminescence properties on 

erbium-doped Ba0.65Sr0.35TiO3 nanocrystals were reported by Wang et al., [20]. Manganese and 

yttrium co-doped BST ceramics prepared through the citrate nitrate combustion method are 

investigated by Zunping and Hua [21]. To improve the electrical and dielectric properties of BST, 

Reenu et al., [22] followed the solid-state reaction method for preparing Fe doped BST. La2O3 

doped barium strontium titanate ceramics for capacitor applications is demonstrated by Chen et 

al., [23] using the solid-state reaction method. Niobium doped Ba0.25Sr0.75TiO3 semiconductor thin 
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films are studied by Setiawan et al., [24] and concluded BST acts as a photodiode with respect to 

the addition of dopant.  

To build on this work, which have demonstrated that the properties of BST can be altered 

for a range of application from doping, this study uses low-cost industrially scalable processes in 

order to investigate for the first-time gadolinium-doped BST nanostructures. In order to provide a 

scalable synthesis method, BST was prepared in here using a simple apparatus and inexpensive 

reagents. The microwave-assisted solid-state reaction is investigated to fabricate BST with three 

different gadolinium dopant concentrations at low temperatures. The effect of gadolinium doped 

BST on structural, electrical, and optical properties were studied in-depth and compared to pure 

BST nanostructures on both the material level and for DSSC applications. 

 

2. Experimental details 

2.1  Synthesis of Gadolinium Doped Barium Strontium Titanate nanostructures  

The materials used in the process are barium acetate (C4H6BaO4 - 99.99%), Strontium 

acetate C4H6O4Sr - 99.995%), titanium (IV) dioxide (TiO2), Gadolinium (III) nitrate hexa hydrate 

(Gd 3 (NO3) · 6H2O), are purchased from Sigma-Aldrich. Sample of compositions Ba0.5Sr0.5 

(Ti1-xGdxO3); x = 0.0, 0.2, 0.4 and 0.6 were prepared using the microwave-assisted solid-state 

reaction method. The stoichiometric proportions of the starting materials were weighed and mixed 

with an agate mortar and pestle. After 15 min of grinding, 25mL of Double distilled (DD) water 

was added to it and then stirred 5 min to get a homogeneous solution of precursor material. The 

above solution was kept in a domestic model microwave oven of 2450 MHz frequency with 1250 

Watt for 30 min. During the microwave process, the precursors reacted together. The resulting 

pale green color solution was dried in a hot air oven at 120°C for 24 h and then kept overnight to 

dry. The powder was collected and calcined for two hours in a muffle furnace at 800°C. Following 

the calcination process, the powders were ground for 30 minutes to obtain fine BST and Gd doped 

BST powders. 

 

2.2  Instrumental analysis  

Morphological features of pure and Gd-doped BST were studied using FESEM (Zeiss18 

Evaluation). XRD measurement was done using Rigaku Miniflex X-ray diffractometer equipped 

with CuKα (λ = 1.54 Å)). Diffused reflectance spectra for the prepared samples were characterized 
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using a setup consisting of DH- 2000 BAL Ocean Optics light source to generate light in the visible 

and ultra-violet regions. An Ocean optics USB 4000 detector is used to collect the diffused 

reflected spectrum. 

 

2.3  Photovoltaic (PV) Cell Fabrication 

The BSGT photoanode was prepared using the doctor blade method for a 5 mm x 5mm area 

on ITO (12Ω/Sq.cm) and immersed in 0.5mM of N719 dye in anhydrous ethanol for 16 hours at 

room temperature. The platinum counter electrode was made by drop-casting a chloroplatinic acid 

solution onto the substrate, which was sintered at 450°C for 30 minutes. The dye incorporated 

BSGT working electrode and Pt counter electrode was fabricated using the conventional DSSC 

method [17].  

The electrolyte solution was made by combining acetonitrile, 4-tert-butyl pyridine, lithium 

iodide (LiI), and iodine (I2) in the following molar ratios: 0.3:0.5:0.05. The electrolyte solution 

was injected between the two electrodes. Photocurrent-voltage (I-V) measurements of DSSCs 

were carried out using (Photoemission tech, USA) PET AAA grade solar simulator with Keithley 

2400 source meter under sun illumination (AM 1.5) 100mW/cm2. I-V and electrochemical 

measurements were performed in an open-cell configuration. 

 

3. Results and discussions 

3.1  Surface morphological Properties 

FESEM image analysis reveals that microwave treatment of BST leads to the formation of 

agglomeration of particles. Figure 1 shows the FESEM images of the prepared pure and Gd-doped 

BST nanostructures with different concentrations of dopant. In Figure 1, for pure BST and higher 

concentration of Gd content in BST it showed agglomerated particles. The FESEM images of 

undoped BST (Figure 1(a)) revealed that the particles were aggregated and that the particle size 

was in the 100 nm range. Figure 1(b) shows the FESEM image of BSGT(x=0.2), which revealed 

that particle sizes were in the range of 80 nm. The FESEM image of BSGT (x=0.4) is shown in 

Figure 1(c). According to the FESEM images, the particles are spherical. The FESEM image 

BSGT (x=0.6) Figure 1(d) revealed that these spherical particles were joined together to form a 

sponge like structure. Increasing the dopant concentration in BST has the microwave particles 

formed in a spherical shape and then coalescence. This may be due to the dopant entered into the 

lattice of BST that alters the crystallinity and shape. Most of the particles presented with a size of 
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around 100 nm. The morphology exhibits that the narrower particle distribution on the surface of 

Gd doped BST nanostructures. The very close and tightly packed particles on surface 

morphologies support the efficient formation of charge carriers [24]. 

 

 

Figure.1 FESEM images of Gd doped BST (x = concentration of the dopant Gd in BST) (a) 

BSGT (x=0.0), (b) BSGT (x=0.2), (c) BSGT (x=0.4) and (d) BSGT (x=0.6). 

 

3.2  Structural Analysis   

The powder X-ray diffraction (XRD) pattern of annealed BST and Gd-doped BST samples 

prepared with different concentrations of Gd content under the same processing parameters is 

shown in Figure 2. The prepared powders were found to be crystalline in nature. The diffraction 

peaks observed at 22.4°, 32.1°, 39.6°, 45.9°, 57.2°, and 67.2° are attributed to the (100), (110), 

(111), (200), (211), and (220) diffraction planes of cubic structured BST in the Pm3/m space group 

and compared with JCPDS card No. 39-1395. The crystallite size of the prepared BST sample was 

calculated to be 44.61 nm using Debye Scherrer's formula. The diffraction peaks with varying 

intensities observed for the Gd doped BST at 27.2°, 28.6°, 38.1°, and 44.3° correspond to the (100), 

(110), (111), and (400) planes. Diffraction peaks shifted in Gd doped concentrations x=0, 0.2, 0.4, 

500 nm 500 nm 

500 nm 500 nm 

(d) BSGT (x=0.6) (c) BSGT (x=0.4) 

(b) BSGT (x=0.2) (a) BSGT 

(x=0.0) 
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and 0.6 with BST. The crystallite size for Gd doped BST samples x=0.2, 0.4, and 0.6 was 

calculated to be 42.73, 41.04, and 38.86 nm, respectively. It was also found that as Gd 

concentration in BST increased, the intensity of the peak corresponding to the (110) plane 

decreased. 

 

Figure.2 Powder XRD patterns of pure and Gd doped BST nanostructures. 

 

The shift of XRD peaks towards a higher angle for BSGT2 sample indicates the crystal lattice is 

compressed [17]. The peaks shifted towards a lower angle for BSGT3 indicates the lattice was 

expanded. These facts can be attributed to the changes in the stoichiometric composition of Gd. 

The smaller ionic size of Gd reduced the crystal lattice strain at doping concentration BSGT2 

(x=0.4). However, with increasing doping concentration of Gd to x=0.6, the enlargement of crystal 

lattice occurs mainly due to the dominance of stoichiometric factor rather than ionic size factor 

[25].   
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3.3  Optical Properties  

Figure 3 (a) depicts the diffuse reflectance spectra of pure and different concentrations of 

Gd doped BST nanopowders. The Kubelka-Munk function can be used to relate the absorption 

coefficient (k) to the reflectance (R) [26]. The absorption spectra are shown in Figure 3(b) after 

being translated from diffuse reflectance using the Kubelka -Munk function F(R). The modified 

Kubelka–Munk function can be used to calculate the sample's bandgap (Eg). Figure 3(c) and (d) 

show the direct and indirect band gaps of pure and Gd doped BST nanostructures, respectively. 

The prepared samples BST, BSGT1, BSGT2, and BSGT3 have indirect energy bandgaps of 3.11, 

3.24, 3.13, and 3.27 eV, respectively. The pure BST bandgap is slightly lower than that of the Gd 

doped samples. The observation is consistent with XRD and FESEM analysis, which show that 

when a dopant is added, the particle size decreases.  

 

 

Figure. 3 UV-VIS spectroscopy of analysis of pure and Gd-doped BST nanopowders by DRS 

method (a) reflection spectra, (b) the absorbance spectrum Function (c) the direct 

bandgap, and (d) indirect bandgap calculated from modified Kublelka Munk Function 
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4.4  J-V Characteristics for DSSCs  

The J-V characteristics of the DSSCs made with all of the undoped and Gd-doped BST 

materials show that all of the samples had diode properties. The current density and voltage curve 

for undoped and Gd-doped BST DSSC is shown in Figure 4. Table 1 summarizes the bandgap, 

crystallite size, I-V characteristics, and conversion efficiency of BST, BSGT1, BSGT2, BSGT3. 

Under standard global AM 1.5 solar irradiation, the prepared solar cell sensitized with N719 dye 

gave a short circuit current density (JSC) of 0.73mA/cm2, open-circuit voltage (VOC) of 0.57 mV, 

corresponding to overall conversion efficiency (η) of 0.28%.  

 

  

Figure. 4 Current density (J) and voltage (V) characteristics of pure and Gd-doped BST 

nanostructures. 

 

 On reaching the breakdown voltage, there was no change in the current density for samples 

with various doping concentrations. Doping causes more free electrons and holes to be liberated 

in the crystal [27]. Free electrons in the samples increase the conduction. The occurrence of 

conductive properties is due to the photon energy absorbed by the electron.  
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Table 1: The bandgap, crystallite size, and photovoltaic parameters of BST and Gd-doped BST 

 

 

 

 

 

 

 

 

4. Conclusions 

This study has demonstrated a simple and cost-effective microwave-assisted solid-state 

reaction method to synthesis pure and Gd-doped barium strontium titanate nanoparticles. The 

FESEM images show the particles are agglomerated and spherical. The XRD pattern of the 

annealed samples revealed the polycrystalline nature with the cubic crystal structure. There is also 

observed slight increase in the bandgap when BST is doped with Gd from about 3.1eV to about 

3.2eV regardless of concentration of the dopant. The efficiency of the solar cell remains constant 

and there is a slight increase in the Jsc for highly doped (x=0,6) samples. Future work is needed to 

improve the performance of the DSSCs to be competitive with more established technologies. 
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Parameters BST BSGT1 BSGT2 BSGT3 

Band gap (eV) 3.11 3.24 3.13 3.27 

Crystallite size(nm) 44.61 42.73 41.07 38.06 

Jsc (mA/cm2) 0.73 0.73 0.74 0.78 

Voc (V) 0.57 0.57 0.57 0.57 

FF 0.65 0.65 0.64 0.64 

Efficiency 0.27 0.27 0.27 0.28 
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