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Abstract. This study aims to investigate the effect of Manganese (Mn) ion 
addition on the optical and ferroelectric properties of Barium Titanate 
(BaTiO₃) materials synthesised by the Chemical Solution Deposition (CSD) 
method. The variations of the Mn dopant used are 0%, 0.5%, and 1% atoms 
to BaTiO₃. This study used a UV–Vis spectrophotometer to determine the 
band gap energy via the Kubelka–Munk method, and employed X-ray 
diffraction (XRD) to determine the lattice parameters, spontaneous 
polarisation, and dipole moment. The lattice parameters were found to 
change significantly with Mn incorporation, with BaTiO₃ exhibiting a = 4.22 
Å and c = 4.61 Å, BaTi₀.₉₉₅Mn₀.₀₀₅O₃ showing increased values of a = 5.48 
Å and c = 5.52 Å, and BaTi₀.₉₉Mn₀.₀₁O₃ having a = 5.13 Å and c = 5.45 Å. 
The value of spontaneous polarisation decreased slightly from 0.1826 C/m² 
to 0.1815 C/m² at 1% Mn doping, indicating a reduction in dipole-domain 
regularity due to Mn ion substitution at the Ti site. These results show that 
Mn doping can effectively modify the electronic and ferroelectric properties 
of BaTiO₃, potentially improving material performance for capacitor and 
optoelectronic sensor applications. 
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1 Introduction 
Perovskite-based materials, such as Barium Titanate (BaTiO₃), have attracted significant 
attention in materials science due to their unique ferroelectric, piezoelectric, and optoelectric 
properties [1]. Its crystal structure is stable at room temperature, and its ability to withstand 
spontaneous polarisation makes it a key ingredient in a wide range of applications, including 
multilayer capacitors, actuators, pressure sensors, non-volatile memory, and photocatalysts 
[2-5]. However, the optical and electrical properties of BaTiO₃ can be modified by partial 
replacement of transition-metal ions at the Ti⁴⁺ site, thereby adjusting the dielectric constant 
and the bandgap energy [6]. 

One effective approach to improving BaTiO₃ performance is to dope it with transition 
metals, such as Fe, Co, and Mn. These ions play an important role in controlling oxygen 
defects, lattice distortion, and the formation of new energy levels within the band gaps [7]. 
Among these dopants, Manganese (Mn) can act as a donor or acceptor depending on 
oxidation conditions and the location of substitution in the perovskite lattice [8]. The 
incorporation of Mn into BaTiO₃ increases resistivity, enhances thermal stability, and 
modifies ferroelectric characteristics by generating internal fields resulting from Mn²⁺/Mn³⁺ 
substitution at the Ti⁴⁺ site [9]. 

Some studies suggest that Mn doping can significantly alter the band gap energy (E₉). For 
example, reported that the addition of Mn to BaTiO₃ can increase Eg by up to 3.8 eV due to 
the local-field effect of the d-electron Mn on the oxygen valence band [10]. The increased 
Mn doping can widen the band gap to some extent before saturation occurs due to increased 
oxygen defects [9]. In addition, the influence of dopant on lattice parameters (a and c) causes 
changes in the tetragonal structure to pseudo-cubic at high doping rates [5]. 

The synthesis method also plays an important role in determining the homogeneity and 
phase quality of BaTiO₃:Mn. In contrast to the solid-state method, which produces large, 
heterogeneous granules, the Chemical Solution Deposition (CSD) method can produce thin 
layers with smooth morphology, high purity, and uniform dopant distribution [9]. Another 
advantage of this method is its ability to produce stable crystal structures at lower sintering 
temperatures and thin films with high optical stability [10]. 

Based on this background, this study focuses on the effect of Mn doping (0, 0.5, and 1%) 
on the optical and ferroelectric properties of BaTiO₃ synthesised by the CSD method. The 
analysis examined changes in energy gap (UV–Vis), lattice parameters and crystal structure 
(XRD), as well as dipole moment and spontaneous polarisation [11]. This research aims to 
advance understanding of the structural–property modification mechanisms in the 
BaTi₁₋ₓMnₓO₃ system and to create opportunities for developing multifunctional ferroelectric 
materials for next-generation energy and sensor applications. 

2 Experimental method 

2.1 Synthesis 

The main ingredients used are Barium Acetate powder [Ba(CH3COO)2, 99%], Titanium 
Isopropoxide [Ti(C12O4H28), 97%], and Manganese Acetate [Mn(CH3COO)2, 99.99%] as the 
source of Mn ions. The synthesis process uses the Chemical Solution Deposition (CSD) 
method. First, all precursors were dissolved in a solvent of 2-methoxyethanol [(C3H8O2), 
99.8%], then stirred magnetically in a stirrer on a hop plate for 2 hours at 40 °C with a rotation 
speed of 500 RPM. The solution is then filtered using a PVDF filter (0.45 micrometres) to 
make it more homogeneous. The next process is the spin coating process. The solution is 
dripped onto a silicone substrate placed on a spin coater, then rotated at 3000 RPM for 30 
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seconds, with up to 3 drops. After spin coating, the material undergoes annealing. Before the 
heating process begins, the film sample is placed in a crucible to prevent contamination. The 
first heating stage involves a temperature increase of 1.67 ºC/min for 8 hours. After reaching 
550 ºC, the furnace maintains this temperature for another 8 hours. The final stage of this 
process is a temperature reduction back to room temperature over approximately 13 hours. 
 

 
(a) 

 
(b) 

Fig. 1. (a) BST samples that have been in the furnace, (b) BST sample that has been spin-coated  

2.2 Characterisations 

The UV–Vis spectroscopy measurement was performed in reflectance mode.  Determines the 
band gap energy (Eg) using Plot Touch method based on the (αhν)² vs. hν plot. X-ray 
diffraction (XRD) determines the lattice parameters (a and c). It enables the calculation of 
the dipole moment (μ) and spontaneous polarisation (Ps) based on the tetragonal crystal 
structure parameters of BaTiO₃.  

3 Result and discussion 
Figures 2 to 4 show the results of processing the reflectance spectrum data analyzed using 
Origin software. The analysis was performed by converting the reflectance data into optical 
absorption functions using the Kubelka–Munk method. Next, extrapolation of the linear 
portion of the curve from the Kubelka–Munk graph was used to calculate the band gap energy 
value. 
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(a) 

 
(b) 

Fig. 2. Touc Plot results using Kubelka–Munk method for energy gap determination (a) and (b)  the 
energy gap value for BaTiO3 
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(a) 

 
(b) 

Fig. 3. Tauc Plot results using Kubelka–Munk method for energy gap determination (a) and (b) the 
energy gap value for BaTi0.995Mn0.005O3 
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(a) 

 
Fig. 4. Tauc Plot results using Kubelka–Munk method for energy gap determination (a) and (b) 
BaTi0.99Mn0.01O3 

Table 1. Energy gap value 

Compound Energy Gap Value Energy Gap 
Literature [5] Repetition 1 Repetition 2 

BaTiO3 1.73 eV 1.78 eV 3.00 – 3.50 eV. 
BaTi0.995Mn0.005O3 3.86 eV 3.83 eV  
BaTi0.99Mn0.01O3 3.48 eV 3.67 eV  
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Table 1 presents the band gap energy values obtained from the Kubelka–Munk method. 
Pure BaTiO₃ has an Eg value of 1.73–1.78 eV, which is smaller than the literature value               
(3.0–3.5 eV) [5]. After the addition of 0.5% and 1% Mn dopant, the Eg values increased to 
3.83–3.86 eV and 3.48–3.67 eV, respectively. The filling of the Mn d-level increases the 
band gap by widening the gap between the valence and conduction bands. However, at 1% 
doping, the decrease in Eg occurs again due to increased oxygen defects, creating energy 
levels within the band gaps that effectively shrink Eg. This behaviour is consistent with 
previous reports on the BaTiO₃:Mn system by R. P. Rini (2019), where an increase in Mn 
levels can amplify direct optical transitions to some extent before saturation. 

 
Fig. 5. XRD Results for BaTiO3, BaTi0.995Mn0.005O3, and BaTi0.99Mn0.01O3 

The XRD pattern shown shows a comparison between pure BaTiO₃ and Mn-doped 
BaTiO₃ samples at two different concentrations (BaTi₀.₉₉₅Mn₀.₀₀₅O₃ and BaTi₀.₉₉Mn₀.₀₁O₃). 
All samples showed diffraction peaks typical of the BaTiO₃ perovskite structure, indicating 
that Mn doping does not alter the main crystalline phase. However, the intensity and position 
of some peaks have changed slightly. A small change in this 2θ position usually indicates a 
lattice distortion or a change in lattice parameters due to the entry of Mn ions into the structure 
of BaTiO₃. 

Peaks around 2θ ≈ 70° appear to increase in intensity as Mn concentration increases, 
suggesting a change in texture or preferred crystal orientation. The graph indicates successful 
Mn doping into the BaTiO₃ structure without the formation of a significant secondary phase. 

Table 2. BaTiO3 Dipole Moment Parameter Values 

Compound 

Lattice 
Parameter 

References 
[12] Dipole Moment 

(C.m) 

Reference 
Dipol Moment 

(C.m) [13] a (Å) c (Å) a (Å) c (Å) 

BaTiO3 4.22 4.61 3.99 4.04 1.175 x 10-29 1.140 x 10-29 
BaTi0.995Mn0.005O3 5.48 5.52 - - 1.154 x 10-29 - 
BaTi0.99Mn0.01O3 5.13 5.45 - - 1.168 x 10-29 - 
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Table 2 illustrates how the grid parameters changed based on the XRD data. While 0.5% 

Mn-doped BaTiO₃ displays higher values of a = 5.48 Å and c = 5.52 Å, pure BaTiO₃ displays 
lattice parameters of a = 4.22 Å and c = 4.61 Å. The substitution of Mn²⁺ ions (r = 0.67 Å) 
for Ti⁴⁺ ions (r = 0.605 Å) and Ba2+ (r = 1.35 Å) results in a small displacement of the 
tetragonal structure, which suggests lattice strain. The shift of Ti ions in the TiO₆ octahedron, 
which is directly correlated with the strength of the spontaneous polarization and local dipole 
moment, may be impacted by this distortion. 

Table 3. Spontaneous Polarisation calculation results 

Compound 
Spontaneous 
Polarisation 

(C/m2) 

Reference 
Spontaneous 
Polarisation 

Ba0.625Sr0.375TiO3 
(C/m2) [13] 

Reference 
Spontaneous 

Polarisation of 
BaTiO3(C/m2) 

[14] 

Reference 
Spontaneous 

Polarisation of 
BaTiO3(C/m2) 

[15] 
BaTiO3 0.182640424 0.18249 0.24 0.17 
BaTi0.995Mn0.005O3 0.179346441 - - - 
BaTi0.99Mn0.01O3 0.18151277 - - - 

 
The computed spontaneous polarization (Ps) is shown in Table 3. At 0.5% and 1% Mn 

doping, the μ value of pure BaTiO₃, which was 1.175 × 10⁻²◦ C·m, slightly dropped to 1.154 
× 10-29 C·m and 1.168 × 10⁻²◦ C·m. As the Mn dopant increases, spontaneous polarization 
similarly reduces, going from 0.1826 C/m² to 0.1815 C/m². This slight drop supports the idea 
that the Mn ion may function as an electron acceptor, preventing the Ti⁴⁺ ions from shifting 
and weakening the dipole local field. However, the material's continued high Ps value 
indicates that it still has strong, stable ferroelectric characteristics, which makes it a viable 
option for high-temperature piezoelectric sensors and high-energy capacitors. 

4 Conclusion 
The optical characteristics and structural features of BaTiO₃ are altered by Mn doping. The 
band gap energy rises at 0.5% Mn doping and slightly falls at 1% Mn doping; however, due 
to the poor accuracy of the data, this pattern needs more confirmation. The lattice parameters 
exhibit a tendency to expand, associated with the possible substitution of Mn ions into the 
BaTiO₃ lattice. Furthermore, the dipole moment and polarization values estimated from the 
structural parameters show a slight decrease, indicating a change in the crystal structure 
configuration due to Mn doping. Overall, the findings show that Mn doping affects BaTiO₃'s 
optical characteristics and structural factors, enabling the material's features to be fine-tuned 
within measurement accuracy bounds. 
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