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ABSTRACT
Ba₀.₅Sr₀.₅TiO₃ (BST) thin films have drawn a lot of interest for use in devices and sensors because of their ability to change optical properties. This study looks at how adding manganese (Mn) affects the features of BST thin films. The Mn concentrations tested were 0.0, 0.5 and 1.0 wt.%. The films were made using the Chemical Solution Deposition (CSD) method. Placed on p-type Si(100) substrates. The thickness and optical behavior of the films were measured to see how Mn changes the structure of the BST films. The average thickness went up from 12.70 nm for the BST film to 17.29 nm for the 0.5 wt.% Mn-doped film and then to 31.28 nm for the 1.0 wt.% Mn-doped film. All films were made under the spin-coating conditions and with three coating cycles. Optical tests showed that the band gap energy rose from 2.50 ± 0.51 eV in the film to 3.15 ± 0.10 eV at 0.5 wt.% Mn.. At 1.0 wt.% Mn the band gap dropped to 2.29 ± 0.25 eV. In contrast the Urbach energy went down from 0.16 ± 0.04 eV to 0.13 ± 0.04 eV at 0.5 wt.% Mn. Then increased to 0.24 ± 0.07 eV at 1.0 wt.% Mn. The Urbach pre-exponential absorption coefficient (α₀) dropped from about 1.69 × 10⁻⁴ a.u. In the film to 2.66 × 10⁻¹⁰ a.u. At 0.5 wt.% Mn. Then it went back up to around 7.60 × 10⁻⁴ a.u. At 1.0 wt.% Mn. These results suggest that adding an amount of Mn leads to a sharper absorption edge and less energetic disorder in the film.. When the Mn concentration is higher the absorption in the band tails becomes stronger. In general the data shows that the amount of Mn greatly changes the features of BST thin films. The best performance, in terms of optical band gap and Urbach energy was seen at 0.5 wt.% Mn.
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1. Introduction
Perovskite‑based ferroelectric materials, Barium Strontium Titanate (Ba₀.₅Sr₀.₅TiO₃, BST) have drawn a lot of interest in the last ten years because they have great dielectric properties, good heat stability and very small leakage current [1,2]. These qualities make them strong candidates for electronics and light‑based devices. The chemical and physical traits of BST depend a lot on how Barium is replaced by Strontium [2,3]. When Barium ions are partially substituted by Strontium ions, the size of the crystal lattice changes and the temperature where the material moves from ferroelectric to shifts. This allows control of the electrical and optical behaviour of BST. Among all the mixes Ba₀.₅Sr₀.₅TiO₃ has been studied the most because it gives an excellent mix of ferroelectricity tunability of the dielectric constant and stable structure. This mix is very useful for sensors, high‑density capacitors, devices that tune microwaves and integrated parts, for light‑based technology [1,3].
Transition-metal elements can be added to BST films to further enhance their optical and electrical characteristics. These components alter the number of oxygen vacancies, the degree of structural distortion, and the movement of charges. Manganese (Mn) is regarded as one of the best elements used. Manganese can have charges such as Mn²⁺, Mn³⁺, and Mn₄⁺. It can function as either an acceptor or a donor, depending on how it is created. This helps manage the flaws, increase the material's resistance to electricity, prevent a lot of current from flowing, and improve the material's stability when heated [4,5]. Additionally, by introducing new energy levels and altering the way the orbitals function, a tiny quantity of manganese can alter the structure. This influences the band gap's width and the material's ability to absorb light [4,6]. The Chemical Solution Deposition method with spin coating is a common technique for creating these films. This is due to the fact that it is inexpensive, allows for mix control, is simple to apply for large areas, and produces uniform films at lower temperatures [5,6].
Understanding the electronic structure of semiconductor and ferroelectric thin films requires optical characterisation utilizing UV–UV–Vis spectroscopy. The Tauc plot and the Kubelka-Munk function are typically used to determine the optical band gap (Eg). This provides information on how electrons flow between the conduction and valence bands [7,8]. The Urbach energy (Eu) is another important metric in addition to the optical band gap. The exponential absorption tail's width is indicated by this value. Localized states at the band boundaries are associated with the absorption tail [9,10]. The quantity of oxygen vacancies and the states brought about by the addition of dopants to the crystal lattice can be measured using Urbach energy [10]. The Urbach energy typically increases as the optical band gap decreases. This indicates that there are more electronic disorders and faulty states. This occurs as a result of dopants being added or structural issues [9,10].
There isn't much study that links the optical band gap with Urbach energy in Mn-doped BST films when the amount of Mn is very low, despite the fact that numerous studies have discussed how various additives alter BST's appearance, how it functions with electricity, and how it interacts to light. This work is unusual in that it examines the optical band gap and Urbach energy in Mn-doped BST films in order to closely examine the electrical band structure and the disorder in the material. This study aims to determine the optimal doping level that significantly improves optical qualities without altering the inherent ferroelectric capabilities of BST using a range of Mn concentrations. Additionally, this work demonstrates the relationship between the Urbach energy, Urbach pre-exponential absorption coefficient, optical band gap, and film thickness. This gives an idea of how defects affect the band-tail states and how they influence the way light is absorbed. The results should help create strategies for making BST-based thin films for future uses, in optoelectronics, photonics and ultraviolet sensing.

2. Research Method
Mn‑doped Ba₀.₅Sr₀.₅TiO₃ (BST) thin films were made by using Chemical Solution Deposition (CSD) with spin coating. This approach is simple and inexpensive. It gives very good control of the chemical balance keeps the material uniform and works well each time you make a film. I have seen many researchers use this technique to build devices from Mn‑doped Ba₀.₅Sr₀.₅TiO₃ (BST) and BaTiO₃ because it lets you process the solution at room air and still produce crystal films that are very high quality, after heating [11,12,13].
The first solution was made using barium acetate (99%) strontium acetate (99.95%) titanium isopropoxide (97%) and 2-methoxyethanol (99.8%) as the liquid that holds everything together. Manganese dioxide (MnO₂) was added as an ingredient at amounts of 0, 0.5 and 1.0 percent by weight. Since manganese dioxide does not mix well with 2-methoxyethanol the mixture with dioxide was stirred gently using a magnetic stirrer at 40 degrees Celsius and 500 revolutions per minute for two hours. The final solution was then passed through a 0.45 micrometer PVDF filter to get rid of any particles that did not mix well before it was used. This step was taken to make sure the solution was even and ready, for spinning and to reduce the number of particles during the making of the film [12].
Commercial p-type Si(100) wafers were cut into 1.2 × 1.2 cm substrates using a diamond cutter. The substrates were sequentially cleaned with distilled water, methanol and acetone in a cleaner for five minutes each. After cleaning the substrates were dried before deposition. This substrate preparation removes particulate contaminants. As a result film adhesion. Defect formation during thin‑film growth decreases [12,13].
The BST precursor solution was applied to the cleaned Si(100) substrates using spin coating at 3000 rpm for 30 seconds for each layer. Three separate coating cycles were carried out to reach the required film thickness. After coating the films were heated at 550 °C for 8 hours in an oxygen atmosphere. This heating was done in a PPF-1600 muffle furnace to help the material crystallize connect the grains reduce defects and improve both the ferroelectric and optical features of the BST thin films. The method of spin coating followed by annealing has been shown to create dense and even ferroelectric oxide films that are good for use, in optoelectronic devices [11,12,13].
Film thickness was measured with a Bruker Dektak profilometer. Optical properties were studied with an Ocean Optics UV–Vis spectrometer. The spectrometer produced reflectance data for the Mn‑doped Ba₀.₅Sr₀.₅TiO₃ films. We processed the reflectance data with the Kubelka–Munk function to get an absorption‑related parameter. From that absorption‑related parameter we deduced the optical band gap using the Tauc plot. We also found the Urbach energy and the Urbach pre‑exponential absorption coefficient by fitting a line to the plot of ln(α) versus photon energy. Therefore all optical parameters in this study come from reflectance data not from transmission tests, on the p‑type Si(100) substrates [11,12].
Optical Band Gap and Urbach Energy Calculation.  The measured reflectance (R) data were converted using the Kubelka–Munk function [7,8]:
								(1)

where is the measured diffuse reflectance and is the Kubelka–Munk function, which is used as an absorption-related parameter for the optical analysis. The direct optical band gap was then estimated using the Tauc relation:
							(2)

where is the photon energy, is a proportionality constant, and is the optical band gap energy. The value of was obtained by extrapolating the linear portion of the Tauc plot to .
The Urbach energy was determined from the exponential absorption edge according to:
							(3)

where is the absorption coefficient or absorption-related parameter obtained from the optical analysis, is the Urbach pre-exponential absorption coefficient, is the photon energy, and is the Urbach energy. The Urbach energy was determined from the reciprocal of the slope of the linear region of the versus plot, while was obtained from the intercept of the linear fit.

For the four measurements (Tests 1–4) reported for each composition, the values in Table 4 are arithmetic means with sample standard deviations (n = 4). The four tests were retained separately in Tables 2 and 3 to make the point-to-point variation transparent.

3. Results 
Table 1 Thickness values ​​of undoped and Mn-doped Ba0.5Sr0.5TiO3 thin films
	No
	Compound
	Thickness Value (nm)

	1
	Ba0.5Sr0.5TiO3
	12.7

	2
	Ba0.5Sr0.5Ti0.995Mn0.05O3
	17.29

	3
	Ba0.5Sr0.5Ti0.99Mn0.01O3
	31.28



Table 1 presents the thickness values of Mn‑doped Ba₀.₅Sr₀.₅TiO₃ (BST) thin films. The undoped BST thin film shows a thickness of 12.70 nm. When Mn is added the thickness rises to 17.29 nm for the 0.5 Mn‑doped sample and to 31.28 nm for the 1.0 wt.% Mn‑doped sample. All three compositions were processed with the nominal spin‑coating conditions: 3000 rpm, 30 s, per layer and three successive coating cycles. So the different thicknesses were not produced by using a number of coating cycles. Instead the measured thickness difference indicates that Mn incorporation changes the film‑formation behavior under identical nominal deposition conditions.
The thickness increases with the addition of Mn. This could be linked to changes in how the precursor flows and gels during spin coating. Adding more Mn might change the viscosity how well the particles are dispersed how the solvent interacts with the precursor and how quickly the material dries or forms a gel. A thicker or faster-gelling precursor may not flow outward much during spinning so it keeps more material on the substrate. That leads to a layer after heating. Also adding Mn might influence how crystals form and grow when heated. In this study viscosity and gelation time were not measured directly. So these ideas are explanations, not proven causes. Because of that the thickness values should be taken into account when looking at the results. Still thickness alone is not assumed to be the reason behind the -monotonic changes, in Eg and Eu
.[image: ] 

Fig. 1 Representative Tauc plot used to determine the direct optical band gap of Ba₀.₅Sr₀.₅TiO₃ using diffuse reflectance and the Kubelka–Munk function. 

Table 2 Summary of direct optical band-gap values (eV) for Ba₀.₅Sr₀.₅TiO₃ thin films.
	Mn concentration (wt.%)
	Test 1
	Test 2
	Test 3
	Test 4

	0.0 (undoped)
	1.88
	2.28
	2.87
	2.97

	0.5
	3.16
	3.27
	3.02
	3.13

	1.0
	2.50
	2.50
	2.13
	2.04



Figures 1 through 3 and Table 2 show the optical band-gap values of undoped and Mn-doped Ba₀.₅Sr₀.₅TiO₃ (BST) thin films. These values were obtained from the Kubelka–Munk/Tauc analysis. The undoped BST film has E_g values ranging from 1.88 to 2.97 eV. The 0.5 wt.% Mn-doped film has E_g values from 3.02 to 3.27 eV. The 1.0 wt.% Mn-doped film has E_g values from 2.04 to 2.50 eV. The spread in the four tests is large for the sample. The spread is still noticeable for the 1.0 wt.% Mn sample. The four test positions did not have a thickness map. So thickness non-uniformity cannot be confirmed as the reason for the variation. Differences between points may come from thickness, surface shape, precursor coverage, reflectance or local defect density. Therefore the individual test values are in Table 2. The mean plus standard deviation in Table 2 is used to show the response at the composition level. The 0.5 wt.% Mn sample has the Eg range. This range is 3.02 to 3.27 eV. This shows that the optical behavior is more consistent, across the tests.
The rise in Eg at 0.5 wt.% Mn is linked to a drop in disorder, which shows up as a lower Eu as Table 2 tells us. These optical tests do not point straight to the defect layout on the atomic level so we see the widening of Eg as a sign that there are fewer localized band‑tail states, not as a sure proof of a specific Mn spot. The Eg decreases and the Eu increases when the Mn level rises to 1.0 weight percent, which fits a distribution of localized states and higher absorption below the band gap. We would need additional chemical or structural tests, such XPS or EPR, to corroborate the picture and determine the oxidation state mix and the number of oxygen vacancies.[image: ]
Fig. 2 Representative ln(α) versus photon-energy plot used to determine the Urbach energy of Ba₀.₅Sr₀.₅TiO₃ using the Kubelka–Munk-derived absorption coefficient.
Table 3 Summary of Urbach energy and absorption coefficient constant (α₀) values for Ba₀.₅Sr₀.₅TiO₃ thin films.

	Dopant Concentration (Mn)
	Slope
	Coefficient
	Urbach Gap (eV)
	α0 (a.u)

	0
	4.78722
	-7.29676
	0.21
	6.778 x 10-04

	0
	7.53059
	-17.78329
	0.13
	1.892 x 10-08

	0
	6.50667
	-19.59769
	0.15
	3.082 x 10-09

	0
	7.92716
	-24.43491
	0.13
	2.444 x 10-11

	0.5
	9.71376
	-30.59836
	0.10
	5.144 x 10-14

	0.5
	11.46138
	-34.89687
	0.09
	6.99 x 10-16

	0.5
	6.43492
	-22.99138
	0.16
	1.035 x 10-10

	0.5
	6.17611
	-20.764
	0.16
	9.601 x 10-10

	1
	5.58128
	-15.67167
	0.18
	1.563 x 10-07

	1
	5.4152
	-15.46765
	0.18
	1.916 x 10-07

	1
	3.14829
	-6.61548
	0.32
	1.339 x 10-03

	1
	3.52945
	-6.378
	0.28
	1.699 x 10-03



Figures 2 and Table 3 show the Urbach energy (E_u) values that we calculated from the part of the ln(α) versus photon‑energy graphs. For the BST film the E_u values lie between 0.13 and 0.21 eV. For the film doped with 0.5 wt.% Mn the E_u values are lower between 0.09 and 0.16 eV. In contrast for the film doped with 1.0 wt.% Mn the E_u values are higher ranging from 0.18 to 0.32 eV. The α₀ values also change a lot between the samples. The average α₀ goes down from 1.6946 × 10⁻⁴ a.u. For the film to 2.6591 × 10⁻¹⁰ a.u. For the 0.5 wt.% Mn film and then goes up again to 7.5959 × 10⁻⁴ a.u. For the 1.0 wt.% Mn film. These averages form the numbers that appear in the Abstract, Discussion and Conclusion (1.69 × 10⁻⁴ 2.66 × 10⁻¹⁰ and 7.60 × 10⁻⁴ a.u. respectively). The wide spread among the tests shows that α₀ is especially sensitive to how we fit the local absorption edge so we should look at α₀ together, with E_u and E_g instead of using α₀ alone to prove a particular defect species.
The variation in Urbach energy observed in the samples reflects how energetic disorder changes with the amount of manganese added. At 0.5 wt.% Mn the Urbach energy is lower which matches an absorption edge and less energetic disorder. In contrast at 1.0 wt.% Mn the Urbach energy is higher indicating a broader band tail and more disorder. These optical findings suggest that the disorder depends on the concentration. However the current measurements do not directly measure oxygen vacancies. Identify the oxidation states of manganese. As a result any claims that tie the observed trends to factors like oxygen vacancies or to the proportions of Mn²⁺, Mn³⁺ or Mn⁴⁺ or to a specific defect-compensation process should be seen as hypotheses. These ideas need to be tested and confirmed using methods such, as XPS, EPR, XRD or other structural and chemical analysis techniques.

Table 4 Mean ± sample standard deviation of optical band gap (E_g) and Urbach energy (E_u) for Ba₀.₅Sr₀.₅TiO₃ films (n = 4).

	Mn concentration (wt.%)
	Optical band gap, Eg (eV)
	Urbach energy, Eu (eV)

	0
	2.50 ± 0.51
	0.16 ± 0.04

	0.5
	3.15 ± 0.10
	0.13 ± 0.04

	1
	2.29 ± 0.25
	0.24 ± 0.07



Table 4 shows the mean plus or minus the sample standard deviation of Eg and Eu for the four tests at each Mn concentration. The undoped BST film has an Eg of 2.50 plus or minus 0.51 eV and an average E_u of 0.16 plus or minus 0.04 eV. At 0.5 wt.% Mn Eg goes up to 3.15. Minus 0.10 eV while Eu goes down to 0.13 plus or minus 0.04 eV. At 1.0 wt.% Mn Eg drops to 2.29 plus or minus 0.25 eV while E_u rises to 0.24 plus or minus 0.07 eV. These changes show that the composition with the mean band gap also has the lowest mean Urbach energy. Since the four measurements at each composition have amounts of spread the mean plus or minus standard deviation is given to separate the composition-level trend from the variation, between individual points.
4. Discussion
The thickness of Ba₀.₅Sr₀.₅TiO₃ (BST) films increased in a clear way as the Mn concentration went up as seen in Table 1. The BST film that had no doping had a thickness of 12.70 nm. This went up to 17.29 nm when there was 0.5 wt.% Mn. It kept increasing to 31.28 nm when the Mn was 1.0 wt.%. The steady rise in thickness shows that adding Mn changes how the material is built up during the chemical solution deposition process. Replacing Ti⁴⁺ with Mn ions is likely to change the way the chemical parts react when they break apart and join together. This can alter the number of tiny bits that begin to form and how they expand when heated. The chemical solution might become thicker and more stable with the addition of Mn. This results in films because more of the material remains on the surface after spinning. An instrument known as optical profilometry was used in this investigation to measure the thickness numbers. It is well known that this instrument can precisely measure the thickness of thin films [14,15]. Studies of perovskite oxide films produced using solution methods have already demonstrated the impact of adding Mn to the films and how it alters their growth and appearance [16].
The optical characteristics do not exhibit the pattern, despite the fact that the film thickness continues to increase as the concentration of Mn increases. The length of the optical path and the likelihood that incoming photons will strike the substance are often altered by film thickness. The Beer-Lambert law states that because photons travel farther, thicker layers exhibit optical absorption. However in oxide semiconductors the optical response is mainly set by the electronic band structure, not thickness. So while film thickness makes light absorption bigger film thickness does not automatically make the optical band gap wider. Instead the electronic structure depends a lot on crystallinity, lattice distortion, oxygen vacancies, impurity‑induced electronic states and how many localized states sit near the band edges. Recent work on diffuse reflectance spectroscopy shows that the optical band gap mainly tells us about changes in electronic transition energy not about thickness as long as the model is used correctly [17,18]. Therefore the big increase in film thickness seen in the 1.0  Mn film comes with worse optical quality showing that defect chemistry matters far more, than geometrical thickness when deciding how BST thin films behave optically.
The optical band gap does not change in a line as Mn concentration changes. The undoped BST thin film had an optical band gap of 2.50 ± 0.51 eV. When 0.5 wt.% Mn was added the optical band gap rose to 3.15 ± 0.10 eV.. If the Mn concentration was raised to 1.0 wt.% the optical band gap fell to 2.29 ± 0.25 eV. I find the trend of the optical band gap interesting. The increase of the optical band gap at Mn levels indicates that adding a small amount of Mn helps to eliminate defect states close to the band edges. When Mn ions replace Ti sites they partly fix oxygen vacancies. Lower the number of localized electronic states inside the forbidden band. Consequently the absorption edge becomes sharper. Moves toward higher photon energies, which makes the optical band gap appear larger. I think the sharper absorption edge shows how Mn helps. Other studies of BST films have found similar optical improvements when the right dopant is added. Those studies show that dopant addition changes the structure and shifts the optical transition energy measured with UV–Vis spectroscopy. Theoretical calculations for Mn‑containing BaTiO₃ also show that adding Mn changes the density of states, near the valence and conduction bands, which strongly alters the optical band structure [19]. I see that the same effect has been observed elsewhere. Other reports of transition‑metal‑doped titanates also describe a widening of the optical band gap when the dopant concentration is moderate because the lattice becomes more ordered and fewer structural defects remain.
At 1.0 wt.% Mn a different mechanism takes over. The high concentration of dopant brings in extra electronic defects. When a lot of Mn gets added it leads to valence states. Specifically Mn²⁺, Mn³⁺ and Mn⁴⁺. Along with oxygen vacancies. These vacancies are needed to balance the charge. Together these defects create energy levels within the forbidden gap. This allows transitions that happen below the band gap effectively making the measured optical band gap smaller. Even though the film at 1.0 wt.% Mn is the thickest it shows the band gap. That’s because absorption caused by these defects starts to dominate. Intrinsic band-to-band transitions become less important. This view matches up with studies. Those studies show that Mn-related states greatly change the density of states near the Fermi level. Consequently, in oxides, the effective energy required for transitions decreases [20]. Additionally, Landi et al. noted that in oxide materials, structural disorder and band-tail states resulting from impurities and compositional changes directly reduce the optical band gap. Doped perovskite oxides frequently exhibit this type of behavior. The distortion of the crystal lattice increases with the amount of transition metal supplied. The band gap narrows as a result of an increase in electronic disorder.
The addition of Mn causes the structure to become more disordered, as evidenced by the shift in Urbach energy. The width of the absorption tail below the optical band edge is measured using Urbach energy. It is frequently used to observe the degree of localized electronic states caused by structural flaws. The Urbach energy of the pure BST thin sheet was 0.16 ± 0.04 eV. At 0.5 weight percent Mn, this decreased to 0.13 ± 0.04 eV. Then, at 1.0 weight percent Mn, it increased significantly to 0.24 ± 0.07 eV. The decrease in Urbach energy at a level of Mn indicates a decrease in both the number of faults and the disorder. This implies that Mn aids in defect reduction. A lower Urbach energy indicates a sharper absorption edge and improved electronic order inside the crystal [21].
The study unequivocally demonstrates the negative relationship between Urbach energy and the optical band gap. The material with the lowest Urbach energy of 0.13 eV also has the optical band gap of 3.15 eV. On the other hand, the film with the largest Urbach energy of 0.24 eV had an optical band gap of 2.29 eV. This inverse correlation shows that the appearance of localized electronic states causes the Urbach tail to spread and the effective optical band gap to decrease as structural disorder grows. The exponential broadening of the absorption edge comes from lattice strain, compositional variations, oxygen vacancies, impurity‑induced disorder and defect‑induced band‑tail states. Recent work shows that Urbach energy quantitatively measures the amount of disorder that creates localized exponential‑tail states near the band edges making Urbach energy one of the most sensitive optical parameters for judging disorder in semiconductor materials [22]. Therefore the Urbach energy data in this work strongly suggest that the optical behavior of Mn‑doped BST films is mainly controlled by defect density rather than by simple geometrical factors such, as film thickness.
The Urbach pre-exponential absorption coefficient (α₀) also changes in a way as the Mn concentration changes. The average α₀ drops a lot from about 1.69 × 10⁻⁴ in the film without any Mn to 2.66 × 10⁻¹⁰ when there is 0.5 wt.% Mn. Then it goes up quickly to 7.60 × 10⁻⁴ for the film with 1.0 wt.% Mn. Since α₀ is the absorption coefficient at the start of the exponential absorption part smaller α₀ means absorption from defects and a clearer optical absorption edge. On the hand the higher α₀ in the 1.0 wt.% film shows more absorption of light through defect states that come from too much Mn in the material. This same kind of behavior has been seen in BaTiO₃ films. There the optical properties got worse. New absorption bands appeared because of defect-related changes in the electronic structure [23]. Also defects linked to the amounts of cations and problems with oxygen are known to change the optical absorption edge and make more absorption below the band gap in perovskite oxides [23]. This matches the increase in Urbach energy and the drop, in the optical band gap. It shows that α₀ can be another way to check for disorder in Mn-doped BST thin films.
The results show a link between how thick the film is, its optical band gap, Urbach energy and the Urbach pre-exponential absorption coefficient. Even though adding more Mn makes the film thicker going from 12.70 nanometers to 31.28 nanometers the optical properties are mostly affected by how the structure of the film changes not by its thickness. The film with 0.5 weight percent of Mn has the optical properties. It has a thickness of 17.29 nanometers, the optical band gap of 3.15 electron volts, the lowest Urbach energy of 0.13 electron volts and the smallest α₀ of 2.66 times 10 to the minus 10. This suggests the number of localized electronic states and the most ordered structure. On the hand the film with 1.0 weight percent of Mn is the thickest but it has the lowest band gap of 2.29 electron volts, the highest Urbach energy of 0.24 electron volts and the largest α₀ of 7.60 times 10 to the minus 4. This shows that much Mn causes defects related to oxygen vacancies spreads out the band-tail states and increases optical absorption caused by defects. These findings match studies that say the bad optical quality in BaTiO₃-based thin films comes from defects, not from the thickness. Also recent research on disorder says that more disorder makes the Urbach tail wider. This leads to absorption, below the gap and a smaller apparent optical band gap. So the findings here show that the optical performance of Mn-doped BST films is mainly controlled by how the defects are handled. The best amount of Mn to use is 0.5 weight percent. This gives the optical quality, less energetic disorder and better electronic order.

5. Conclusion
This study shows that adding Mn makes a difference in how the optical properties of Ba₀.₅Sr₀.₅TiO₃ (BST) thin films behave, when those films are made by the Chemical Solution Deposition (CSD) method. When Mn is added the thickness of the film goes up. The undoped BST film is 12.70 nm thick. With 0.5 wt.% Mn the film is 17.29 nm thick. With 1.0 wt.% Mn the film reaches 31.28 nm. These changes show that Mn changes how the film starts and grows during deposition.. Making the film thicker does not directly make the optical properties better. This confirms that the way BST thin films respond to light is mainly governed by changes, in the structure and the chemistry of defects. The shape and size of the film do not control the optical response.
The optical band gap showed a non‑monotonic change when Mn was added. The average band gap grew from 2.50 ± 0.51 eV in the film that had no Mn to 3.15 ± 0.10 when 0.5 wt.% Mn was present proving that a moderate amount of Mn can reduce local defect states and make the crystal lattice more ordered. The band gap decreased to 2.29 ± 0.25 eV when the Mn content was increased to 1.0 weight percent. This indicates that a significant amount of Mn contributed additional impurity levels, mixed valence Mn species, and oxygen vacancy defects that assisted light in falling into the band gap. These findings demonstrate that while an excess of Mn degrades the quality by producing defect-induced band tail states, a modest amount of Mn benefits the electrical band structure.
The evolution of disorder in the BST thin films was further confirmed by the Urbach energy analysis. The average Urbach energy dropped from 0.16 ± 0.04 eV in the film to 0.13 ± 0.04 eV at 0.5 weight percent Mn, suggesting a sharper absorption edge, less energetic disorder, and a smaller density of localized electronic states. On the other hand, with the 1.0 Mn film, the Urbach energy dramatically increased to 0.24 ± 0.07 eV, indicating that excessive Mn incorporation causes lattice deformation and widens the exponential absorption tail. Increasing structural disorder immediately lowers the optical band gap by introducing defect-assisted electronic transitions, as shown by the inverse link between optical band gap and Urbach energy.
The Urbach pre-exponential absorption coefficient (α₀) provided information on the material's changes in flaws. At 0.5 weight percent Mn, the average α¹ decreased significantly from around 1.69 × 10⁻¹ in the film to 2.66 × 10⁻¹². This drop exhibits a sharper optical absorption edge and defect-assisted absorption. The manganese level rapidly increased to about 7.60 × 10⁻² when it reached 1.0 weight percent. This increase indicates increased sub-band-gap absorption and photon absorption via localized defect states. In Mn-doped BST thin films, α₀ can be utilized as a measure of optical disorder due to the close correlation between Eg, Eu, and α₀. Overall the optical behavior of Mn-doped BST films depends more on defect engineering than on film thickness. Out of all the samples studied the 0.5 wt.% Mn-doped BST thin film showed the mix of properties. It had a thickness of 17.29 nm, the highest optical band gap (3.15 ± 0.10 eV) the lowest Urbach energy (0.13 ± 0.04 eV) and the smallest α₀ value (approximately 2.66 × 10⁻¹⁰). These values point to a ordered structure and very low defect density. Because of these qualities the 0.5 wt.% Mn-doped BST thin film stands out as the promising choice, for future ferroelectric photonic devices, ultraviolet photodetectors, optoelectronic sensors, optical switching devices and other BST-based electronic applications where low energetic disorder and high optical quality are key.
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