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Abstract. The current research investigates the influence of manganese (Mn) doping on the structural, optical,
and dielectric properties of Biy_,Mn, O3 thin films for optoelectronic applications. The prepared thin films with
different Mn content (z = 0, 0.025, 0.05, 0.075, and 0.1) were synthesized, and their characteristics were thor-
oughly analyzed. Our findings demonstrate that increasing manganese content enhances light absorption by
creating new electronic states, which is reflected in higher absorbance and lower transmittance values. The di-
rect optical band gap decreases with higher Mn incorporation (from 3.60 eV for z = 0-3.29 eV for z = 0.1),
suggesting a tunable electronic structure. Furthermore, the Urbach energy increases with Mn concentration
from 1.23 eV for z = 0-3.33 eV for x = 0.1, indicating enhanced structural disorder and broadening of the band
tail, which can benefit photovoltaic applications. Analysis of refractive index, extinction coefficient, and dielec-
tric parameters (&;, &5, Tand) demonstrates improved optical density, dielectric polarization, and reduced
dielectric losses with Mn doping. These results establish clear correlations between Mn concentration and
the resulting physical properties, providing crucial insights for optimizing Bi,Os-based materials for high-per-

formance optoelectronic applications.
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1 Introduction

Understanding semiconductor materials’ structural, optical,
and dielectric properties, especially when they these
materials are made into thin films, is crucial because these
materials play a key role in today’s electronic and optoelec-
tronic devices [1-4]. Among various metal oxides, bismuth
oxide (BipO3) is distinguished by its advantageous charac-
teristics, including a high refractive index, significant
dielectric permittivity, a wide optical band gap, and notable
photoconductivity [5, 6]. Thanks to these properties, BioO3
thin films show great promise for various uses, including
optical coatings, gas sensors, photocatalytic systems, and
other optoelectronic components [5, 7].

However, the intrinsic properties of pure Bi,O3 may not
always fulfill the precise requirements for advanced device
applications [8, 9]. Modifying these properties through
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controlled doping with suitable elements presents a well-
established and effective strategy [9]. The introduction of
dopant ions into the host lattice can significantly alter the
crystal structure of the material, defect chemistry, elec-
tronic band structure, and, consequently, its optical and
electrical behavior [10, 11]. Manganese (Mn) is a particu-
larly intriguing dopant for BiyOs, given the differences in
ionic radius and valence state between Mn?' and Bi*'
[12, 13]. Incorporating Mn is anticipated to induce lattice
strain, modify defect concentrations (such as oxygen vacan-
cies for charge compensation), and alter the electronic den-
sity of states, thereby offering a pathway to tune the
material’s functional properties for optoelectronic applica-
tions precisely [14, 15].

While numerous studies have explored the properties of
pure and doped Bi;O3 systems, a comprehensive and sys-
tematic investigation into the influence of varying Mn
ratios on the correlated structural, optical, and dielectric
characteristics of Biy ,Mn, O3 films is highly warranted.
Understanding how parameters such as crystallite size,
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microstrain, optical band gap, Urbach energy, extinction
coefficient, refractive index, and dielectric complex evolve
with Mn content is critical for optimizing these materials
for targeted optoelectronic device applications. In this con-
text, both Wenting D. and Congshan Z. [16] and Yanfei C.
et al. [17] have studied the direct absorption band gap (Eg)
of BiyOs, finding consistent results that bulk Bi,O3 is a
direct semiconductor with a band gap around 2.85 eV.
When synthesized as Stearic acid-coated nanoparticles, a
blue shift occurs, increasing the band gap — orange BiyO3
nanoparticles exhibit a band gap near 3.33 eV (0.48 eV blue
shift), and wine-red ones near 3.28 ¢V (0.43 €V blue shift).
This increase is mainly attributed to the quantum confine-
ment effect, which alters the electronic structure due to
reduced particle size and surface effects. Although Yanfei C.
et al. focused on band gap and luminescence, their results
corroborate these band gap trends. These findings highlight
the significant impact of nanoparticle size and surface
modification on BiyOj3’s optical and electronic properties,
underscoring the importance of studying how Mn doping
similarly influences these parameters to enhance optoelec-
tronic performance.

Therefore, the present work focuses on systematically
characterizing Biy ,Mn,O3 thin films with varying Mn con-
tents (z = 0, 0.025, 0.050, 0.075, and 0.1). We investigate
the structural modifications using X-ray diffraction
(XRD). Detailed optical properties are analyzed based on
UV-Vis-NIR spectroscopy measurements (absorbance,
transmittance, reflectance) to determine the optical param-
eters (absorption coefficient — optical band gap — Urbach
energy — refractive index — extinction coefficient) and
dispersion parameters via the Wemple-DiDomenico model.
Furthermore, the dielectric properties (g1, &, Tand) are
evaluated to understand the films’ response to electric
fields. The aim is to establish clear correlations between
the Mn doping level and the resulting physical properties,
providing invaluable insights for the fabrication of high-
performance BiyOs-based optoelectronic devices.

2 Experimental methods

For this investigation, all necessary chemical reagents,
including isopropanol, citric acetate, and bismuth oxide,
were procured from Sigma Aldrich. Bis ,Mn,O3 nanoparti-
cles, with “2” values ranging from 0 to 0.1, were synthesized
via a sol-gel combustion technique. This process com-
menced with the dissolution of manganese nitrate, bismuth
oxide, and citric acid in 50 ml of isopropanol within a
beaker. The blend was continuously stirred at normal tem-
perature to ensure stoichiometric proportions of citric acid
and metal cations. Subsequent heating to 150 °C with a
magnetic stirrer facilitated solvent evaporation and gel for-
mation. Further heating ignited the gel, producing a signif-
icant flame, and the resulting material was then heated to
600 °C before being finely ground. The gel-combustion
method was selected for its simplicity, cost-effectiveness,
and high efficiency, aligning with -circular economy
principles through sustainable resource utilization [18]. To
prepare films, the synthesized Bi,Oz:Mn powder was

combined with a Chitosan solution at optimized concentra-
tions. Uniform and high-performing films were achieved by
a 1-hour dip-coating period at an extraction rate of 40 mm/
min. post-deposition, the films underwent annealing at
300 °C in a nitrogen atmosphere, with a controlled temper-
ature ramp of 0.2 °C/min, to preserve structural integrity
and mitigate thermal stress. The film thickness of the
materials which calculated according to the ref. [19].The
crystalline structures of both pure Bi,Oz and BiyOs:Mn
powders were meticulously analyzed using a LAScientific
X-ray diffraction (XRD) machine equipped with Cu Ka
radiation (2 = 1.54 A). Microstructural characterization
was performed using a Supra (Ziess) FE-SEM (Field emis-
sion scanning electron microscope) operating at 15.0 kV.
Finally, the optical bandgap and transmission spectra of
the prepared samples were investigated utilizing a Jasco
V670 instrument.

3 Results and discussion

Figure la exhibits the XRD analysis plotted as intensity
(arbitrary units, a.u.) versus the diffraction angle 26 in
degrees of Biy ,Mn,O3. All samples exhibit well-defined
diffraction peaks, indicating crystalline structures. The peak
positions and intensities vary slightly across the samples,
reflecting changes in composition. The primary diffraction
peaks are located at specific 20 values, which correspond
to characteristic reflections from the crystal lattice. The
most prominent peaks appear around 20 = 28°, 34°, 46°,
and 5707 and confirmed BiyO3 is a monoclinic phase with
COD No. 96-152-6459 [20]. As the Mn concentration
decreases (from Bij goMng 1003 to BiyO3), the overall peak
intensities tend to decrease. The BiyO3 sample (black curve)
shows the lowest peak intensities, suggesting a less
crystalline or more amorphous structure compared to the
other samples. The patterns for BijgsMng003 to
Bi; 975Mng 02503 are consistent with perovskite-like struc-
tures, as evidenced by the sharp and well-defined peaks.
The Bi,O3 sample displays broadened diffraction peaks,
suggestive of diminished crystallinity or the potential pres-
ence of secondary crystalline phases. Increasing Mn content
(z in Biy ,MnO3) leads to subtle shifts in peak positions,
likely due to lattice parameter variations caused by Mn
substitution. The peak broadening observed in the BiyO3
sample suggests that the absence of Mn results in a less
ordered crystal structure. The elemental analysis confirmed
that the pure material was Bi;O3 and the doping with Mn
was successful, as shown in Figure S1 (af).

The peak positions in the XRD patterns were used to
further analyze the structural evolution caused by Mn
doping. A systematic shift of the diffraction peaks to lower
20 values was observed with increasing Mn content (z) in
Biy_,Mn,O3, as illustrated in Figure 1b. According to
Bragg’s law, a decrease in the diffraction angle (20) corre-
sponds to an increase in the interplanar spacing (d). This
lattice expansion suggests that the incorporated Mn ions
are effectively modifying the host lattice. The expansion
could be due to the ionic radius difference between the host
cation (Bi®") and the dopant, or it may be driven by the
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Figure 1. Characterization of Bi;_,Mn,Oj3 thin films. (a) Full-range XRD patterns show a dominant preferred orientation. (b) A
close-up of the primary peak region (27°-30°) shows a constant shift in the 20 position, indicating a change in the out-of-plane lattice

parameter due to the incorporation of varying amounts of Mn.

formation of oxygen vacancies to maintain charge balance,
a common phenomenon in such oxide systems. The average
crystallite size and lattice strain of the synthesized
Biy ,Mn, O3 powders were determined using the
Williamson-Hall (W-H) analysis. This method is based on
the principle that the broadening of X-ray diffraction
(XRD) peaks is caused by two main factors: (1) the finite size
of the crystallites (size broadening), and (2) lattice distor-
tions due to imperfections such as dislocations, point defects,
or dopant-induced strain (strain broadening). The total
broadening (Biota1) is expressed as a linear combination:

ﬁtotal = ﬁsize + ﬁstrain? (1)

where f, is related to the crystallite size (D) by the
Scherrer equation, and fgqn is proportional to the strain
(€). This relationship is formulated in the following equa-
tion, known as the uniform deformation model (UDM) of
the W-H plot:

Pua cos0 = (K1 / D) + 4esin0. (2)

Here, S is the full width at half maximum (FWHM in
radians) of a specific (h k ) reflection, 0 is the Bragg angle,
K is the Scherrer constant (a shape factor, ~0.9), 4 is the
X-ray wavelength, D is the volume-weighted average crys-
tallite size, and ¢ is the effective microstrain.

The influence of manganese doping on the structural
parameters of Biy ,Mn, O3, as determined from X-ray
diffraction line broadening analysis, is summarized in
Table 1. A remarkable reduction in crystallite size by an
order of magnitude is observed with the introduction of a
small amount of Mn (z = 0.025), decreasing from
~1633 nm for the pristine sample (z = 0) to ~88 nm. This
suggests that Mn doping effectively inhibits crystallite
growth. As the doping level increases further (z = 0.05 to
x = 0.1), the crystallite size does not follow a simple trend,
fluctuating between 247 nm and 617 nm, which may
indicate complex changes in the nucleation and growth
dynamics. Concurrently, the microstrain within the crystals
shows a general increasing trend with higher Mn content.
The lowest strain (0.00315) is found for z = 0.025, while
the highest (0.0093) is for £ = 0.1. This inverse correlation
between crystallite size and strain is a common phe-
nomenon in doped materials, where lattice distortions

Table 1. The calculated crystalline size and strain of Biy.
IMHTO?,

Biy ,Mn,O4 Crystalline size, nm Strain, e
X=0 1632.50883 0.00798
X =0.025 88.28025 0.00315
X =0.05 246.61922 0.0064
X =0.075 616 0.0088
X=0.1 541.40625 0.0093

induced by the dopant ions lead to increased internal strain,
particularly at higher concentrations.

The FESEM images in Figure 2 exhibit how the surface
of Bi,_,Mn,O3 thin films changes with different amounts of
manganese added. When the Mn concentration is low
(image a), the surface looks smooth and dense, suggesting
that the grains have grown uniformly with very few defects.
This type of surface typically results in fewer grain bound-
aries and greater crystal clarity, which can enhance the elec-
trical and magnetic properties of the material. As the Mn
content causing the observed porosity, and instead link
the morphological changes to the inhibitory effect of Mn
doping on crystal growth and its promotion of agglomerate
formation. On the hand of the surface porosity and the
grain size, the substitution of smaller Mn ions for Bi ions
induces lattice strain, causing the increase in grain size
and surface porosity seen at the highest Mn doping level.
This strain disrupts crystal development, encouraging grain
merging to form larger grains, which lowers the strain
energy. The strain also results in internal voids and flaws
that manifest as elevated porosity and surface roughness.
This explains the morphological changes detected by
FE-SEM. These changes in surface texture can affect how
well the material conducts electricity and responds magnet-
ically. Overall, the SEM images show how adding Mn
changes the film’s structure, which is important when
designing these materials for electronics or spintronics
applications.

The connection between a material’s absorbance and
wavelength provides insights into its electronic structure,
with spectral peaks indicating electronic transitions that
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Figure 2. FESEM photos of (a) Bi;O3z, (b) Bij 9sMng 0503, and (c¢) Bi; gMng ;03. The scale bars show a length of 3 pm for reference.

reveal molecular behavior [21, 22]. Figure 3 illustrates the
absorbance-wavelength relationship for pure Biy ,Mn, O3
thin films (z = 0) and those doped with different Mn
contents (z = 0, 0.025, 0.05, 0.1). Higher Mn concentrations
rise absorbance, suggesting improved light absorption due
to new electronic states within the material’s bandgap.
Additionally, absorbance peak amplitudes rise with
increased Mn content, indicating stronger or more probable
electronic transitions. Substituting Mn for Bi may intro-
duce defects or traps in the crystal lattice, facilitating these
transitions. Incorporating Mn could alter the Bi;Oj lattice’s
electronic structure by modifying valence and conduction
bands or introducing localized states, enhancing absorption
properties. A narrowed bandgap may shift the absorption
spectra toward the red. Elevated Mn concentrations could
enhance photocatalytic properties, making the material
more effective for applications like photocatalysis or solar
energy harvesting, as the enhanced absorbance in the
visible spectrum suggests improved light-harvesting
capabilities [23, 24].

Understanding and designing optical devices necessi-
tates understanding thin film transmittance and reflec-
tance. Transmittance indicates the amount of light
passing through the film, while reflectance shows the por-
tion reflected. These properties, influenced by the film’s
thickness and material composition, can be tailored to con-
trol light interaction at specific wavelengths. Figures 4a and
4b illustrate the wavelength-dependent transmittance and
reflectance, respectively. In Figure 4a, increasing Mn con-
centration in Bi,Og thin films reduces transmittance, likely
due to enhanced light absorption or scattering caused by
Mn. This suggests that Mn introduces new energy levels
or defects in the Bi,O3 structure, increasing absorption
and reducing light transmission. Higher Mn levels also
amplify certain electronic transition peaks, possibly due to
localized states that enhance transition probabilities [25].
In Figure 4b, reflectance rises with raised Mn content, likely
due to changes in the material’s refractive index from
doping. Higher Mn content may increase scattering at inter-
nal or external surfaces, leading to greater light reflection.
These optical property changes enable the customization
of thin films for applications like photocatalytic systems,
where precise light control is essential, or optoelectronic
devices, where tailored absorption and reflection are critical.
Such modifications highlight the potential of Mn-doped
BiyO3 films for advanced optical and energy-related
technologies.
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Figure 3. Wavelength dependence of absorbance for the
Biy_,Mn, O3 thin films.

Analyzing the absorption coefficient (o) of a material is
crucial for elucidating its composition and structure, which
is vital for developing optical devices such as lenses, solar
cells, and filters. The absorption coefficient is calculated
based on the material’s transmittance (7) and reflectance
(R) values, as outlined in references [26, 27|.

1 [a-Rr*+[0-R)+4r212)"

oc:Eln 5T .3

Where d is the thickness of the thin films. Figure 5, which
displays the absorption coefficient versus the energy of pho-
tons, shows that increasing the Mn content enhances the
ability of the material to absorb the light. This improve-
ment is likely due to Mn doping creating new energy levels
within the bandgap, facilitating easier electronic transitions
upon light exposure. As expected for semiconductor materi-
als, the absorption coefficient generally increases with
higher photon energy. Additionally, a sharp peak observed
in Figure 5 points to resonant transitions. This peak’s inten-
sity slightly increases as the Mn content rises (from = 0 to
z = 0.1), suggesting a higher density of available electronic
states at greater Mn concentrations, which enhances the
probability of photon absorption at those specific energies.
The peaks also shift and broaden with increased Mn doping,
which is related to the changes in the Bi,O3 electronic struc-
ture induced by the doping. A possible explanation involves
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Figure 5. Absorbance coefficient for the Biy ,Mn,Os.

the creation of localized energy states that modify the band
structure, thereby reducing the energy required for particu-
lar electronic transitions to occur.

The Urbach tail, corresponds to photon energies below
the bandgap, indicates structural disorder in thin-film semi-
conductors, related to localized states [28]. The established
empirical approach can be applied to calculate the Urbach

energy in the low energy region, as detailed in references
[29-31].

o(v) = o exp <g> (4)

The symbols v, h, oy, and o denote the frequency, Planck’s
constant, a material-specific constant, and the absorption
coefficient, respectively. Equation (2) is expressed as
follows:

In (a(v)) = In (a) + Eiu hv. (5)

By analyzing the slope of the relationship between photon
energy and In(a) (Fig. 6a), the Urbach energy values were
calculated. As exhibited in Figure 6b, the Urbach energy
rises with higher Mn concentrations. This can be attributed
to significant alterations in the electronic properties due to
increased Mn content, which modifies the band structure
and broadens the band tail, elevating the Urbach energy.
The Williamson-Hall analysis (Table 1) indicates that the

z = 0.1 sample exhibits the highest microstrain (e
0.0093) in the series, reflecting a pronounced lattice distor-
tion that generates band-tail states through the formation
of localized energy levels within the band gap. This effect
is further intensified by the considerable reduction in crys-
tallite size from approximately 1633 nm (z = 0) to about
541 nm (z = 0.1), which significantly increases the grain
boundary area. These boundaries represent disordered
regions rich in suspended bonds and defects, leading to a
higher density of intra-gap states and a consequent broad-
ening of the band tails. Morphological observations from
the FESEM images (Fig. 2c) support these findings, as
the z = 0.1 sample displays a rough, porous surface with
evident structural flaws, directly illustrating the increased
disorder at this doping level. Moreover, the incorporation
of Mn ions at high concentrations introduces substantial
electronic disorder through charge compensation mecha-
nisms — such as the formation of oxygen vacancies — and
localized lattice distortions around the dopant sites, collec-
tively contributing to the pronounced tailing of the
band edges. Similar behavior was observed in S,WOs3,
where higher S content correlated with increased Urbach
energy [29].

Additionally, the optical energy gap (E‘;pt) for Biy,
Mn,O3 thin films at the high absorption edge was calcu-
lated by the Tauc formula [30] as follows:

ohy = B(hv - E;‘“‘)A. (6)

Here, Brepresents the Tauc parameter, and A is a constant.
Semiconductors can facilitate optical transitions either
directly or indirectly [31]. Equation (4) can be written as:

Soahy = /B x (hv — Ef;pt) Or; Vahy
=B hv— VB E™. (7)

Equation (5) shows the straight-line relation between +/ahv
and hv. The optical band gap (E;™) is determined from the
r-axis intercept of the extrapolated line as follows:

At

Vohv=0= VB-hv= VB -E" = hv=E". (8)
Now, to determine the direct and the indirect allowed tran-

sition, this can be obtained using the constant A. The value
of “A” depends on the nature of the electronic transition
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that occurs when the material absorbs a photon. For the
most common types of transitions, the direct allowed tran-
sitions which A =4 and the indirect allowed transitions
which A = 2. The hv dependence of (ahv)?® is plotted in
Figure 7. The data presented in the Figure indicates that
the linear part of (ahv)? plot versus (hv) exhibits a clearer
linearity. This finding implies that a direct electronic tran-
sition predominates in the thin films under investigation.
This was observed in a previous study for Co-dopped
ZnO thin films [32]. The calculated values of the direct band
gap energy (E‘;pt) are listed in Table 2. The reduction in the
direct energy band gap of Biy,Mn,Os thin films with
increasing Mn content is primarily due to the introducing
of Mn-3d states, which modify the electronic structure
through hybridization with O-2p orbitals and/or the cre-
ation of defect-related energy levels. Structural changes
and charge compensation mechanisms may also contribute
[33, 34]. This band gap narrowing suggests that Mn doping
can be used to tailor the optical and electronic properties of
Bi,O5 for specific applications, such as photocatalysis or
photovoltaic devices, where a reduced band gap enhances
performance under visible light.

The observed increase in the extinction coefficient (K)
of Biy ,Mn,O3 thin films with increasing Mn content
(z = 0 to 0.1) and the corresponding enhancement of the

peak at approximately 280 nm suggest a stronger absorp-
tion of light, likely due to the embedding of Mn into
the BiyO3 lattice, as shown in Figure 8. This increase in
K indicates a higher probability of photon absorption,
which can be attributed to the introduction of Mn-3d
electronic states that enhance the material’s interaction
with incident light, particularly in the ultraviolet region
[33]. The peak at 280 nm, which intensifies with higher
Mn content, likely corresponds to an electronic transition
involving these Mn-related states or defect levels, such as
charge transfer between Mn and O orbitals, aligning with
the previously noted band gap reduction from 3.6 eV to
3.29 eV. This enhanced absorption and peak intensity with
increasing Mn doping suggests improved optical activity,
potentially making the material more effective for applica-
tions like photocatalysis, as the additional Mn-induced
states facilitate greater light harvesting in the UV
spectrum.

Analysis of a material’s refractive index (n) is crucial
for determining the local electric field and electronic
polarization of its constituent atoms or ions. The refractive
index is typically determined by measuring the transmit-
tance (7) and reflectance (R) spectra, as established in
previous studies [18].

0.5
(1+R) (1+R\>

o= (iitm) * (((1—3)) ’ “) -
Figure 9a illustrates the wavelength-dependent refractive
index of Biy_,Mn,O3 thin films. The increased Mn content
elevates the refractive index, attributed to modifications
in the electronic and structural properties of the material,
enhancing its optical performance. This improvement is
promising for applications in light manipulation and
advanced optical devices. The refractive index values, mea-
sured across a wavelength range of 200-1000 nm, align
closely with the Cauchy formula [35]. Additional optical
properties were derived from these refractive index values,
with dispersion parameters proving essential for optimizing
optical communication systems and spectral dispersion
control devices. A comprehensive understanding of the
films’ optical behavior requires detailed knowledge of the
single oscillator energy (E,) and dispersion energy (E,),
which are related to photon energy (hv) through the

Wemple-DiDomenico model [36].
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Table 2. Bi, ,Mn,O5 thin-film optical parameter changes.

Sample Direct E, E, Ey f o Eno Sy x o N/m* x 10 ¢,
Biy_,Mn, O3 Ef])pt (eV) (eV) (eV) (eV) 10" (m*)  (nm) (m? kg ")
X=0 3.60 1.23 181 534 9.67 1.16 1.34 5.18 244 9.75 1.56
X =0.025 3.56 1.89 349 6.67 2328 1.23 152 11.22 206 12.2 1.77
X =10.05 3.47 1.61 313 6.01 1881 1.24 1.53 9.8 220 14.4 1.82
X = 0.075 3.40 1.92 371 6.12 2271 127 161 124 214 12.6 1.89
X=01 3.29 333 445 641 2852 130 1.69 19.1 192 98.2 2.01
@ i T T T T . Bi203
E ! ® Bi1.975M“o.02503 (77,2 — 1)_1 = (Soig)il — <l> (/1)72. (12)
S6F A Bijg50Mny 5005 50
Nl Biy 925Mng 97503 . . . .
25 Bi; 000MNg 10003 Figure 9c illustrates the determination of 4y and s, values
E through linear fitting of 1/(n’—1) versus 1/4% with the
Z4 resulting values reported in Table 2. The lattice dielectric
bl constant (g7) quantifies the material’s response to an
§ 3 applied electric field at low frequencies, reflecting its
) capacity to store electrical energy as polarization [39, 40].
€ The term (N/m*), representing the charge carrier contribu-
S1 tion to the refractive index, indicates that the refractive
e index of the material changes with increasing carrier density
0 L L L L L or decreasing effective mass. Consequently, accurate mea-
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Wavelength (nm) mvestlgated thin films. Figure 8d depicts the relationship
N
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) =g, — (%) ( *>,12. (13)
(n2 1)71 B Eg — () B (hv)2 ~ (n2 1)71 4dm*ctey ) \'m
EyE, By EoEq The obtained values of ¢ and L are listed in Table 2. The
E, 1 , observed increase in both the lattice dielectric constant (er)
=%, B.E, ()", (10) a%d the charge carrier contribution to the refractive index

The parameters F, and FE; were determined through a
graphical analysis of (n* — 1)™" vs (hv)? as presented in
Figure 8b. Table 2 systematically lists the values of E,
and E; The lattice dielectric constant (e,,) and static
refractive index (n,) were calculated using a formula depen-
dent on the constants E, and E, [37].

E;+ E, Ei+ Ey
b = 2170 and my = 4 /2220 11
E, ’ E, (11)

Table 2 reveals that the calculated values of both nyand ¢,
increase with a higher Mn content, indicating enhanced
optical density and dielectric polarization in the investi-
gated thin films due to Mn incorporation. Additionally,
the oscillator strength of the material, calculated as
[f = E; x Ey|, was determined using the parameters FE,
and E,; and is reported in Table 2. The Sellmeier dispersion
model was utilized to calculate the resonance wavelength
(40) and oscillator strength (sp) at lower frequencies. This
model is essential for elucidating the interaction of light
with the material across various wavelengths. Its efficacy
at lower frequencies highlights its suitability for analyzing
optical properties [38].

(%) with higher Mn content indicates that the optical
and electronic properties of Biy , Mn, O3 thin films are
increasingly conducive to polarization and charge transport.
This enhancement suggests potential for improved perfor-
mance in optoelectronic applications.

The transport properties, grain structure, and grain
boundary behavior of compounds can be analyzed through
the dielectric loss (&) and dielectric constant (g;). Addition-
ally, the dielectric constant provides insight into a mate-
rial’s capacity to store electrical energy [42-47|. These
parameters also characterize the response of the material
to both optical and electric fields. The real component
(&;) governs the refractive index and phase velocity of light
within the medium, whereas the imaginary component (&)
relates to absorption, indicating the extent of light attenu-
ation by the material. The real and imaginary components
of the complex permittivity of the thin films can be derived
using the following expressions, respectively [25]:

g =n? -k, (14)

Figures 10a and 10b present the spectral dependence of
the real () and imaginary (e) dielectric constants,
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thin films.

respectively. The rise in ¢; with increasing Mn content indi-
cates enhanced dielectric polarization, likely due to the
introduction of additional dipoles that strengthen the mate-
rial’s dielectric response. Similarly, ¢5 exhibits an increase
with higher Mn concentrations, suggesting a greater contri-
bution from energy dissipation mechanisms. The loss tan-
gent (tano) can be expressed by the following relation [48]:

Tan (6) = —.

&2
1
- (16)

Figure 10c illustrates the dependence of the loss tangent
(Tan 6) on photon energy for the investigated thin films.
A decrease in Tan 0 was observed with increasing Mn con-
tent, attributed to alterations in the electronic energy levels
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resulting from Mn incorporation. The quality factor
(Q-factor), which quantifies a material’s ability to store
and release energy, is depicted in Figure 10d as a function
of photon energy (hv) for Biy ;Mn,O3 thin films. As photon
energy increases, the (-factor rises, indicating improved
energy storage or reduced energy dissipation. This suggests
enhanced energy efficiency and lower dielectric losses at
higher photon energies. At the high frequencies, materials
with low-loss dielectric responses typically exhibit less
pronounced energy dissipation, a trend corroborated by
the measured behavior of the real and imaginary compo-
nents of the dielectric constant.

The characterization of electron transitions in thin films
relies on two crucial parameters: the Surface Energy Loss
Function (SELF) and the Volume Energy Loss Function
(VELF) [36, 49, 50]. The ratio of SELF to VELF describes
these electron transitions across both low and high energy
ranges within the examined thin film [36]. For the current
films, SELF and VELF can be calculated using a specific
equation [50], with the results illustrated in Figures 10a
and 10b.

&2
SELF = — 2 17
(81 + 1)2 +8% ( )

&9

From Figures 11a, 11b, it is observed that both SELF and
VELF values rise with an increasing Mn content. This is
associated with changes in electron transition energy due
to the incorporation of Mn into the thin films. Figure 11c
illustrates the ratio of SELF/VELF against photon energy,
indicating that the addition of Mn affects the electron tran-
sitions within the films.

An essential measure for understanding the electronic
characteristics of thin films is the optical (oo) and electri-
cal conductivity (Gge.), which is closely connected to the
dielectric properties that describe how the materials inter-
act with radiation. Using the values of the parameters o,
n, and A, the following relations can be used to generate
Gopt and Gepee [51, 52[:

anc Anc
Oopt = s and  Ggec = e (19)
The wavelength, the absorption coefficient, the refractive
index, and the speed of light are denoted by 4, a, n, and
c. The variation of 6¢y, and ope. of the Biy ,Mn,O5 thin-
film with the wavelength is intr in Figures 12a and 12b.
As the Mn content rises, it is noticed that both ooy and
OFlee increase as well; the maximum optical and electrical
conductivity was achieved for the highest Mn content. This
could be ascribed to the modifications made to the thin
films’ electrical structure as a result of adding Mn. Also, this
is related to the enhanced absorption coefficient due to the
doping with Mn [53]. The degree of polarization is closely
correlated with the electric susceptibility for any polariz-
able material. The material’s electric susceptibility quanti-
fies how easily it polarizes when subjected to an electric
field. A material with a high electric susceptibility will
polarise more significantly in an electric field, which in turn
reduces the net electric field within the material. The Elec-
tric susceptibility (y.) can be found using the following
expression [51]:
1
=1 [0’ — K* — nj]. (20)

The equation includes n, K, and ng parameters which repre-
sent the thin film’s refractive index, extinction coefficient,
and the index of refraction for the surroundings, respec-
tively. As illustrated in Figure 12c, the electric susceptibility
Y increases proportionally with the Mn-to-Bi content in the
film. This trend arises because Mn incorporation modifies
the electronic band structure, altering the material’s inter-
action with applied electric fields. Additionally, the dispar-
ity in polarizability between Mn and Zn ions enhances y. as
Mn content increases, as polarizability directly influences
charge distribution under external fields.

The nonlinear refractive index (ny) and the linear (y')
and mnonlinear (y*) susceptibilities of a material are
expressed as follows [54]:

L) Ed/EO
)C - 4 )
[

(21)
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Ey
127ty®
ny = L (23)
T

Figures 13a—13c depict the wavelength-dependent behavior
of the nonlinear refractive index (ny), linear susceptibility
("), and nonlinear susceptibility (%) for Biy,Mn,Os
thin films, respectively. These parameters consistently
increase with higher Mn content, reflecting changes in
polarizability and electronic structure induced by Mn
incorporation [55]. The enhanced optical properties of these
films are highly beneficial for various applications. Precise
control over nonlinear optical characteristics facilitates
efficient frequency conversion and optical limiting, criti-
cal for advanced photonic and optoelectronic systems.

A comprehensive understanding of these modifications is
essential for the rational design and development of next-
generation materials tailored for cutting-edge optical tech-
nologies [2, 56].

Figure 14 exhibits the variation of the nonlinear absorp-
tion coefficient (f.) and the energy for the Bi,_,Mn, O3 thin
films. The maximum value of f. shifts towards a lower
energy photon as the concentration of Mn rises. Doping
Mn can establish additional energy levels inside the band
gap. Because electrons can be excited from these confined
states into the conduction band, these mid-gap states can
help absorb lower-energy photons. Since additional photon
energies are now resonant with these states, the nonlinear
absorption coefficient increases at lower energy. Two-
photon absorption and saturable absorption are two of
the optical processes that affect the nonlinear absorption
coefficient. The density of states varies with increasing
Mn content, changing the way these processes take place.
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Increased nonlinear absorption at lower energies could
result from stronger interactions between photons and
bound electron-hole pairs or exciton states.

4 Conclusion

This study highlights the significant influence of Mn
doping on the structural, electronic, and optical properties
of Biy ,Mn,O3 thin films. Increasing Mn concentration
(z =0 to 0.1) enhances absorbance, reduces transmittance,
and increases reflectance, indicating improved light absorp-
tion due to the introduction of new electronic states within
the bandgap. The absorption coefficient rises with higher
Mn content, accompanied by a sharp peak and a shift in
absorption spectra, suggesting enhanced electronic transi-
tions and a narrowed bandgap from 3.6 eV to 3.29 eV.
The Urbach energy increases with Mn doping, reflecting
greater structural disorder and localized states, which
further supports the observed optical enhancements. The
refractive index, dielectric constants, and optical and elec-
trical conductivities also increase with Mn incorporation,
driven by modifications in the electronic structure and
enhanced polarization. These changes, coupled with
increased nonlinear optical properties such as the nonlinear
refractive index and absorption coefficient, demonstrate
the potential of Mn-doped BiyO3 thin films for tailoring
optical behavior. The findings suggest that precise control
of Mn doping is critical for optimizing the performance
of Bi, ,Mn,O5 thin films in applications such as photo-
catalysis, photovoltaic devices, and advanced optoelec-
tronic systems.
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