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Abstract: The effect of Fe incorporation on the structural, morphological, and optical properties of pure Mn:O. and 5 mol%
Fe-doped MnsOs is investigated. Thin films deposited on glass substrates by the spray pyrolysis technique have been studied.
The X-ray diffraction analysis confirmed the formation of a single-phase tetragonal hausmannite Mn:QOa structure (JCPDS
card No. 24-0734) for both films without any secondary phases that could be detected. Fe doping reduced the average
crystallite size from 22.14 to 20.04 nm with an increase in microstrain and dislocation density. The decrease in lattice
parameters and unit-cell volume further confirms the incorporation of Fe, leading to modification of the crystal lattice, while
the phase composition is still retained. FESEM analysis indicated that the doped film had a better surface morphology and
a denser distribution of finer grains than the undoped film. Optical measurements revealed a decreased band gap from 2.61
eV for pure MnsOs to 2.38 eV after Fe doping, indicating a change in the electronic structure of the material. The change in
structure, morphology, and optical properties together suggests that Fe doping is an effective way to tune the properties of
MnsO4 thin films. These results pave the way for further investigations of the Fe-doped MnsOs facility. for applications
where surface and electronic properties are critical.
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. INTRODUCTION

Metal oxides are a fundamental category of materials in
modern research, distinguished by their adaptable optical and
electrical properties that facilitate a variety of technological
advancements. Manganese oxide has garnered significant
scholarly interest due to its classification as a multifunctional
metal oxide semiconductor. This classification provides
unique electrical and optical properties that are essential for
the development of optoelectronic devices, gas detection, and
energy storage. [1-4]. Among the diverse manganese oxide
phases, this specific phase is especially distinguished by its
thermodynamic stability and advantageous physicochemical
characteristics. [5]. As a p-type semiconductor, it possesses a
tetragonal spinel configuration, wherein the presence of ions
at the octahedral B-site results in a notable Jahn-Teller
distortion. [6]. This semiconductor is extensively employed
in catalytic, battery, and sensor applications owing to its
extensive functional adaptability. [7]. Despite its potential,
bulk Mn;0,0ften requires optimization to enhance its
functional performance, with recent studies highlighting the
necessity of cost-effective, low-temperature synthesis
techniques  like  spray  pyrolysis  for  thin-film
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fabrication[8],[9]. The introduction of transition metal
dopants into the spinel lattice acts as a tactical method to
adjust charge carrier behavior and expand the band gap for
enhanced optoelectronic efficacy. [10]. The choice of Fe as a
dopant at a 5% concentration is intended to modify the lattice
characteristics and electronic density of states, thus
enhancing the carrier mobility of the hausmannite phase.
[11,12].

The main aim of this study is to produce high-quality
pure and 5% Fe-doped thin films via chemical spray pyrolysis
to methodically assess the influence of iron addition on the
structural, morphological, and optical characteristics of the
hausmannite structure. Additionally, this research aims to
clarify the relationship between iron-induced structural
changes and the consequent alterations in optical band gap
energy, thereby offering a thorough evaluation of the
material's appropriateness for sophisticated semiconductor
applications. [13,14]. This study aims to create a framework
for improving the inherent characteristics of materials via
impurity-driven lattice manipulation by meticulously
regulating the dopant levels. [10,15]. This systematic
approach provides a fundamental understanding of how
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localized Fe substitutions influence the stoichiometric
stability of the hausmannite phase [16,17]. Furthermore, the
investigation aims to correlate these structural adjustments
with potential shifts in the optical band gap, thereby
providing critical insights into the band structure engineering
of doped spinels [18].

The goal of this work is to determine whether Fe-doped
Mn304 thin films are a viable option for integration into
advanced gas sensing systems. In order to detect volatile
organic compounds and other hazardous gasses in practical
sensing applications, this study will elucidate how different
levels of iron doping affect structural, morphological, and
optical changes, which in turn affect surface reactivity and
charge carrier transport mechanisms. [13,17] This endeavor
is particularly pertinent given the reported efficacy of
transition metal ion doping in refining the separation
efficiency of photo-generated carriers and expanding the
photo-response range of manganese-based materials [19].
Moreover, the strategic integration of iron ions offers a
controlled pathway to refine the electronic states within the
MnsO4 band structure, which is essential for optimizing gas-
sensing performance [3].

1. MATERIALS AND METHODS

For the synthesis of 5 mol% Fe-doped MnsOs thin films,
the precursor solution was prepared using the spray pyrolysis
method. First, 0.2703 g of FeCls-6H.O was dissolved in 10
mL of double-distilled water to create a 0.1 M iron stock
solution. By replacing 1.0 mL of the 0.1 M manganese
precursor solution with an equivalent amount of the iron
precursor solution, the goal doping concentration was
reached, resulting in a nominal Fe concentration of 5 mol%.
As a result, throughout this investigation, the resultant films
are referred to as 5 mol% Fe-doped Mn304. The final mixed
precursor solution was magnetically stirred at room
temperature for 5 minutes and was then used immediately for
film deposition. Pure and 5 mol% Fe-doped MnsOs4 thin films
were deposited on microscope glass slides (25x75x1 mm) as
substrates. Before the substrates were washed with Labolene
solution to remove deposition, they were first washed with
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Labolene solution to remove surface contaminants. Then,
they were immersed in chromic acid and finally heated for 1
hour. The substrates were cooled to room temperature by
natural cooling and then washed extensively with tap water
to remove any residual chromic acid. Before being deposited,
they were cleaned with double-distilled water, cleaned with
acetone, and dried.

The thin films were deposited using a spray pyrolysis
system equipped with a stainless-steel pneumatic air-assisted
atomizing nozzle. The precursor solution was atomized using
compressed air delivered via a pressure regulator and sprayed
onto preheated substrates maintained at 400°C. The substrate
temperature was monitored using a thermocouple throughout
the deposition process. The carrier gas pressure was
maintained at 30 psi, while the precursor solution was
delivered continuously at a flow rate of 2 mL min™. The
distance between the spray nozzle and the substrate was fixed
at 30 cm. For each deposition, 20 mL of precursor solution
was sprayed, and three glass substrates were coated
simultaneously. After deposition, the films were allowed to
cool naturally on the substrate heater to room temperature.

. RESULTS

The X-ray diffraction (XRD) patterns of pure and 5%
Fe-doped MnsOs thin films are presented in Fig. 1. The
diffraction peaks observed at the indexed planes of (112),
(200), (103), (211), (004), (220), (105), (312), (321), (224),
and (314) are in good agreement with the tetragonal
hausmannite MnsO. phase (JCPDS card No. 24-0734),
thereby validating the establishment of the intended
crystalline phase. [20,21]. The broadening of these diffraction
peaks upon doping indicates a slight decrease in crystallite
size, suggesting that the incorporation of iron ions disrupts
long-range periodic order within the hausmannite lattice
[22,23]. Furthermore, the systematic shift of the reflection
toward higher diffraction angles in the doped samples
indicates a contraction of the unit cell volume, likely resulting
from the substitution of larger cations by smaller ions within
the spinel framework [24].
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Fig 1 The X-ray Diffraction (XRD) Patterns of Pure and 5% Fe-Doped MnsOs Thin Films
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Table 1 The Structural Parameters Derived from the XRD Data

Sample |D (nm)| Dislocation Density |Strain| d a=b |c(A)| Volume u Bond Length Distortion
(nm? (A (A% | Parameter A Parameter
Pure [22.1375 0.0461 0.0051{2.3824{5.76249.4521| 313.8657 | 0.3738 3.5340 0.6403
MnsOq
5% Fe [20.0449 0.0629 0.00662.3737/5.7492(9.2247| 304.9115 | 0.3794 3.5005 0.6045
14
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Fig 2 The Optical Band Gap of the Pure and 5% Fe-Doped MnsO4 Thin Films
The optical band gap of the pure and 5% Fe-doped the linear portion of each plot to the energy axis. The pure

Mn;Os thin films was evaluated using the Tauc relation by Mn;Os4 film exhibits a band gap of 2.61 eV, which decreases
plotting (ahv)? as a function of photon energy (hv), as shown to 2.38 eV after the incorporation of 5 mol.% Fe.
in Fig. 2. The band gap energy was obtained by extrapolating

1JISRT26 AUG363 WWW.ijisrt.com 212


https://doi.org/10.38124/ijisrt/26aug363
http://www.ijisrt.com/

Volume 11, Issue 8, August— 2026
ISSN No:-2456-2165

International Journal of Innovative Science and Research Technology

https://doi.org/10.38124/ijisrt/26aug363

Fig 3 (a—b) Shows the FESEM Micrographs of the Pure and 5 mol% Fe-Doped MnsO. Thin Films

The surface of the pure Mn:Os film (Fig. 3a) is
composed of densely packed grains distributed uniformly
over the substrate. There is no indication of large
agglomerates or uncovered regions, and the grains are nearly
spherical in shape. They form a continuous, compact
microstructure. In contrast, the incorporation of 5 mol% Fe
results in a significant reduction in particle size, which is
characterized by a highly interconnected surface texture and
a more porous morphology. The film maintains a continuous
and homogeneous surface morphology following the
incorporation of 5 mol% Fe (Fig. 3b); however, the grains are
more closely packed and finer than those of the pure Mn;Oa
film.

V. DISCUSSION

The average crystallite size (D) decreases from 22.14
nm for the pure film to 20.04 nm after 5% Fe doping, whereas
the microstrain increases from 5.12 x 107 to 6.62 x 1073,
Similarly, the dislocation density increases from 4.62 x 1072
nm=2 to 6.30 x 102 nm2, indicating an increase in lattice
imperfections following Fe incorporation. The lattice
parameters also decrease, with the a-parameter changing
from 5.7624 A to 5.7492 A and the c-parameter from 9.4522
A t09.2247 A, leading to a reduction in the unit-cell volume
from 313.87 A3to 304.91 As. In addition, the calculated bond
length decreases from 3.5341 A to 3.5006 A, accompanied by
a reduction in the distortion parameter. These changes
indicate that Fe doping modifies the crystal lattice of MnsO4
and influences its structural characteristics. The observed
reduction in volume and shift in the distortion parameter
suggest that Fe** doping effectively modulates the tetragonal
symmetry, potentially stabilizing the spinel structure against
microstrain [25].

JISRT26AUG363

The reduction in the optical band gap from 2.61 eV to
2.38 eV suggests a significant modification of the MnsOa
electronic structure resulting from Fe incorporation. This
finding aligns with the structural variations identified via
XRD, where Fe doping induces a decrease in crystallite size
alongside an increase in microstrain and dislocation density
[23,26]. Furthermore, the observed unit cell contraction—
caused by the substitution of larger cations with smaller
ions—Iikely disturbs the electronic states near the band edges
[24]. Consequently, this narrowed band gap reduces the
energy threshold for optical transitions and facilitates
enhanced visible-light absorption [27]. Such characteristics
render the material advantageous for applications requiring
efficient  electronic transport and surface-mediated
interactions [28]. The function of Fe doping in the creation of
defect states that facilitate carrier transitions is underscored
by the band gap narrowing, dislocation density, and lattice
strain increases. This phenomenon is consistently observed in
similar metal oxide thin film systems. In particular, the
optical band gap is effectively narrowed by the introduction
of dopant-induced sub-bands within the forbidden gap, which
enables lower-energy electronic transitions. [12,14].

The enhancement of the surface morphology aligns with
the structural parameters derived from XRD. The mean
crystallite dimension decreases from 22.14 nm for
unadulterated MnsOa to 20.04 nm after Fe doping, alongside
a rise in microstrain and dislocation density. These
modifications suggest that the incorporation of Fe affects
crystal development during film formation, resulting in a
more refined microstructure. The enhancement of these
structural characteristics also aids in the observed porous
landscape, thereby increasing the effective surface area
accessible for surface-dependent activities[29] [30]. This
morphological alteration, marked by enhanced porosity and
grain refinement, facilitates the enhancement of charge
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transport kinetics and the electrochemical efficacy of the
produced thin films [2].The increased density of grain
boundaries in the Fe-doped film modifies the surface area
available to the external environment. Charge transport and
surface adsorption processes are influenced by particle
boundaries in semiconducting metal oxides. The enhanced
sensing properties of the Fe-doped MnsO. thin film are
substantiated by the structural alterations observed from
XRD, in addition to the morphological transformation.

V. CONCLUSION

The study achieved the successful deposition of pure
and 5% Fe-doped MnsOa thin films thru the spray pyrolysis
approach, with comprehensive analyzes uncovering the
impact of iron doping on the material's structural,
morphological, and optical attributes. The structural
optimization and band gap reduction, combined with the
observed increase in surface porosity, illustrate that iron
doping is a viable method for modifying the physical
attributes of MnsOs thin films. [31]. These findings suggest
that Fe-doped MnsO. thin films are highly promising
candidates for advanced optoelectronic and gas-sensing
applications where enhanced surface-to-volume ratios and
narrow energy band gaps are required [32]. Furthermore, the
systematic correlation between structural disorder and optical
performance establishes a robust framework for optimizing
thin-film growth parameters in future functional device
fabrication [33].
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