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MnS thin films were grown on glass substrates at room temperature using the SILAR method, which
is simple, easy to apply, and cheap. The grown thin films were annealed at 150, 200, 250, and 300°C

for 30 minutes, respectively. The structural and optical properties of the obtained thin films were
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examined. XRD and SEM analyses were performed for structural properties, and UV-Vis analyses
were performed for optical properties. Based on the results, it can be concluded that the annealing
temperature has a positive impact on the structural and optical properties of MnS thin films.

1. Introduction

In recent years, chalcogenide films have been widely
used in solar energy applications as sensors, optical mass
memories, photoconductors, and buffer materials.
Manganese Sulfide, one of the chalcogenide films, is a p-
type semiconductor with a wide band gap of approximately
3.7eV [1]. MnS is a material used in magnetic properties due
to its wide band gap, short wavelength and optoelectronic
fields. MnS exists in three different phases in nature. a-MnS
is the green stable form (albandite) with a rock-salt
structure, whereas B-MnS and y-MnS are metastable
modifications with sphalerite (ZB) and wurtzite (W)
structures, respectively [2]. MnS metastable states have
many chemical properties. Many methods are used to grow
thin metal chalcogenide films onto glass, metal, and other
substrates. These methods include hydrothermal [3], RF
sputtering [4], chemical bath deposition (CBD) [5-9],
SILAR [10-15], thermal evaporation [16,17], aerosol-
assisted chemical vapour deposition (AACVD) [18], etc.
Methods such as these can be given as examples. Among
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these methods, the SILAR method is very easy and
controllable.

Yildirim et. al. synthesized MnS thin films on glass
substrates using the SILAR method. They studied the effect
of film thickness on the structural, morphological, optical
and electrical properties of the films, and found that the B-
MnS phase had a polycrystalline structure, the band gap
value decreased from 3.39 eV to 2.92 eV, and the film
thickness increased from 180nm to 350nm. Chaki et. al.
MnS thin film was deposited on a glass substrate using the
chemical bathing technique. XRD results showed that it has
a hexagonal structure in the gamma phase. UV-Vis results
showed that the direct and indirect optical band gap values
of MnS thin films were 3.67 eV to 2.67 eV. Yang et. al.
deposited compact MnCoS thin films (SILAR) on nickel
foam (NF) substrate. Two surfactants (SDS and CTAB)
were used to improve the wettability of NF. Scanning
electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS) methods were used to
characterize the MnCoS thin films. Through the
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electrostatic interaction between the charged ionic groups of
the surfactant and the MnCoS nanopatrticles, the charge of
the particles deposited on the nickel foam surface increased
significantly and formed a dense film, and finally, it was
found to improve the specific capacity of the active material
significantly. [19-21] This article reports on the production
and characterization of MnS thin films with SILAR. The
effect of annealing temperature on the optical and structural
properties of MnS thin films was examined. The annealing
temperature is a parameter that enables significant changes
in the structure of the thin film. This study investigates the
changes in the structural and optical properties of MnS thin
films due to annealing temperature. These temperatures
have been selected to observe phase transformations and
crystallinity improvements in MnS without causing
unwanted decomposition or oxidation. Lower temperatures
(below 150°C) might not provide sufficient energy for
structural  reorganization or grain growth. Higher
temperatures (above 300°C) might lead to excessive grain
growth, oxidation, or degradation of the thin film. The glass
substrate has a thermal limit, and exceeding certain
temperatures could cause deformation, warping, or stress-
induced defects. Choosing temperatures up to 300°C
ensures film improvement while maintaining the integrity of
the substrate. When MnS semiconductor thin films are
grown at room temperature, they mostly occur in the gamma
phase. When exposed to heat, they transform into the beta
phase, and when exposed to higher temperatures, they
transform into the alpha phase [4, 22]. The results obtained
from many studies support this situation. MnS thin films
have been grown using many methods in literature.
However, the number of studies using the SILAR method is
quite low. In addition, the studies have obtained results that
the MnS thin film is in gamma or beta phase at room
temperature. The aspect that distinguishes this study from
other studies is that the beta and alpha phases are obtained.

2. Materials and Methods

To grow MnS thin films, glass substrate materials are
sterilized. The glass substrate is first cleaned with deionized
water, then with sulfuric acid for 10 minutes, then with

acetone. Finally, it is made ready by cleaning with deionized
water. When the substrate material is ready, the MnS
solution is prepared. For the MnS solution, 0.1M MnCl; is
prepared as the cationic solution and 0.05M NazS solution
is prepared as the anionic solution. 100 mL of deionized
water is used to prepare the solutions. To regulate the pH
level of the solution, the ammonia (NH3) compound is
added to the MnClI; solution at a ratio of 1:10. Thus, the
solutions are ready.

SILAR method growth stages of MnS thin film;

In Stage 1; The glass substrate is dipped into a MnCl»
solution for 30 seconds, allowing Mn and loosely attached
Cl ions to bind to the surface of the glass.

In Stage 2; The glass substrate is placed in deionized
water for 60 seconds, during which the weakly bound CI
ions on the surface are removed.

In Stage 3; The glass substrate is placed in the Na,S
solution for 30 seconds, and at this stage, Na and S ions
adhere to the surface.

In Stage 4; The glass substrate is immersed in
deionized water for 60 seconds, during which weakly bound
Na ions are removed from the surface, completing a SILAR
cycle. This process is repeated until a uniform coating is
achieved on the surface. A schematic representation of the
SILAR method is given in Figure 1. This study performed
160 rounds of SILAR cycles to grow MnS thin films. Table
1 gives the parameters used for the MnS thin film.

Table 1. Optimized deposition parameters for MnS thin
film.

(Glass Substrate)

H

MnClz solution] Deionized

H

Deposition Cationic Anionic
Parameters Precursor Precursor
Precursor MnCl; NaS
Concentration 0.1M 0.05M
Immersion Time 30s 30s
Rising Time 60s 60s
Volumeof 100mL 100mL
Precursor

(ONE CYCLE)

Figure 1. A diagrammatic illustration of the SILAR method
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3. Results and Discussion

Figure 2 shows the XRD patterns of MnS thin films.
XRD measurements were made in the range of the 20 angle
20-70. XRD findings demonstrated that MnS thin films have
a polycrystalline and cubic structure and have both a-MnS
and B-MnS phases.

This conclusion was reached by looking at JPCDS:03-
065-0891 and JPCDS:40-1288. In the a-MnS phase, the
XRD peaks were in the (111), (200), (311) and (222)
orientations, while in the 3-MnS phase, the XRD peaks were
in the (102) and (220) orientations. It is seen that as the
annealing temperature increases; the peak intensities also
increase.

——as grown MnS

o
o
S
S
S
|

——150°C annealed

*
(200) ——200°C annealed

250°C annealed

——300°C annealed

*(311)(222)

w

1=}

=}

S

S
|

200009 4 g-MnS
#p-MnS

Intensity (arb units)

*JPCDS:03-065-0891
#JPCDS:40-1288

20 30 40 50 60 70

20 (degrees)

10000 1

Figure 2. The XRD patterns of MnS thin films unannealed,
150°C annealed, 200°C annealed, 250°C annealed, 300°C
annealed.

Debye Scherrer's formula for calculating grain size [
23]

_ 092
D_Bcose (1)

D= Grain size, A=Wavelength, p= Half peak width
(FWHM), 6= Bragg’s angle.

The dislocation density for the (200) plane is evaluated
using the following relation [24]

1

s=— )

D2

According to the calculations, the grain size value was
11.66 nm for the unannealed MnS thin film, while it was
obtained as 13.36 nm at 150°C, 18.41 nm at 200°C, 30.68
nm at 250°C and 43.6 nm at 300°C, respectively, with the
effect of annealing temperature. As the annealing
temperature increased, the grain size of the MnS thin films
increased, while the half peak width (FWHM) decreased
from 0.71 to 0.19. Dislocation density values were also
calculated in line with the obtained D value, and as the film
thickness increased, the dislocation density value decreased

from 73x10-*cm to 5x10“cm2. As annealing temperature
increases, grain size typically increases due to grain growth
and recrystallization. This leads to reduced grain
boundaries, which often improves the material's overall
properties. Larger grains indicate fewer defects and better
crystallinity. Dislocation density is a measure of the number
of dislocations (defects in the crystal lattice) per unit
area.Higher annealing temperatures generally reduce
dislocation density because of defect annihilation and
reordering of the crystal lattice during thermal
treatment.Lower dislocation density corresponds to
improved crystal quality and fewer internal stresses.FWHM
is the width of an XRD peak at half its maximum intensity
and is inversely related to the crystal size.A narrower
FWHM indicates better crystallinity, with larger and more
uniform crystallites. As annealing temperature increases,
FWHM typically decreases, confirming improved structural
ordering. Smaller grain size, higher dislocation density, and
broader FWHM suggest more defects, poorer crystallinity,
and smaller crystallites. Larger grain size, lower dislocation
density, and narrower FWHM suggest better crystallinity,
reduced defects, and larger, well-formed crystallites.The
improvements in D, 8, and FWHM at the (200) plane with
increasing annealing temperature indicate that this
orientation becomes more dominant and better
crystallized. This enhancement suggests that the material
becomes more ordered and suitable for applications where
high-quality MnS thin films are required. Table 2 presents
the dislocation density (), grain size (D), and full width at
half maximum (FWHM) values for the most prominent
(200) peak of MnS thin films.

Table 2. Dislocation density (3), Grain size (D), and full wi
dth at half maximum (FWHM) values for the most promine
nt (200) peak of MnS thin films.

MnS Unannealed 150°C | 200°C 250°C 300°C
D(nm) | 11.66 1336 | 18.41 30.68 | 43.6
FWHM | 0.71 0.62 0.45 0.27 0.19
§*10* 73 56 29 10 5
(nm?)

Figure 3 shows the SEM images of unannealed Mn$S
thin films annealed at 150°C, 200°C, 250°C, and 300°C. In
Figure 3(a), it is seen that there is a coating in the form of
broken spheres on the surface in the SEM image of the
unannealed MnS thin film. In Figure 2(b, c, d, e), it is seen
that the grain sizes of these spheres increase and the surface
morphology becomes better with the increase of the
annealing temperature. Similar SEM images were obtained
by Biswas et al., where MnS thin films were deposited by
solvothermal synthesis, and Zhao et al., where MnS films
were grown by the hydrothermal method [3, 25].
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Figure 3. (Cont.) SEM images of MnS thin films annealed
at (a) unannealed, (b) 150°C, (c) 200°C, (d) 250°C and (e)
300°C.

Figure 4 shows the optical measurements of MnS thin
films. To examine the change in optical absorption spectra
of MnS thin films, measurements were made between 200
nm and 1100 nm in a UV-Vis spectrometer. Absorption
measurements of MnS thin films were carried out at room
temperature and energy band gaps were calculated using
optical spectra. To define the energy band gap values, (ohv)?
was plotted against (hv), where o is the absorption
coefficient and hv is the photon energy. The formula shows

oo %W 3000 sty that the optical absorption coefficient changes with photon
Figure 3. SEM images of MnS thin films annealed at (a) energy hv [23].
unannealed, (b) 150°C, (c) 200°C, (d) 250°C and (e)
300°C. (ahv)=A(hv-Eg)" @)

Here A is a constant, Eg is the optical band gap and n
is assumed to be Y5, respectively. Figure 4 shows the UV-
Vis optical absorption spectra of MnS thin films. While the
band gap of the unannealed MnS thin film is 3.31eV, the
band gap of the MnS thin film annealed at 150°C decreases
to 3.24eV. When the annealing temperature is 200°C, the
band gap decreases to 3.17, at 250°C to 3.14, and at 300°C
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to 3.11 eV. It is sighted that the band gap of MnS
semiconductor thin films decreases with the effect of
annealing temperature. Reddy et al., and Girish et al.
investigated the optical properties of MnS thin films
depending on the annealing temperature using different
physicochemical methods and, found that the band gap
decreases with the increase in annealed temperature [16,
26]. As the annealing temperature increases, the crystallinity
of MnS thin films improves, leading to larger grain sizes.
The reduction in grain boundaries minimizes quantum
confinement effects, which are more pronounced in smaller
grains. Larger grains result in a decrease in the band gap due
to reduced electron confinement. This trend is consistent
with the XRD results, where higher annealing temperatures
show increased grain size and improved crystal structure.
Annealing reduces structural defects such as dislocations,
vacancies, and interstitials. These defects can introduce
localized states in the band gap. As these defects are
minimized, the effective band gap narrows because the
density of localized states decreases, and the conduction and
valence bands become more well-defined. At higher
annealing temperatures, the MnS thin film may undergo
changes in stoichiometry or phase composition. For
instance, annealing might promote the formation of specific
MnS phases with narrower band gaps. Any secondary
phases or improved stoichiometric uniformity could
influence the electronic structure, leading to a decrease in
the band gap.

| MnS
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Figure 4. UV-vis spectra of unannealed, 150°C, 200°C,
250°C, and 300°C annealed MnS thin films.
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Figure 4. (Cont.) UV-vis spectra of unannealed, 150°C,
200°C, 250°C, and 300°C annealed MnS thin films.
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Figure 4. (Cont.) UV-vis spectra of unannealed, 150°C, 20
0°C, 250°C, and 300°C annealed MnS thin films.

MnS thin film was grown to a thickness by Cayir
Tasdemirci using the SILAR method. When MnS thin films
were grown depending on the annealing temperature,
significant differences emerged in the results. XRD peak
intensities increased and depending on this situation, grain
size value increased from 9.20 nm to 13.36 nm when grown
depending on thickness, while it increased from 11.66 nm
to 43.6 nm when examined depending on annealing
temperature. FWHM value decreased from 0.9 to 0.62 when
depending on thickness, and FWHM value decreased from
0.71 to 0.19 with the effect of an annealing temperature. The
dislocation density value also decreased from 118x10-4cm
to 56x10“cm2. when it was dependent on the thickness,
while it decreased from 73x10**cm2 to 5x10*cm? with the
effect of annealing temperature. When the energy band gap
value was examined as a function of the thickness, it
decreased from 3.32 eV to 3.02 eV, and when it was
examined as a function of the annealing temperature, it
decreased from 3.31 eV to 3.11 eV. When the effects of the
thickness and annealing temperature, which are among the
parameters of the SILAR method, on the MnS thin films
were examined, we can say that the effect of the annealing
temperature on the physical properties of the MnS thin films
was better.

4, Conclusions

The annealing temperature is one of the important
parameters for the SILAR method, which is among the thin
film growth techniques. The effect of annealing temperature
on thin films is also included in many studies in literature.
The effect of annealing temperature on MnS thin films was
investigated. UV-Vis and XRD results confirmed that the
SILAR method is effective for MnS film growth. MnS thin
films were subjected to different annealing temperatures.

XRD results revealed that the annealing temperature
increased the peak intensity. At the same time, it was
observed that the grain size increased from 11.66 nm to 43.6
nm and the dislocation density decreased from 73x10-*cm
to 5x10*cm2. SEM results supported XRD results, and the
effect of surface annealing temperature became more
homogeneous. Optical measurements revealed that the band
gap energy of MnS thin films decreased from 3.31eV to
3.11eV with the annealing temperature. The band gap of
3.11-3.31 eV falls within the ultraviolet (UV) and visible
light range, making MnS thin films useful in UV
photodetectors, light-emitting diodes (LEDs), and laser
diodes.
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