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CuzS: Mn thin films were effectively prepared employing the plasma jet technique. The XRD patterns show

a hexagonal structure. The particle size of all the films was revealed using an atomic force microscope (AFM)
as spherically shaped grains of uniform size, tightly packed together. SEM images reveal Cu:S: Mn
nanostructures with crystallite nanorods. Plasma exposure time correlates with particle size (103-154.15 nm).
Visible absorption spectra assure low absorption between 500 and 750 nm, revealing the film's excellent
visibility in this range. The energy gap decreased from 2.57 eV (4 min) to 2.45 eV (12 min). The refractive
index of Cu.S films increases with increasing plasma exposure time. Cu2S: Mn nanostructures, treated for 4,
8, and 12 minutes, showed varied resistance to NO2 at 125°C, with the film treated for 4 minutes exhibiting
the lowest resistance. Sensitivity of Cu2S: Mn films to NO2 decreases with increasing plasma exposure time,

dropping notably at 450 ppm.

1 INTRODUCTION

The thin film industry would be significantly boosted
by producing p-type semiconductors with high
optoelectronic  characteristics, mainly if their
production can be achieved using currently available
methods. Several materials, such as Cu;S, have been
identified as promising p-type candidates [1], [2]. The
Cu,S system is unique primarily because of its low
cost and lack of toxicity [3], [4]. Cu.S forms
complicated structures, with Cu atoms in a mixed
valence state in portions of its phase, and they have
been the subject of much research over the years.
Moreover, Cu,S has fast ion conduction at high
temperatures. Band edges exist at energies between
1.2 and 2.5 eV, according to several thorough
absorption experiments on cuprous sulfide films with
various stoichiometric compositions [5].
Additionally, Cu,S transition band structure offers
significant absorption coefficients (105 cm™ for Cu,S
at 750 nm) [6]. Doping of semiconductors allowed
them to be used widely in electrical and optical
components [7]. Dopant ions are incorporated into the
host semiconductor, enhancing its electrical
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conductivity and carrier concentration but decreasing
transparency due to the increased absorption of free
carriers [8], [9]. However, the charge scattering from
ionized impurities at higher doping levels causes an
increase in carrier concentration, which reduces
mobility [10], [11]. The thin films were deposited
using several processes, like plasma jet [12], pulsed
laser  deposition PLD  [13]-[15], vacuum
evaporation [16], SILAR [17], [18], ALD [19],
CVD [20], and photochemical method [21]. In plasma
jet, a simple deposition technique, the plasma plume
interacts with a liquid of precursors to produce Cu.S:
Mn nanoparticles, which will later be deposited as
thin films. Furthermore, owing to the possibilities of
fine-tuning plasma parameters like time of exposure,
flow rate, and other factors, this technique gives
control over film thickness, stoichiometry, and
nanostructure quality. It is a simple and cost-effective
equipment and can be done at atmospheric pressure.
We report on the role of plasma exposure time on the
structural and optical properties of manganese-doped
copper sulfide (Cu=S: Mn) thin films grown by the
cold plasma jet method. This work investigates
gaseous Cu:S: Mn nanostructured thin films
subjected to varying durations of plasma treatment,
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characterising the films based on crystallinity, optical
band gap, and gas sensing performance.

2 EXPERIMENTAL

Nanostructured Cu2S:Mn (0.05% wt.)thin films were
prepared using a plasma jet system operating at
atmospheric pressure. In this setup, argon gas was
used as the working gas at a flow rate of 0.5 L/min,
and a discharge voltage of 13 kV was applied between
the electrodes. The plasma nozzle was positioned 2
cm above the surface of 10 mL of deionized water
containing thiourea ((NH2).CS) as a sulfur source and
MnCl. as the manganese precursor. A high-purity
copper plate (99.9%) was partially immersed in the
liquid and served as the target electrode. The Ar
plasma plume directly interacted with the liquid
surface, producing reactive species that eroded the
copper surface and initiated chemical reactions
leading to the formation of Cu.S: Mn nanoparticles.
To investigate the effect of plasma exposure, the
synthesis was conducted for 4, 8, and 12 minutes
under identical conditions. The resulting colloidal
suspensions exhibited a gradual color change,
confirming nanoparticle formation. The obtained
CuzS: Mn nanoparticles were deposited onto pre-
cleaned glass substrates using the drop-casting
technique. The samples were left to dry naturally at
room temperature, forming visible thin films on the
surface. The as-deposited films were then placed in a
laboratory furnace at 150 °C for 30 minutes to
enhance compactness, surface uniformity, and
adhesion. This annealing process led to the formation
of smooth, homogeneous, and well-adhered Cu.S:
Mn thin films, suitable for subsequent structural,
optical, and gas-sensing analyses using XRD, AFM,
SEM, and UV—Vis measurements.

3 RESULTS AND DISCUSSIONS

Figure 1 presents the X-ray diffraction patterns of the
prepared films, confirming that the material consists
of a polycrystalline CuzS phase. The diffraction peaks
observed at specific 20 positions correspond to
characteristic crystallographic planes of Cu.S,
indicating the formation of nanostructured material.
The identified peak positions are consistent with
standard reference data for hexagonal Cu.S (32-
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0348), confirming phase purity. It is also observed
that with increasing plasma exposure time, the
intensity of minor diffraction peaks increases,
suggesting an improvement in crystallinity and
structural ordering [22], [23], [24], [25].

The average crystallite size of Cu.S:Mn was
estimated using Scherrer’s approach based on peak
broadening in the XRD patterns [26], [27]. The
calculated crystallite size for the film treated for 12
minutes ranges between 11.61 nm and 13.29 nm. The
results indicate that crystallite size increases with
longer plasma exposure time. This trend is attributed
to improved atomic mobility and enhanced
incorporation of Mn ions into the Cu:S lattice. The
close similarity between the ionic radii of Cu** and
Mn?* facilitates substitutional incorporation, which
influences defect formation and grain growth. Small
shifts in peak positions observed for Mn-doped Cu.S
at longer exposure times further confirm lattice
modification effects. Similar behavior has been
reported for Mn-doped CusS systems [28], [29].

The dislocation density was calculated using a
standard relation based on crystallite size [30], [31].
This parameter represents the density of structural
defects within the crystal and decreases as crystallite
size increases.

The lattice strain was evaluated using a relation
derived from XRD peak broadening [32], [33]. The
obtained values of crystallite size, strain, and
dislocation density are summarized in Table 1, while
their variation with plasma exposure time is shown in
Figure 2.

Overall, the results show that dislocation density
decreases with increasing plasma exposure time,
indicating a reduction in structural defects in
CuzS:Mn films [34], [35]. This behavior is supported
by the observed increase in peak intensity and
reduction in strain. The increase in crystallite size is
attributed to improved Mn incorporation and reduced
defect density during longer plasma treatment. Mn
atoms are likely to occupy dislocation sites within the
lattice, which helps relieve internal stress and
stabilize the structure [36], [37]. As a result, both

strain  and  dislocation  density  decrease
simultaneously, demonstrating a strong
interdependence between these microstructural

parameters, consistent with previously reported
results for Mn-doped Cu:S systems [38], [39].
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Table 1: D, Eg, and structural coefficient at different plasma exposure times.

Specimen 20(° I(’}llzlt(r?e FWHM (°) (f\i) D (nm) 3 (x 10'%) (lines/m?) £(x 104
CuzS: Mn at t=4 min 30.91 200 0.708 2.57 11.61 74.14 29.85
CuzS: Mn at t=8 min 30.88 200 0.660 2.51 12.49 64.08 27.75
CuzS: Mn at t=12 min 30.86 200 0.620 2.45 13.29 56.07 26.07

CuzS: Mn at t=4 min
CuzS: Mn at t=8 min
=== CuzS: Mn at t=12 min
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Figure 1: XRD styles of Cu2S: Mn films.
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Figure 2: FWHM (a) D (b) 6 (¢) € (d) of Cu=S: Mn films.

The surface morphology of the Cu.S:Mn thin
films was investigated at the nanoscale using atomic
force microscopy (AFM). Figures 3 (al, bl, and cl)
present the three-dimensional surface topography of
the films deposited on glass substrates. Image
processing software was used to estimate the average
grain size and surface roughness. The AFM results
show that all films consist of nearly spherical,
uniformly distributed, and densely packed grains. The
surfaces are continuous and fully cover the substrates
without visible cracks, voids, or discontinuities.
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The average grain size ranges from approximately
42.17 nm to 73.86 nm, showing a clear dependence
on plasma exposure time [40], [41]. The root mean
square roughness values are 2.27 nm, 2.84 nm, and
5.88 nm for films treated for 4, 8, and 12 minutes,
respectively. Overall, the surface roughness varies
systematically with increasing plasma exposure time,
as summarized in Table 2 (PAFM). The observed
changes indicate that longer plasma treatment leads to
finer and more uniformly distributed grains, which is
consistent with the structural improvements observed
in the XRD analysis.

Optical transmittance =~ was
experimentally based on the ratio
transmitted and incident light intensities.
parameter is typically expressed as a percentage.

Figure 4 presents the transmittance spectra of
Cu:S:Mn thin films prepared at different plasma
exposure times. In the wavelength range of
approximately 600—800 nm, the transmittance values
lie between 70% and 85%. The increase in
transmittance is associated with reduced surface
roughness and smaller crystallite size, indicating
improved optical quality of the films.

Figure 5 shows the absorbance spectra of
Cu2S:Mn films prepared under different plasma
exposure conditions. Lower absorbance is observed
at shorter plasma exposure times, while the sample
treated for 12 minutes shows increased absorbance in
the visible region near 600 nm. These results indicate
that the optical absorption behavior strongly depends
on plasma exposure time, reflecting changes in
microstructure and electronic properties of the films
[46], [47].

determined
between
This

Table 2: Parpm of CuzS: Mn films.

Sample Pav (nm) Ra(nm) | RMS (nm)
CuaS: Mn at 42.17 427 227
t=4 min
CuzS: Mn at 68.49 6.10 2.84
t=8 min
Cu:S: Mn at 73.86 8.79 5.88
t=12 min
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Figure 3:AFM images, granularly distributed, and diversity of Pay.

400 - photovoltaic systems. The observed behavior is
Cu;S: Mn at t=4 min . .

90 CusS- Mnat =8 min attributed to a shift of donor levels toward the

g0 ]| — Cu:s: Mnat =12 min conduction band, while the reduction in energy is

linked to the increase in crystallite size [50], [S1]. The
absorption coefficient increases from 3.2 x 10* to 3.9
x 10* cm™ as the plasma exposure time is increased
from 4 to 12 minutes.
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Figure 4: T with wavelength of Cu2S: Mn films.
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Using relation [5], the absorption coefficient was

0.2
determined from the absorbance and the film
thickness in the strong absorption region of the films 0.1
[48], [49]. Figure 6 illustrates how the absorption
coefficient for Cu2S:Mn thin films varies with - — = = = = =8
wavelength. The absorption edge shifts toward longer Wavelength A (nm)

wavelengths as the plasma exposure time increases.
This strong absorption is a key reason for potential
applications in solar energy harvesting and

Figure 5: Absorbance with wavelength of Cu.S: Mn films.
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Figure 6: a versus hv for the Cu.S: Mn films at different
plasma exposure times.

The optical band gap was determined using
Tauc’s model [52], [53], which relates the absorption
coefficient and photon energy for allowed direct
transitions. The corresponding plots for different
plasma exposure times are shown in Figure 8. The
optical band gap values of Cu2S:Mn nanostructures
decrease from 2.57 eV to 2.45 eV as the plasma
treatment duration increases. Figure 7 shows that the
energy gap narrows with increasing plasma exposure
time due to the growth in crystallite size. As a result,
absorption increases when the band gap decreases,
and the optical absorption edge shifts toward longer
wavelengths [54], [55].
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Figure 7: (ahv)® versus hv for the Cu.S: Mn films at
different plasma exposure times.

The refractive index was evaluated using a
relation based on reflectance data [56], [57], while the
extinction coefficient was calculated using a relation
involving the absorption coefficient and wavelength
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[58], [59]. The variation of the refractive index is
shown in Figure 8. It generally increases with
increasing plasma exposure time and decreases with
wavelength, indicating that Cu2S:Mn films possess a
relatively high refractive index compared to other
semiconductors. The spectral dependence of the
extinction coefficient is shown in Figure 9. It behaves
similarly to the refractive index, increasing in a
consistent manner with longer plasma treatment times
from 4 to 12 minutes [60], [61]. This behavior is
explained by differences in ionic radii between Cu?*
and Mn?", which can lead to the formation of
additional defect states [62]. Optical properties are
also influenced by factors such as oxygen deficiency,
impurity centers, and surface roughness [63].
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Figure 9: k for CuzS: Mn films.

The gas-sensing properties of Cu,S: Mn
nanostructures were studied for NO,, an oxidizing
and reducing gas, at 125°C. The resistance changes of
CuzS: Mn films under exposure to 450 ppm of
oxidising gas (NO,) is depicted in Figure 10. The film
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treated for 4 minutes showed the lowest resistance
due to high roughness and increased surface area
observed in AFM and SEM analysis. Electrical
resistance data confirmed this. In contrast, the film
treated for 12 minutes exhibited the highest
resistance, which is attributed to electron extraction
from ionized donors, thereby increasing the hole
density at the gas-solid interface [64], [65]. The
potential barrier for electrons decreased with rising
oxygen ion density on the surface, impacting the
electrical resistivity influenced by adsorbed oxygen
ions. The introduction of NO, altered the ion
concentration, leading to reduced resistance [66],
[67].
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Figure 10: The resistance variation over time for CuzS: Mn
films.
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Figure 11: The sensitivity of Cu.S: Mn films.

The sensitivity was calculated based on the
change in electrical resistance between gas and air
environments [68], [69]. Rg and Ra represent the
resistance of the film in gas and air, respectively.
Figure 11 shows the influence of plasma exposure
time on NO: gas sensitivity of Cu2S:Mn thin films.
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The sensitivity decreases with increasing plasma
exposure time, which is attributed to charge carrier
recombination processes [70]. The sensitivity also
decreases as NO: concentration increases (150 ppm,
300 ppm, and 450 ppm) [60]-[62]. In addition, films
treated for longer durations (8 and 12 minutes) show
lower sensitivity compared to the 4-minute sample,
indicating reduced gas response with extended
plasma exposure [71]-[74].

4 CONCLUSIONS

The plasma jet technique has effectively synthesized
CuzS: Mn. Cu,S: Mn nanofilms were shown to have
a hexagonal structure by XRD analysis, with
crystallite sizes ranging from 11.21 nm for the film
treated for 4 minutes to 13.28 nm for the film treated
for 12 minutes. The average grain size of the
deposition films AFM micrographs is between 73.86
and 42.17 nm, and the (RMS) values of the thin film
surface roughness decrease as the plasma exposure
time increases, from 5.88 nm to 2.84 nm and 2.27 nm,
respectively. SEM images depict Cu,S nanostructures
with defined crystallite nanorods. Increasing plasma
exposure time enhances particle size (103 nm to
154.15 nm). The results of the optical study
demonstrated that when the plasma treatment time
was raised from 4 to 12 minutes, the absorption
coefficient increased from 3.2 x 10*t0 3.9 x 10*cm™.
The obtained optical bandgap values of Cuzs: Mn
nanostructures decreased from (2.57 to 2.45) eV.
Cu,S: Mn nanostructures, treated for 4, 8, 12 minutes,
showed varied resistance to NO, at 125°C, with the
film treated for 4 minutes exhibiting the lowest
resistance. Sensitivity to NO, decreases with
increasing plasma exposure time.
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