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Abstract: Indium-doped ZnS samples with doping levels of 0%, 1%, and 3% were fabricated using the chemical spray
pyrolysis (CSP) method. XRD patterns confirmed the presence of a cubic zinc blend structure of both pure
and Indium-doped ZnS samples. The crystallite size slightly increased with the concentration of indium,
attributed to the substitution of indium within the ZnS lattice. AFM provided microscopic insights into the
surface structure, allowing for the visualization and characterization of surface topographies. SEM images
show transformation in ZnS films with Indium doping: flat islands to spherical nano-grains, indicating size
reduction correlating with Indium concentration, influenced by ZnS-Indium interaction during synthesis. The
optical parameters of nanostructures were investigated with doping and the incorporation of indium substitute
for Zn ions. Indium doping in ZnS films increases resistance and alters gas sensing properties by affecting
charge carrier mobility and adsorption efficiency. Higher Indium doping in ZnS films reduces sensitivity to

NO:2 gas due to changes in charge carrier mobility and film structure.

1 INTRODUCTION

ZnS is a material that occurs naturally, that is
plentiful, non-toxic, safe for the environment, and
chemically unchanging [1]. It exists in two crystalline
forms: cubic zinc-blend at low and wurtzite at high
temperatures [2], [3]. Both forms of ZnS have a large
bandgap, approximately 3.54-3.91 eV,
respectively [4], [5]. Additionally, ZnS exhibits high
transmittance, a large dielectric constant, and a high
refractive index [6]-[9]. Elements such as Al, In, Cr,
Ga, F, Cu, CI, B, and Mn, at different doping content
to alter ZnS's characteristics [10]-[13]. It is widely
recognized that the ionic radius of In® (0.80 A)
closely matches that of zn* (0.74 A), making it
plausible to assume that the incorporation of indium
into the ZnS lattice or its substitution for zZn?* is

feasible [14]. Various chemical techniques have been
employed for this purpose, including
electrodeposition [15], chemical bath deposition [16],
[17], sol-gel, spin coating [18], and spray pyrolysis
[19], [20]. CSP is characterized by its simplicity, cost-
effectiveness, and adaptability to large-scale
processing. This research attempts to look into the
effects of In® ion doping on the synthesis, structural
characteristics, surface topography, and optical
properties of ZnS nanofilms.nano films.

2 EXPERIMENTAL

A high-purity 0.1 M solution of ZnCl.-5H20 was used
as the zinc source, dissolved in 100 ml of redistilled
water to form the precursor solution. The preparation
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conditions were optimized to achieve highly
homogeneous thin films. A 0.1 M solution of Indium
trichloride (InCls) was used as the dopant and added
to the base solution to achieve doping levels of 1%
and 3%. The solution was sprayed onto clean,
preheated glass substrates at a temperature of 400 °C,
nozzle-to-substrate distance of 28 cm. Spraying was
performed for 9 seconds with 50-second intervals to
prevent substrate cooling. The spray rate was
maintained at 5 ml/min, and nitrogen gas was used as
a carrier.

Film thickness was measured by gravimetric
method discovered to be nearly 320 + 20 nm. X-ray
diffraction analysis was performed using a Shimadzu
6-2000 instrument with CuKa radiation, where the
wavelength (A) was 0.15406 nm. Surface morphology
was investigated using electron surface microscopy
(Hitachi S-4160). Additionally, Optical
measurements were done by a Cary 100 UV-Visible
spectrophotometer. Gas sensitivity is typically
assessed by cylindrical chamber with a radius of 8 cm
and a height of 14 cm.

3 RESULTS AND DISCUSSIONS

3.1 X-Ray Analysis

XRD patterns of intended films are offered in Figure
1. Patterns show that every sample has the cubic zinc
blend structure, which closely matches ICDD card
No. 5-0566. The greatest noticeable peak is in line
with the lattice plane (111), while additional peaks
corresponding to lattice planes (220), (311), and (400)
are observed with varying intensities. The diffraction
pattern of In®" doped ZnS exhibits apparent shifts
towards higher 20 as the concentration of In®* rises.
This increase in the diffraction angle results from
lattice contraction expected due to the higher surface-
to-volume ratio [21]. The average grain size (D) was
calculated by Scherrer formula [22]:

,__Ka
" BcosB’

where k is 0.94, A is the wavelength of X-rays, 0 is
Bragg angle Hence, by using the above relation, D of
ZnS  nanostructures  doped  with  different
concentrations of In®* lies between 15.18 nm and
17.82 nm for pure ZnS and doping. A dislocation

)

represents a structural defect within a crystal caused
by a mismatch in lattice alignment between different
crystal regions. In other words, their presence and
density cannot be solely explained by thermodynamic
considerations. The dislocation density (8) was
established by (2) [23]:
1
=57 (2)

The strain was established using the following
relation [24]:

6

_ Pcosb
= 3)

Figure 2 outlines D, & and & of ZnS
nanostructures doped with different contents of In%*.
Table reveals that € and & decrease as the D increases.
The decreased values of  and € observed with Indium
doping indicate a reduction in crystal defects as can
be seen in Figure 2. This effect is attributed to acting
as an enhancer rather than an inhibitor [25].
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Figure 1: XRD styles of grown films.

3.2 Surface Topography Analysis

Figure 3 offers AFM images of the intended films.
The average particle size of Pav decreases (from 78.1
nm to 31.5 nm) with increment doping of In3+ from
a 3% concentration. The films exhibit uniform, well-
defined, spherical morphology. pav reduces with
Indium content., which agrees with [26]. In It is
evident that at higher doping levels, the growth of thin
films exhibited lower roughness (Ra). The root mean
square (RMS) roughness was reported in Table 1. The
reduction in particle size can be correlated with
substituting In3+ ions, yielding similar results as
reported elsewhere [27], [28].
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Figure 2: FWHM, strain and dislocation of pure and ZnS: In films with different dopant.

Table 1: AFM parameters of the intended films.

Average Particle size R.M.S.
Samples g am Ra (hm) (m)
Undoped ZnS 78.1 9.29 8.73
ZnS: 1% In 75.8 4.15 5.91
ZnS: 3% In 315 3.66 3.31

3.3 Optical Analysis

Experimental measurements are often presented in
terms of percentage transmittance (T), as defined
in (4) [38]-[40]:

(4)

Where I, and | represent the initial and measured light
intensities, respectively. T spectra are illustrated in
Figure 4. Films exhibit high intensity across the
visible light area, with lower transmission intensity
observed at higher Indium concentrations. To some
extent, this phenomenon could be attributed to surface
roughening at higher dopant ratios [41], [42].
Notably, higher intensity was observed in the higher
wavelength region of the visible light spectrum.
These data assure active role of indium as a
dopant in broadening the absorption spectrum of
the resulting film [43], [44].

The absorption coefficient (o) was calculated via

the following (5) [45]:
G
t

T%=Ii%.

®)

Where t is film thickness. From Figure 5, it is
evident that the absorption coefficient value exceeds
10* cm?, which indicates a transition between the
extended states in the valence band (VB) and the
conduction band (CB). Additionally, a noticeable
shift of the absorption edge towards lower energies is
observed with increasing indium concentration [46],
[47]. This shift signifies a decrease in Egy with
increasing Indium content, as illustrated in Figure 5.
Similar observations have been reported in previous
studies [48].

The gap energy (Eg) of our films was determined
using Tauc relation [50]:

ahv = B(hv — E,)". (6)

Where B is a constant, and the exponent r takes
values of 1/2 for direct. The resulting plots are
depicted in Figure 6, which show that the deposited
films are determined to be 3.59 eV, 3.55 eV, and 3.50
eV, respectively. These results agree with Geng
et al. [51].
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Figure 3: AFM images az), b1), and c1), granularly distributed a2), b2), and c2) and diversity of AFM parameters against doping

as), bs); and ca).
Refractive index n were calculated by (7) [52]:

—
k= e 7
The extinction coefficient (k) were determined

by (8) [53]:

n= . (8)

Figure 7, 8 shows that both n and k values decrease
as the wavelength increases. n exhibits a decreasing
trend with increasing A [54], n remain relatively
consistent around 450 nm and beyond. The refractive
index impacts the optical pathway of light and
influences the amount of light reflected from a
surface. An increase in n of a solid corresponds to the
rise in reflection. Figure 8 depicts k plotted against
wavelength for ZnS and Indium-doped ZnS
nanocrystals. k reaches their minimum values in the
500-700 nm wavelength range. The decreasing n can
be attributed to  surface  effects and
imperfections [55].

The gas sensing properties was done at an
operating temperature of 100°C. Figure 9 shows the
resistance variation when exhibited to NO, gas at a
content of 300 ppm. It was observed that ZnS films
exhibited the lowest resistance, suggesting a more
efficient adsorption of NO, molecules [56]. In
contrast, the ZnS film doped with 3% Indium
demonstrated the highest resistance, likely due to
changes in the film's electronic structure and the
interaction between the dopant and NO, molecules,
which might hinder the charge carrier mobility. This
indicates that Indium doping increases the resistance
and alters the gas sensing properties of the ZnS
films [57].

The sensitivity can be calculated using (9) [58]:

R

e A
Sensitivity = — =
Rg

Rg—Rq
Rg

X 100 % 9)

where Ry represents the resistance of the film sensor
in air, and Ra is the resistance in the presence of gas.
Figure 10 presents the sensitivity plots illustrating the
effects of undoped ZnS, ZnS: 1% In, and ZnS: 3% In
on NO- gas exposure. The recombination process of
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charge carriers between electrons and holes impacts
the sensitivity, showing a decrease as the Indium
doping concentration increases. Specifically, for
undoped, ZnS: 1% In, and ZnS: 3% In, the sensitivity
decreases from 42.6% to 8.8 % at 100 ppm, from 48.4
% to 11.3 % at 200 ppm, and from 553.2% to 13.8 %
at 300 ppm. This reduction in sensitivity indicates that
higher Indium content result in a decline in the
sensor's ability to respond to NO, gas [59, 60]. This
behavior is attributed to the structural changes in the
films due to doping process, which affects charge
carrier mobility and consequently the sensor's
performance [61].
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Figure 4: Transmittance of pure and ZnS:In films.
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Figure 5: Absorption of pure and ZnS:In films with
different dopant.
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Figure 6: Plot of (ahv)? versus hv for pure and ZnS:In films
with different dopant levels.
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4 CONCLUSIONS

Indium-doped ZnS thin films were deposited using
the CSP method. Films containing 0%, 1%, and 3%
indium were deposited onto glass substrates at a
temperature of 400°C. Structural characterization
using X-ray diffraction (XRD) confirmed that all
samples maintained a cubic zinc blende structure,
with no evidence of secondary phases. As the indium
concentration increased, a slight enlargement in
crystallite size and a shift in diffraction peaks were
observed, indicating successful substitution of Zn?*
ions by In** within the ZnS lattice. These changes also
corresponded to a reduction in lattice strain and
dislocation density, reflecting enhanced crystal
quality. AFM studies reveal changes in film
roughness following dopant treatment. The reduction
in nano-grain size correlates with the concentration of
indium, influenced by the interaction between ZnS

and Indium during synthesis. UV-Vis measurements
demonstrate a decrease in Eg with increasing Indium
content. Additionally, reductions in n and k were
observed due to doping, possibly due to the
appearance of In3+ ions. Gas sensing tests conducted
at 100°C revealed that undoped ZnS films exhibited
the highest sensitivity to NO: gas. However,
increasing the indium doping level led to a marked
increase in electrical resistance and a significant
decline in gas sensitivity. This reduction in
performance is likely caused by decreased charge
carrier mobility and increased electron-hole
recombination, resulting from the structural and
electronic changes induced by doping.
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