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Abstract

In this study, the effects of silver (Ag) doping on the structural, morphological, optical, and electrical properties of tin
monosulfide (SnS) thin films were investigated. The films, undoped and doped with 3%, 6%, and 9% Ag, were deposited
using the ultrasonic spray pyrolysis (USP) technique at a substrate temperature of 350 °C. X-ray diffraction (XRD) analysis
confirmed a 7-SnS (cubic) structure with (400) preferred orientation for undoped and < 6% Ag-doped films, while 9%
doping induced amorphization due to severe lattice distortions. Morphological analyses revealed smooth, void-free surfaces,
with average roughness increasing from 5.8 nm (undoped) to 19.6 nm (9% doping). Optical measurements showed that the
band gap widened from 1.84 eV (undoped) to 2.47eV (9% Ag-doped), and Urbach energy increased from 190 meV to
600 meV. Hall effect measurements confirmed p-type conductivity for all films. Resistivity ranged from 4.34 x 10° Qcm to
0.48 x 10° Qcm, carrier concentration varied between 2.7 x 102 cm™ and 5.6 x 102 cm? , while mobility decreased from
3.3x 10" cm?/Vs to 2.0 x 10! cm*/Vs with increasing Ag doping. These findings demonstrate that Ag doping significantly
influences the structural and optoelectronic behavior of SnS thin films, making them promising candidates for thin-film solar
cells and optoelectronic applications.
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Highlights

e Ag doping narrows crystallite size; 9% doping results in amorphous SnS films.

e Optical band gap widens from 1.83 eV to 2.47 eV with increased Ag doping.

o SEM/AFM reveal nearly void-free surfaces; roughness increases with Ag doping.
e High Urbach energy signals increased electronic disorder with higher Ag doping.
e Ag doping optimizes SnS films for photovoltaic and optoelectronic applications.

1 Introduction

Nowadays, new material discoveries come to the fore in
order to develop sustainable and environmentally friendly
technologies and increase energy efficiency [1]. Thin film
solar cells (TFSCs) attract attention with their lower cost
advantage and competitive conversion efficiencies com-
pared to silicon-based solar cells [2]. In particular,
Cu(In,Ga)(S,Se), (CIGS) and CdTe based solar cells hold
an important place in the market with conversion effi-
ciencies exceeding 22% [2, 3]. However, the scarcity of
toxic substances such as Cd and critical raw materials such
as In, Ga, and Te contained in these technologies direct
researchers to conduct research on more environmentally
friendly and widely available alternative materials such as
Cu,ZnSn(S,Se), (CZTS) [4, 5]. Nevertheless, the complex
structural features of CZTS and the formation of undesir-
able secondary phases prevent this material from achieving
high efficiency in solar cells [5, 6]. Therefore, this has
prompted a growing interest in simple binary compound
materials, which are low-cost and composed of earth-
abundant elements.

Tin monosulfide (SnS) is considered a promising
material for optoelectronic applications due to its excep-
tional properties, such as a high absorption coefficient
(> 10* cm'l) and a suitable direct band gap (1.3eV to
1.8eV) [7-11]. Furthermore, SnS is non-toxic, envir-
onmentally friendly, and composed of earth-abundant
elements, aligning with global efforts toward sustainable
energy solutions [12, 13]. However, despite theoretical
predictions indicating that SnS-based thin films could
achieve efficiencies of up to 24%, their practical applica-
tion has so far yielded efficiencies below 4%, with only a
few studies reporting slightly higher values [10, 14-19].
The main obstacles to achieving higher efficiencies
include difficulties in producing high-quality material,
selecting appropriate buffer layers, minimizing interface
losses, and the formation of undesirable phases
[13, 20, 21]. On the other hand, SnS can crystallize in two
primary phases: orthorhombic and cubic [22]. The
orthorhombic phase (a-SnS) is the thermodynamically
stable form under standard conditions, with a layered
structure that gives rise to anisotropic optical and elec-
trical properties [23]. It typically exhibits a direct band
gap of 1.3eV [24, 25], making it ideal for photovoltaic

applications. However, its anisotropic nature can hinder
charge transport, limiting its efficiency [26]. In contrast,
the cubic phase (7-SnS) offers more symmetric, isotropic
properties [27]. It can be stabilized through -certain
deposition techniques or doping processes and typically
shows a wider band gap (up to 1.7 eV), making it suitable
for applications where higher energy absorption or tunable
optical properties are required [28]. Moreover, 7-SnS
demonstrates excellent structural stability at room tem-
perature, which, combined with its isotropic optical
properties, makes it highly valuable for photovoltaic and
optoelectronic applications [29, 30]. In comparison to its
orthorhombic phase, the cubic phase may offer better
carrier mobility, which enhances charge transport [27, 31].
This feature is advantageous for both photovoltaic devices
and other optoelectronic systems, improving efficiency
and device performance [27, 31, 32]. Although deposition
and doping processes have been explored to stabilize the
cubic phase of SnS by tuning its structural properties,
studies on cubic SnS remain limited, posing challenges in
fully understanding its behavior and ensuring consistent
performance for photovoltaic and optoelectronic
applications.

External doping is widely preferred to enhance the
physical properties of semiconductors, and similar strategies
have been applied to SnS to improve its performance.
Recent studies have indicated that doping SnS films with
elements such as bismuth (Bi) [33], cadmium (Cd) [34],
copper (Cu) [35], nickel (Ni) [36], selenium (Se) [37], silver
(Ag) [38], indium (In) [39], iron (Fe) [40] and neodymium
(Nd) [41] significantly alters their optoelectronic behavior.
By incorporating external dopants, it is possible to adjust
the electrical conductivity, carrier concentration, and optical
properties of SnS, making it more suitable not only for
photovoltaic devices but also for other optoelectronic
applications. Research indicates that the cubic 7-SnS phase
is well-suited for optoelectronic applications, including
thermoelectric devices and near-infrared (NIR) photo-
detectors [42, 43]. Its advantageous band structure and high
absorption across the NIR-visible spectrum make it pro-
mising for energy conversion and sensing technologies [44].
-SnS  structural stability and tunable properties further
enhance its potential for efficient light harvesting and
thermoelectric performance [42-45]. For example, it has
been suggested that the band gap of 3% Bi-doped
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orthorhombic SnS films deposited by thermal evaporation
technique decreases with doping (from 1.85eV to 1.6eV)
and is suitable for photovoltaic performance by improving
their optical properties [33]. In another study, orthorhombic
SnS films doped with various concentrations (0%, 0.5%,
1%, 1.5%, and 2%) of Cd deposited via the sol-gel tech-
nique clearly showed improvements in crystallinity, elec-
trical properties, and photovoltaic efficiency [34]. It was
reported that films with 1.5% Cd doping exhibited the
highest efficiency, achieving a 61% higher efficiency
compared to undoped films, with a maximum efficiency of
1.34% [34]. It has also been reported that Cu-doped SnS
films deposited at different rates (0%, 2%, 5% and 10%) by
ultrasonic spray pyrolysis technique change the crystal
structure (undoped= cubic, doped= orthorhombic) and
optical properties with increasing carrier concentration and
carrier mobility [35]. In the same study, it was reported that
a 5% doped SnS:Cu absorber layer could reach an effi-
ciency of 6.27%, through simulation based on the collected
experimental data [35]. In another study, it was suggested
that Ni-doped SnS films deposited by chemical bath
deposition technique reduced the resistivity
(0.42 x 10° Qcm) at 6% doping, making them promising for
optoelectronic applications [36]. In another study, it was
reported that SnS;,Se, (x=0, 0.1, 0.15, 0.2, 0.25) films
deposited by thermal evaporation technique increased the
crystallinity level, decreased permeability, increased
absorption and narrowed the optical band gap as the Se
concentration increased [37]. Accordingly, in the same
study, it was suggested that the findings obtained could be
made suitable for TFSCs and thermal applications by
adjusting the Se concentration [37]. In contrast to these
studies focusing on other dopants, several investigations
have explored the effects of Ag doping on the optoelec-
tronic properties of SnS thin films. However, these works
have primarily concentrated on orthorhombic phase SnS.
For instance, Ag-doped SnS thin films at different rates
(0%, 2%, 4% and 6%) deposited by thermal evaporation
crystallize in the orthorhombic phase [38]. As doping
concentration increase, the absorption coefficients improve
(>10*cm™"), and the optical band gap narrows (from
2.6eV to 1.7eV) [38]. In the same study, p-SnS/n-Si het-
erostructures were created, and the highest photovoltaic
efficiency of 5.4% was reported with 6% Ag doping [38].
Ag is chosen as a dopant for SnS due to its ability to
enhance electrical conductivity, increase carrier concentra-
tion, and improve thermoelectric performance by introdu-
cing holes into the material [46-50]. Ag effectively shifts
the Fermi level towards the valence band, which enhances
the p-type behavior of SnS and boosts charge transport
properties [46, 51]. This makes Ag-doped SnS an attractive
option for both thermoelectric and optoelectronic applica-
tions, such as photovoltaics and photodetectors.
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Additionally, Ag doping reduces thermal conductivity,
further increasing the material’s efficiency in energy
applications [47, 49]. However, precise control over Ag
concentration is required to avoid excessive defects that
could impair performance [45, 47]. Research suggests that
precise control over Ag concentration is crucial to balancing
conductivity and maintaining structural stability in SnS-
based devices. However, research on Ag doping in cubic-
phase SnS remains limited, despite its potential for various
optoelectronic applications beyond photovoltaics.
Undoped and doped SnS thin films can be produced
using various techniques such as thermal evaporation
[8, 52], atomic layer deposition (ALD) [53-55], RF sput-
tering [35, 56, 57], chemical vapor deposition (CVD)
[28, 58], spin coating [59, 60], electrochemical deposition
[39, 61], and spray pyrolysis [41, 62, 63] as documented in
the literature. Among these, ultrasonic spray pyrolysis
(USP) offers several distinct advantages: it allows for large-
area film deposition, is cost-effective compared to techni-
ques like ALD, and enables precise control of dopant
concentrations, ensuring uniform film growth [64-66].
These advantages make USP an attractive technique not
only for photovoltaic applications but also for other
optoelectronic devices. In this context, this study investi-
gates the effect of Ag doping on the structural, morpholo-
gical, optical and electrical properties of cubic SnS thin
films deposited via ultrasonic spray pyrolysis (USP). In
contrast to the widely studied orthorhombic SnS phase,
research on Ag-doped cubic SnS remains rather limited and
is one of the few studies in the literature that examines this
topic. This study systematically examines the effect of Ag
doping, contributing to the growing body of research in the
field and providing valuable information on doping
mechanisms and optoelectronic behavior. However, opti-
mizing the deposition parameters for improved device
performance remains a subject of future research. The
findings provide important insights into the incorporation of
Ag into cubic SnS films, supporting their potential use in
thin-film solar cells and other optoelectronic applications.

2 Experimental methods
2.1 Deposition of SnS and SnS:Ag thin films

Undoped and Ag-doped SnS thin films at different rates
(3%, 6%, 9%) were deposited on glass substrates using the
ultrasonic spray pyrolysis (USP) technique at a substrate
temperature of 350 °C. The schematic diagram of the thin
film deposited system can be found in our prior publication
[67]. To prepare the spray solutions, 0.05 M tin (II) chloride
dihydrate (SnCl,.2H,0; 298.0%, Merck, Darmstadt, Ger-
many), 0.075M thiourea (CH4N,S; 299.0%, Sigma-
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Aldrich, St. Louis, USA), and 0.05 M silver nitrate (AgNOs5;
>99.9%, Merck, Darmstadt, Germany) salts were used, and
deionized (DI) water was used as the solvent. However, to
prevent the precipitation of SnCl,.2H,0 in DI water, the tin
salt was initially dissolved in 5SmL of hydrochloric acid
(HCI) at 60 °C. The solution was then diluted with 95 mL of
DI water, resulting in the desired HCL:DI (5:95) volume
ratio. This adjustment ensured the stability of the spray
solution. Moreover, the sulfur concentration was selected
higher than the tin concentration to minimize sulfur losses
during deposition, which is essential to maintaining stoi-
chiometry and preventing defect formation. On the other
hand, the spray solution concentrations and dopant rates
were selected based on preliminary trials and aligned with
similar approaches reported in the literature, ensuring well-
dissolved solutions, uniform films, and reasonable structural
stability, although variations in electrical and optical prop-
erties were observed. Before deposition, the glass substrates
(~1x1cm and ~1x2cm) were first cut to size, then
cleaned in a detergent + DI water mixture for 15 min,
followed by ultrasonic cleaning in DI water for another
15 min. After drying with filter paper, the substrates were
carefully placed on the heating surface, ready for deposi-
tion. The spray solution was applied for 30 min using 1 bar
of compressed air, with a solution flow rate of 5 ml/min.
After deposition, the films were left to cool naturally in the
spray chamber. Since silver is prone to oxidation, special
care was taken to store the films. After deposition, the films
were placed in sample containers, sealed with parafilm to
limit exposure to air, and stored at room temperature in a
dry oven to prevent oxidation. After the deposition process
was completed, the characterization stage was performed to
analyze the structural, morphological, optical, and electrical
properties of the films.

2.2 Characterization of SnS and SnS:Ag thin films

Structural analyses were evaluated using the PANalytical
Empyrean X-ray diffraction (XRD) device. Using CuK,
radiation (A =1.5405A) at 45kV/30mA, XRD patterns
were obtained in continuous scanning mode with a step size
of 0.013° in the 20 range between 20° and 60°. Surface
morphology and film thicknesses were examined using a
Carl Zeiss-Gemini 300 scanning electron microscope
(SEM). Surface topology and roughness values were ana-
lyzed using a Park Systems XE 100 atomic force micro-
scope (AFM) operated in non-contact mode at room
temperature. Optical properties of the films were performed
using a Rigol Ultra-3660 double-beam UV-Visible spec-
trophotometer. Electrical properties were evaluated using
the Ecopia HMS-3000 Hall Effect Measurement System.
Gold contacts were applied to thin films with dimensions of
Ix1lcm using the Van der Pauw method at room

temperature. With this comprehensive characterization
process, the effect of Ag doping on the structural, mor-
phological, optical, and electrical properties of SnS films
was evaluated.

3 Results and discussions
3.1 XRD analysis

Figure la shows the XRD scan of SnS thin films over a
wide diffraction angle range (20°-60°), providing an over-
view of the crystalline phases. However, Fig. 1b focuses on
a narrower diffraction angle range (25°-35°) to examine
peak shifts and broadening more precisely. In this study, the
diffraction patterns obtained were compared with the
reference JCPDS (Joint Committee on Powder Diffraction
Standards) cards, and the Miller indices and the crystal
systems to which the peaks observed on the patterns belong
were identified. The XRD patterns shown in Fig. la were
matched with the a-SnS phase (JCPDS card no. 39-0354)
and the 77-SnS phase (JCPDS card no. 86-9477), introduced
in 2017 [22, 67-69]. These patterns, differing from the a-
SnS crystal structure, matched the 7-SnS crystal structure.
The triple peak structure observed especially in the 30°-33°
range is a characteristic feature of the cubic phase, as pre-
viously reported in the literature [67-69]. This distinctive
peak arrangement provides strong evidence for the presence
of a cubic SnS phase in the deposited films. It was also
identified by peaks corresponding to the Miller indices
(222), (400), (410), (411), (510), (440), and (622). The
positions and intensities of these peaks provide critical
information about the crystal structure and possible phase
transformations in the films. Therefore, in the diffraction
patterns seen in Fig. la, the presence of possible secondary
phases such as SnS, (JCPDS card no. 23-0677), Sn,S;
(JCPDS card no. 14-0619) and SnO, (JCPDS no. 41-1445)
was examined by comparing with the relevant JCPDS cards.
In this context, SnS, or Sn,S; phases were not detected in
the XRD patterns. However, the reference pattern for the
SnO, phase shows a peak at approximately 20~27°, which
coincides with the dominant 7-SnS peak (Fig. 2b). Due to
this overlap and the limitations of XRD in detecting low-
concentration phases, the presence of SnO, cannot be
confirmed definitively. Additional characterization, such as
Raman spectroscopy, would be required for conclusive
identification. As is known, the overlapping of peaks of
different phases in XRD patterns and the high signal-to-
noise ratio are common phenomena that make it difficult to
detect low-concentration phases. Unfortunately, Raman
analysis could not be performed in this study due to infra-
structure constraints. However, various studies have repor-
ted that the deposition process of SnS films under open-air
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Fig. 1 a XRD patterns of SnS:Ag (0%, 3%, 6%, and 9%) thin films
over a wide diffraction angle range (20°-60°), providing an overview
of the crystalline phases, (b) XRD patterns of SnS:Ag (0%, 3%, 6%,
and 9%) thin films over a narrower diffraction angle range (25°-35°),

conditions can lead to the formation of oxide phases such as
Sn,Oy (SnO,), and that substrate temperature, along with
other impurity phases, is one of the key factors affecting this
formation. Polivtseva et al. [70] reported in their study on
films deposited by spray method that SnS,, Sn,S3, and SnO,
phases were not observed at temperatures below 320 °C, but
orthorhombic SnS phase was dominant. On the other hand,
it was reported that SnS phase was not observed and SnS,
and SnO, phases were detected at substrate temperatures
above 370°C [70]. In another study conducted by spray
method, it was stated that Sn,S; phase was dominant in
films deposited at temperatures below 300 °C, SnS, phase
became dominant at temperatures above 400 °C, but almost
all impurity phases disappeared in the range of 350 °C
—400 °C [71]. In alignment with these studies, a substrate
temperature of 350 °C was also chosen in this study, as it
yielded the dominant 7-SnS phase in our previous works
[67]. Moreover, Table 1 summarizes key parameters,
including diffraction angle (26), Miller indices (hkl), texture
coefficients (7C), full width at half maximum (f), inter-
planar distance (d), crystallite size (D), micro-strain (g),
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highlighting peak shifts and broadening, and (c). The relationship
between crystallite size (D), micro-strain (¢), and unit cell volume (V)
for SnS:Ag (0%, 3%, 6%, and 9%) thin films

lattice constant (a) and unit cell volume values (V), illus-
trating how Ag doping affects the film structure. The lattice
constant (a) of the cubic crystal structure was calculated
with Eq. (1) given below [72].

1 R+iP+P ()
L2 &

Here, d is the interplanar distance, i, k and [ are Miller
indices. The texture coefficients of the two most intense
peaks were calculated using the following equation [73].

I(hkl) /Io(hkl) (2)
VN iy /Moy )

TC(juy) =

Here, I is the intensity value of the corresponding
diffraction peak, Iy is the standard intensity value
obtained from the JCPDS card, and N represents the
number of diffraction peaks. The crystallite size and micro-
strain values of the deposited films were calculated using
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Fig. 2 x20 K magnification SEM images of SnS:Ag (0%, 3%, 6% and 9%) thin films
Table 1 Diffraction angle (26), . S S 2 2 3 - 3
Miller indices (i), texture Material 20 (°) (hkl) TC B () d (A) D (A) exI0 a (A) V (AY)
coefficients (7C), full width at — gpg 2707 222 094 034904 30990 234 633 10735 12371
half maximum (), interplanar
distance (d), crystallite size (D), 31.27 400 1.06  0.29562  2.6912 279 4.61 10.765  1247.3
micro-strain (), lattice constant SnS:Ag 3%)  27.15 222 0.98 0.38822  3.0901 211 7.02 10.704 1226.5
Ef‘l/)) aflljd Pni;CfiH volume V:IIUGS 3134 400  1.02 040701 26853 203 6.33 10741 12392
obtained from structur:
analyses of SnS:Ag (0%, 3%, SnS:Ag (6%)  27.12 222 095 0.3954 3.0936 207 7.15 10.717 12307
6%, and 9%) thin films 31.32 400 1.05 0.40083  2.6866 206 6.24 10.746  1240.9

SnS:Ag (9%) - -

the Debye-Scherrer relation given in Eq. (3) and Eq. (4),
respectively [72, 74].

K2
b= pcosd (3)
- ﬂc;)tﬁ 4)

Here K (0.94) is the shape factor, A is the wavelength of the
x-ray used, f is the FWHM in radians, 6 is the Bragg angle
in radians.

When the XRD patterns given in Fig. 2b at narrowed
diffraction angles are examined, shifts in the positions of the
diffraction peaks of the doped films are observed. These

shifts are due to the difference between the Sn*" ion radius
(118 pm) and the Ag*" ion radius (106 pm). A successful
substitution doping process should lead to a decrease in the
interplanar distance (d) and a shift of the 26 angle to higher
values, as previously reported in the literature [56, 75]. The
XRD patterns in Table 1 reveal a doping-dependent shift in
peak positions. At 3% Ag doping, peaks shift to higher 26
values, indicating lattice compression due to Ag>" sub-
stitution at Sn*" sites. At 6% Ag doping, a slight shift to
lower angles is observed, suggesting that in addition to
substitutional incorporation, Ag>" ions also occupy inter-
stitial sites, leading to lattice expansion. This observation is
also consistent with changes in the unit cell volume values
presented in Table 1, further confirming the mixed
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substitutional and interstitial doping mechanism. On the
other hand, it was observed that the diffraction peak
intensity in the XRD patterns fluctuated depending on the
Ag doping concentration. In this context, the broadening of
peaks and reduction in intensity with increasing Ag doping
indicate a decrease in crystallinity, suggesting the presence
of enhanced lattice disorder. However, a slight narrowing
and increase in the intensity of the peaks were observed
with 6% Ag doping compared to the 3% doped films.
Similar trends have also been reported in SnS films doped
with different elements, such as Cu, In, and Ag, for both
orthorhombic and cubic phases [30, 56, 75, 76]. Baby et al.
[56] reported that the peak intensities decreased in SnS films
doped with up to 4.7% Ag and associated this situation with
the SnS structure compressing the unit cell volume and
increasing the short-range order of the crystal structure. In
the same study, it was observed that as the Ag doping
concentration exceeded 4.7%, the XRD peak intensity
increased due to the formation of new nucleation centers in
the SnS structure. However, in this study, when the doping
concentration was increased to 9%, no diffraction peaks
could be detected in the XRD pattern. This suggests that,
beyond a critical doping level (6% Ag), nucleation centers
become saturated, leading to excessive lattice distortion and
a breakdown of the long-range crystalline order. Conse-
quently, the film undergoes a phase transition into an
amorphous state. Additionally, the high signal-to-noise ratio
in the XRD patterns suggests that potential low-density
secondary phases might be present but remain undetected
due to their weak diffraction signals. Reghima et al. [77]
similarly reported an amorphous tendency in SnS:Ag thin
films prepared by chemical bath deposition (CBD) when the
silver doping concentration reached 10%. This behavior
was attributed to increased stress and stacking faults caused
by the higher Ag concentration, which disrupted the crystal
periodicity and deteriorated the crystallinity of the films
[77]. A study conducted by Bhat et al. [30], it was reported
that in SnS films doped with Ag at different concentrations
(0%, 5%, 10%, 15%, and 20%) by spray pyrolysis method,
more than 5% Ag doping increased the formation of sec-
ondary phases such as Sn,S3 and SnS, and disrupted the 7-
SnS crystal structure. In the same study, a significant
alteration in the triple peak structure within the 30-33°
range was observed, and at 20% Ag doping, the (400) peak,
characteristic of cubic SnS, disappeared entirely [30].

The TC values calculated in this study show that all films
have (400) preferred orientation (Table 1). When the values
in Table 1 are examined, it is seen that they are consistent
with the peak intensity changes discussed above. In Fig. 2c,
the relationship between the crystallite sizes, micro-strain,
and unit cell volume, based on the (400) preferred orien-
tation diffraction peak of the films, is presented. With
increasing Ag doping, crystallite size decreases, while
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micro-strain increases, indicating enhanced lattice distor-
tions. However, at 6% doping, a slight increase in crystallite
size and a decrease in micro-strain suggest partial relaxation
of lattice distortions, possibly due to defect rearrangement
or a balance between substitutional and interstitial doping
[46, 56]. As a result, the amorphization observed at 9% Ag
doping is primarily due to excessive lattice strain and
structural disorder, disrupting the long-range crystalline
order. This phenomenon can be attributed to the increasing
presence of Ag ions, which induce compressive and tensile
strains within the SnS Ilattice. As Ag concentration rises,
substitutional doping transitions into a combination of
substitutional and interstitial incorporation, further increas-
ing lattice distortions and defect formation. Studies have
shown that high Ag doping concentrations in thin films
often lead to amorphization due to excessive structural
stress and defect accumulation [77]. The structural analyses
in this study confirm that Ag doping significantly affects the
crystal structure of SnS thin films, progressively reducing
crystallinity, increasing micro-strain, and decreasing crys-
tallite size, lattice constant, and unit cell volume. At high
Ag doping levels, these structural transformations shift the
films toward an amorphous nature, demonstrating the cri-
tical role of Ag incorporation in altering the phase stability
of SnS films.

3.2 Morphological analysis

Figure 2 shows the SEM surface images of the deposited
SnS films at x20 K magnification. From these SEM images,
it can be observed that the film surfaces are homogeneous,
with no voids or cracks across the surface. In the SEM
image of the undoped SnS film, a round-grained structure is
seen, with minimal gaps between grains, indicating a dense
film structure. With increasing Ag doping concentration
(3% and 6%), no significant change in surface morphology
is observed, but there is a noticeable increase in the gaps
between grains, and a slight increase in the density of par-
ticle formations on the film surfaces. On the other hand, in
the 9% Ag-doped films, the grain structure is no longer
visible, and the surface appears featureless, lacking distinct
grains. This observation aligns with the absence of dif-
fraction peaks in the XRD analysis, suggesting that 9% Ag
doping brings the structure closer to an amorphous char-
acter. Additionally, average grain sizes were calculated
from the SEM images using Image] software. The average
grain sizes were found to be 79 nm=+3nm for undoped
films, 54 nm+6nm for films with 3% Ag doping, and
58 nm+5nm for films with 6% Ag doping. The initial
reduction in average grain size observed with 3% Ag dop-
ing may be attributed to the successful substitution of Ag*"
cations, which have a smaller ionic radius than Sn**
cations. In contrast, the slight increase in grain size
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Fig. 3 x50 K magnification cross-sectional SEM images of SnS:Ag (0%, 3%, 6% and 9%) thin films
Table 2 Average thicknesses . YRS
(d), transmittance (%), Material d (nm) T (%) a (x10*em™)  E, (eV) Ey (meV)
absorption coefficient (a), 400 -700 nm  400-700 nm  (ahv)’~hv  dT/d(E)~hv
optical band gap (E,) derived
from Tauc method and d77/ SnS 310+ 12 11 5.21 1.84 1.81 190
dE~hv graphs, and Urbach SnS:Ag 3%)  256+30 15 451 1.86 1.84 244
energy (E,) values obtained }
from the optical analyses of SnS:Ag (6%)  295+25 10 5.44 1.83 1.80 245
SnS:Ag (0%, 3%, 6%, and 9%) SnS:Ag 9%)  360+55 35 1.54 2.47 2.44 600

thin films

observed with 6% Ag doping could be due to the accu-
mulation of more AgZJr cations within the SnS lattice [56].
This trend is also consistent with electrical results, where
increasing Ag doping led to reduced carrier mobility, likely
due to enhanced grain boundary scattering. Moreover, this
reduction in average grain size, along with peak broadening
and decreased intensity with Ag doping, suggests an
increase in structural disorder. While crystallite size esti-
mated from XRD decreases, this does not always directly
correspond to grain size observed in SEM, as additional
structural defects and strain effects may also contribute to
peak broadening. Similar trends have been reported in the
literature for Cu-, In-, and Ag- doped SnS films [56].
Figure 3 shows the cross-sectional SEM images of the
deposited SnS films at x50 K magnification. The cross-

sectional images are consistent with the surface images,
showing that undoped films exhibit a dense and continuous
morphology, while films with Ag doping develop a more
porous and irregular cross-sectional structure. Furthermore,
the thickness of each film was calculated using Imagel]
software by taking measurements from ten different regions
of the cross-sectional images. The average thicknesses with
standard deviations were determined as follows:
310nm = 12nm for undoped films, 256 nm+30nm for
films with 3% Ag doping, 295 nm =25 nm for films with
6% Ag doping, and 360 nm = 55 nm for films with 9% Ag
doping (Table 2). These values indicate that film thickness
decreases slightly at lower doping concentrations, likely due
to Ag incorporation modifying the nucleation rate and grain
boundary formation. However, at 9% Ag doping, a
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Fig. 4 AFM images of SnS:Ag (0%, 3%, 6%, and 9%) thin films

significant increase in thickness is observed, which may be
attributed to Ag atom clustering and reduced atomic
mobility, leading to a less compact and more porous
structure. The increase in thickness at high doping con-
centration aligns with the XRD patterns, where lattice dis-
tortions caused by high Ag content led to amorphous
characteristics. This transition to an amorphous phase likely
reduces atomic mobility, disrupting the columnar growth
observed in lower doping levels and promoting a more
disordered, thicker film. Such structural changes, observed
in both XRD and SEM images, indicate that Ag doping not
only disrupts crystallinity but also modifies the growth
mechanism by promoting amorphization and altering the
film density and compactness.

Figure 4 presents the three-dimensional surface topo-
graphies of the deposited SnS films, as shown in the AFM
images. The films generally maintain structural integrity,
although surface morphology changes as Ag doping
increases. The average roughness values, obtained from the
AFM images for undoped, 3%, 6%, and 9% Ag-doped
films, were determined as 5.8 nm, 11.3 nm, 10.1 nm, and
19.6 nm, respectively, indicating an increase in roughness
with Ag doping. At the 9% doping concentration, the larger
grain sizes and increased surface roughness observed in
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AFM image suggest that higher doping concentrations alter
the surface structure of the films, resulting in a rougher and
less compact surface. Although XRD analysis did not show
diffraction peaks for the 9% Ag-doped SnS sample, leading
it to be considered amorphous, the peaks and valleys
observed in AFM images suggest the possibility of some
ordered structures on the surface. This suggests that while
the bulk of the film is largely amorphous, the presence of
localized ordered structures may still influence charge
transport and optical properties, contributing to the
observed trends in resistivity and band gap widening. At 9%
Ag doping, increased structural disorder and Ag-rich clus-
tering disrupt uniform grain growth, leading to greater
surface roughness and irregularities. While moderate
roughness can enhance light absorption by increasing
photon trapping, excessive surface irregularities can intro-
duce additional recombination centers, which degrade
photovoltaic efficiency by reducing carrier lifetimes and
photocurrent. On the other hand, in comparison to similar
studies, such as that by Bhat et al. [30], where roughness
values ranged from 14 nm to 55 nm, the roughness values in
this study remain considerably lower, even as they increase
with Ag doping. In optoelectronic and photovoltaic appli-
cations, surface uniformity and controlled roughness are
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Fig. 5 a Transmittance spectra, (b) absorption spectra, (¢) absorption coefficient spectra, (d) (ahv)? ~ hv graphs, (€) dT/dE ~ hv graphs, and (f) Ina

~ hv graphs of SnS:Ag (0%, 3%, 6%, and 9%) thin films

essential factors affecting device performance. These find-
ings suggest that maintaining Ag doping at moderate levels
(£6%) optimizes surface smoothness, minimizing recom-
bination losses while preserving light absorption, making
SnS films more suitable for optoelectronic applications.

3.3 Optical analysis

Figure 5a, b show the optical transmittance and absorption
spectra of the deposited all films in the 300-1050 nm range.
As seen from Fig. 5a, the optical transmittance of the
undoped SnS thin films is 11% in the wavelength range of
400-700 nm. For SnS:Ag films, the transmittance increased
to 15% at 3% Ag doping, decreased to 10% at 6% Ag
doping, and significantly increased to 35% at 9% Ag dop-
ing. These values, summarized in Table 2, indicate that the
optical transmittance of thin films is influenced by multiple
factors, including film thickness, crystallinity, and surface
homogeneity. The combined effects of these parameters,
along with structural defects, doping concentration, and
grain boundary scattering, collectively determine the
transmittance level of the material. Similar observations

have been previously reported in the literature [78, 79].
Moreover, the significant increase in transmittance observed
in the 9% Ag-doped SnS films can be attributed to the
amorphous structure tendency. Reghima et al. reported that
10% Ag doping in SnS films led to amorphization, reducing
crystal quality and increasing transparency, likely due to
lower thickness, resulting in higher transmittance than other
films [77]. In this study, however, rather than thickness, the
absence of grain boundaries reduces light scattering, while
the structural disorder may widen the optical band gap,
allowing light to pass through [80]. Furthermore, as shown
in Fig. 5b, the absorption edge appears in the range of
500-700 nm, and with increasing Ag doping concentration,
the absorption edge shifts toward shorter wavelengths.
These spectra also indicate that the films exhibit high optical
absorption, with absorption increasing as the wavelength
decreases. On the other hand, Fig. 5c presents the absorp-
tion coefficient spectra calculated using the absorption data
of the deposited films. The absorption coefficient (a) is
given by the following equation.

a = 2303(A/d) (5)
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Table 3 Electrical resistivity (p),

. .. Material
electrical conductivity (o),

px 10° (Qcm)

6% 10 (Qem)™! px 10" (cm*Vs) Nx 10" (cm™)

carrier mobility («) and carrier SnS 434
concentration (N) values ’

obtained from electrical analysis ~ S1S:Ag (3%) 948
of SnS:Ag (0%, 3%, 6%, and SnS:Ag (6%) 4.39
9%) thin films SnS:Ag (9%) 5.52

2.30 33 4.2
1.06 2.5 2.7
2.28 32 4.4
1.81 2.0 5.6

Here, A is the absorbance and d represents the film thickness
[81]. As seen in Table 2, the absorption coefficient of the
films ranges between 1.54x10*cm™' —5.44 x 10*cm™!,
with the highest absorption coefficient observed in the SnS
films doped with 6% Ag. The high absorption coefficient of
SnS thin films suggests their potential use as absorber layers
in TFSC applications [79, 82]. On the other hand, the band
gap of the deposited films was determined by two different
methods. The first of these, known as the Tauc method, was
determined by using the point where the linear region of the
(ahv)? ~ hy graph drawn in Fig. 5d intersects the (hv) axis
and is listed in Table 2.

(ahv)" = A(hv — E,) (6)

Here, E, is the optical band gap, / is Planck constant, A is a
constant that does not depend on energy, and v is the
frequency of light and takes the value n =2 for allowed
direct transitions [83]. When the values in Table 2 were
examined, it was determined that the optical band gaps of
undoped and 3%, 6%, and 9% Ag-doped SnS films were
1.84eV, 1.86¢eV, 1.83eV, and 2.47 eV, respectively. The
trend shows a general band gap widening with increasing
Ag doping, except for 6% doping, where a slight narrowing
is observed. This behavior can be explained by two
competing mechanisms: (i) the Burstein-Moss effect, which
occurs at high doping levels (29% Ag) due to an increase
in carrier concentration, shifting the Fermi level into the
conduction band [84, 85], and (ii) defect-induced localized
states at 6% doping, which reduce the band gap by
introducing mid-gap energy levels [77, 86]. The similarity
between band gap values obtained using the Tauc method
and the d7/d(hv) ~ hv approach (Fig. 5e) confirms the
reliability of these results, aligning well with the literature
for n-SnS films doped with Ag <6% [67, 87, 88].
Additionally, structural disorder at high doping concentra-
tions can lead to the formation of secondary phases, such as
Sn,O, oxides, which are often amorphous or present in low
concentrations, making them difficult to detect via XRD.
These phases can modify the electronic structure, increasing
sub-bandgap absorption while also introducing non-
radiative recombination centers. Given this, highly doped
SnS films (29% Ag) may be more suitable for short-
wavelength  photodetector applications rather than
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photovoltaic absorbers, which typically require a narrower
band gap (1.3-1.8eV). In addition, Urbach energy (Ey),
which is a measure of the tailing at the band edges, was
determined by using the slope of the linear region of the
In(a) ~ hv graphs drawn in accordance with Eq. (7) given
below in Fig. 5f and is listed in Table 2.

a = apexp(hv/Ey) (7)

Here a is a constant [81]. The rise in Urbach energy from
190 meV (undoped) to 600 meV (9% Ag) indicates an
increase in structural disorder and mid-gap defect states.
While this can enhance sub-bandgap absorption for
photodetectors, it may also introduce non-radiative recom-
bination centers, reducing photovoltaic efficiency. Under-
standing and controlling the impact of Ag doping on the
optoelectronic properties of SnS films is therefore critical
for optimizing their performance in various applications.

3.4 Electrical analysis

The electrical properties of undoped and Ag-doped SnS
films with different doping concentrations (3%, 6%, and
9%) were investigated using a Hall effect measurement
system at room temperature, with contacts prepared in Van
der Pauw geometry. The results, including resistivity (p),
conductivity (o), carrier mobility (u), and carrier con-
centration (&), are listed in Table 3. All films exhibited p-
type conductivity, which is consistent with intrinsic defects
such as tin vacancies (Vs,) commonly observed in SnS thin
films [1, 89]. Tin vacancies create acceptor states near the
valence band, enabling hole conduction and resulting in p-
type behavior, as widely reported in the literature [90]. The
undoped SnS film exhibits high resistivity (4.34 x 10° Qcm)
and low carrier concentration (4.2 x 10"? cm’S), consistent
with intrinsic defects like tin vacancies and possible sulfur
deficiencies, which are known to dominate p-type con-
ductivity in SnS thin films [79, 89, 91]. Previous studies
have also reported comparable high resistivity values for
SnS films [67, 78, 92]. Although SnS films exhibit p-type
conductivity due to intrinsic defects like Sn vacancies, their
low hole concentration remains a challenge for photovoltaic
applications, particularly as absorber layers in TFSCs. Vidal
et al. [86] suggest that increasing sulfur content during
deposition can enhance hole concentration by compensating
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for sulfur deficiencies. At 3% Ag doping, resistivity
increases and carrier mobility decreases due to structural
disorder and defect-induced scattering, limiting charge
transport [85]. However, at 6% Ag doping, resistivity
decreases and carrier mobility improves, suggesting Ag
substitution at Sn sites, which introduces acceptor levels
enhancing p-type conductivity [1]. For 9% Ag doping, the
resistivity increases slightly, and mobility drops further
despite a higher carrier concentration (5.6 x 10'%cm™).
This behavior is attributed to amorphization, as indicated by
XRD results, which creates localized states within the band
gap that sustain carrier generation but increase scattering
events, reducing mobility [84, 86]. Additionally, at exces-
sive doping levels, Ag incorporation may shift from sub-
stitutional to interstitial positions within the SnS lattice,
disrupting the crystal periodicity and introducing additional
defect states. This transition enhances carrier scattering,
further limiting mobility and increasing resistivity. Conse-
quently, maintaining an optimal Ag doping level (< 6%) is
crucial for achieving a balance between enhanced con-
ductivity and minimal structural degradation.

The observed trends in electrical properties correlate
with the optical characteristics of the films. The increase in
Urbach energy from 190 meV to 600 meV with increasing
Ag doping reflects higher structural disorder, which aligns
with the reduction in carrier mobility at 9% Ag doping.
Similarly, the widening of the optical band gap at higher
doping concentrations may reduce the availability of ther-
mally excited carriers, thereby contributing to the observed
increase in resistivity. As previously discussed, sulfur
deficiencies can also contribute to the low hole con-
centration, further influencing the electrical properties of
the films [78, 93-95]. These results indicate a strong
interdependence between the optical and electrical prop-
erties of Ag-doped SnS films, highlighting their potential as
absorber layers in TFSCs. However, the relatively high
resistivity and low carrier concentration observed in the
present study suggest that further optimization of the Ag
doping concentration and growth conditions is necessary.
In particular, implementing sulfur-rich deposition condi-
tions or post-deposition treatments such as sulfurization
may effectively address sulfur deficiencies and enhance the
carrier concentration.

4 Conclusion

In this study, the effects of Ag doping (3%, 6%, and 9%) on
the structural, morphological, optical, and electrical prop-
erties of SnS thin films deposited via ultrasonic spray pyr-
olysis were investigated. XRD analysis revealed a 7-SnS
structure with a (400) preferred orientation for undoped and
<6 Ag doped films, while 9% Ag doping led to

amorphization. Crystallite size decreased from 279 A
(undoped) to 203 A 3% Ag), with increasing micro-strain
indicating lattice distortion. Surface analysis showed that
film roughness increased from 5.8 nm to 19.6nm with
higher Ag doping, consistent with the observed structural
disorder. Optical analysis demonstrated a widening of the
band gap from 1.84eV (undoped) to 2.47eV (9% Ag),
accompanied by a rise in Urbach energy from 190 meV to
600 meV, reflecting increased electronic disorder. Electrical
measurements confirmed p-type conductivity for all films.
Resistivity increased at 3% Ag doping (9.48 x 10° Qcm) but
exhibited a relatively stable trend at 6% and 9% doping
concentrations, while carrier concentration rose to
5.6 x 102 cm™ at 9% doping, with mobility decreasing due
to increased scattering. Based on the combined structural,
optical, and electrical analyses, 6% Ag doping provides the
optimal balance for thin-film solar cell applications. At this
concentration, the film maintains moderate crystallinity,
reasonable electrical conductivity, and an appropriate band
gap (1.83 eV), avoiding the amorphization observed at 9%
doping. This suggests that 6% Ag-doped SnS films are the
most promising candidates for photovoltaic applications. In
summary, Ag doping significantly modifies the optical and
electrical behavior of SnS films, with a trade-off between
structural disorder and band gap widening. These findings
demonstrate the potential of Ag-doped SnS films for tunable
optoelectronic applications, particularly in thin-film solar
cells and photodetectors.
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