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stand out. These materials have not only achieved com-
mercial success but also power conversion efficiencies (η) 
exceeding 22% [3]. Yet, the toxicity of these absorber mate-
rials (like cadmium) and the scarcity of critical raw materi-
als (like indium, gallium, and tellurium) compel researchers 
to explore alternative absorber materials like Cu2ZnSn(S, 
Se)4 (CZTS), which have environmentally friendly and 
more abundant elements [4–6]. Nonetheless, the complex 
crystal structure of the CZTS absorber layer, undesirable 
secondary phases, and defect mechanisms are factors that 
complicate achieving high efficiency in solar cells [7]. Con-
sidering these factors, binary compound thin film absorber 
layers, which are easier to control stoichiometry, low in 
cost, and contain elements abundantly available in nature, 
emerge as an ideal material option for solar cell applications 
[8, 9]. In this context, tin monosulfide (SnS), a member of 
the IV-VI group of semiconductors, is emerging as a viable 

1  Introduction

In recent years, the search for energy-efficient technologies 
with sustainable and environmentally friendly approaches 
has made the discovery of new materials with exceptional 
properties a focal point of research [1]. This situation has 
driven researchers to innovate and create materials for thin 
film solar cells (TFSCs) that are characterized by enhanced 
efficiency [2]. Within the field of TFSCs, those employing 
Cu(In, Ga)(S, Se)2 (CIGS) and CdTe as absorber layers 
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Abstract
This study presents findings related to the characterization of cubic SnS (π-SnS) thin films and p-SnS/n-Si heterojunction 
structures produced simultaneously using the ultrasonic spray pyrolysis technique. In this context, the impact of different 
spray solution flow rates on the morphological, structural, optical, and electrical characteristics of the films was examined. 
Morphological analyses revealed that higher flow rates resulted in films with denser and smoother surfaces, approximately 
6 nm in roughness. Additionally, it was observed that both the thickness and the growth rate of the films could be adjusted 
through the modulation of the flow rate. Structural analyses determined that the crystallite size increased and micro-strain 
values decreased with increasing flow rates. Optical evaluations indicated a decline in the optical band gap of the thin 
films from about 1.8 eV to 1.7 eV as the flow rates increased. This trend was consistently observed in the data obtained 
using the Tauc method and the derivative of transmission with respect to wavelength versus photon energy graphs. Elec-
trical analyses revealed that the resistivity values of the thin films increased from 5.24 × 105 Ωcm to 1.64 × 106 Ωcm with 
increasing flow rates. Furthermore, I-V analyses of the Au/p-SnS/n-Si/Ag heterojunction structures indicated significant 
variability in key electrical properties. The saturation currents displayed a broad range, suggesting varying efficiencies in 
charge carrier collection across different samples. Similarly, the change of ideality factors pointed to differences in charge 
transport mechanisms, while the shifts in barrier heights indicated changes in junction properties with different fabrication 
conditions. The results of this study offer valuable perspectives for future research.
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candidate for solar cell applications. This is primarily due to 
its advantageous opto-electrical properties.

The crystalline structures are crucial in defining the phys-
ical characteristics of materials. SnS, a polymorphic mate-
rial, crystallizes in the orthorhombic (SnS-ORT) phase as 
its ground state and also in a semi-stable cubic (SnS-CUB) 
phase, named π-SnS, discovered by Rabkin et al. in 2015 
[10–12]. The π-SnS phase, compared to the SnS-ORT phase 
(Eg ∼1.1–1.3 eV), possesses a higher direct band gap (Eg 
∼1.6–1.8 eV), strong absorption onset (α ∼104-105 cm− 1), 
and a larger dielectric constant, thus potentially offering 
higher solar cell efficiency [13–15]. The π-SnS phase is 
noted for its structural stability at room temperature and iso-
tropic optical properties, which are considered valuable for 
various device applications as well [16, 17]. Research sug-
gests that the π-SnS phase is well-suited for optoelectronic 
uses, including thermoelectric devices and near-infrared 
(NIR) photodetectors [18–20]. However, despite theoretical 
power conversion efficiencies of around 24% for SnS-based 
TFSCs, practical applications usually report efficiencies 
below 4%, with only a few studies achieving successes 
above 4% [21–27]. The reasons for this include challenges 
such as determining the appropriate buffer layer, produc-
ing quality materials, and the presence of secondary phases 
[6, 28]. Moreover, current research indicates that the influ-
ence of the π-SnS phase on the performance of photovoltaic 
devices remains underexplored. Nonetheless, depending on 
the synthesis method and conditions, thin films crystallizing 
in either the π-SnS or SnS-ORT phase can exhibit differ-
ent physical properties. The optical band gap of SnS thin 
films can be adjusted without changing the structural phase, 
through appropriate doping or modifications in deposition 
parameters [29]. For these reasons, improving the physi-
cal properties of high-quality π-SnS thin films necessitates 
comprehensive research.

A variety of techniques have been explored for produc-
ing SnS thin films, as reported in existing studies, such 
as sputtering [30], atomic layer deposition (ALD) [31], 
thermal evaporation [32], electro-deposition [33], spin-
coating [34], chemical bath deposition (CBD) [35], and 
spray pyrolysis [36]. Film thickness is one of the critical 
parameters affecting the structural, morphological, optical, 
and electrical attributes of SnS thin films produced through 
these techniques. In their research, Javed et al. [29] ana-
lyzed how varying film thicknesses (374  nm to 723  nm) 
impact the physical properties of SnS films prepared via 
chemical bath deposition. Their findings revealed that these 
films consistently formed in a cubic phase. Notably, as the 
film thickness increased, there was a corresponding rise in 
surface roughness and changes in the optical and electri-
cal properties, with the optical band gap widening slightly 
from 1.70 eV to 1.74 eV and electrical resistivity increasing 

from 1.592 × 103 Ωcm to 1.785 × 104 Ωcm. These findings 
indicate that by varying film thickness, it is feasible to 
manipulate their optical band gap and electrical conductiv-
ity. In another study, Messaoudi et al. [37] observed nota-
ble variations in the physical characteristics of SnS films, 
which were fabricated using spray pyrolysis over spray 
durations of 15, 30, 45, and 60 min. The study highlighted 
how these different spraying times substantially influenced 
the physical properties of the films. The study revealed 
that as the duration of the spraying process was prolonged, 
the thickness of the films significantly increased, ranging 
approximately from 200 nm to 2000 nm. Despite all films 
exhibiting an orthorhombic crystalline structure, superior 
crystallization was observed when the spraying duration 
was minimized. Moreover, the formation of a secondary 
Sn2S3 phase was noted during extended spraying periods 
of 60  min. Furthermore, indicated that the optical band 
gap of the films was notably influenced by the duration of 
the spraying process, showing an increase from 0.69 eV to 
2.10 eV as the spraying time was extended. Morphologi-
cal analyses showed an increase in surface roughness (from 
14.6 nm to 56.7 nm) and that the film surfaces had good 
coverage without pinholes or cracks. These findings sug-
gest that these properties would have a positive effect on 
their application as absorber layer materials in efficient 
solar cells. Moreover, given the extensive uses of SnS 
materials, the fabrication of high-quality π-SnS thin films 
through economical and straightforward methods is crucial. 
The ultrasonic spray pyrolysis (USP) technique is particu-
larly notable for its vacuum-free process, which allows for 
operation in open-air environments, making it more acces-
sible and cost-effective than other chemical deposition 
approaches. This method involves the creation of thin films 
by spraying a solution, which contains various concentra-
tions and volumes of chemical salts aligned with the mate-
rials composition, through an ultrasonic nozzle. The spray 
forms fine droplets that are then deposited on preheated 
substrates via a carrier gas, following specific flow rates 
and durations [38]. In this context, several key deposition 
variables including the concentration of the spray solution, 
the rate of solution flow (or spraying speed), the duration 
of spraying, the pressure of the carrier gas, the tempera-
ture of the substrate, and the distance between the nozzle 
and substrate significantly influence the quality of the films 
[39]. Notably, a higher solution flow rate often results 
in increased film thickness, making it a critical factor in 
determining the films growth dynamics and their physical 
characteristics. Both the studies mentioned above and the 
impact of the spray solution flow rate from the microstruc-
ture to the crystal quality/opto-electrical properties indicate 
that all physical properties are affected. However, to our 
knowledge, the effect of solution flow rate on π-SnS thin 
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films produced by the USP technique has not been deter-
mined yet.

This research clarifies how variations in the flow rate 
of the spray solution impact the structural, morphological, 
optical, and electrical characteristics of π-SnS thin films, 
which hold substantial importance for technology appli-
cations. The thin films were deposited on glass substrates 
using the USP technique. Current findings suggest that more 
comprehensive research is required to thoroughly assess 
how the flow rate influences these physical properties. Con-
sequently, the purpose of this study is to conduct a detailed 
examination of how varying the flow rate affects the physi-
cal properties and performance characteristics of π-SnS thin 
films applied on glass substrates using the USP method, as 
well as the p-SnS/n-Si heterostructures that form simulta-
neously. The findings provide valuable insights for future 
research, highlighting how the properties of π-SnS thin 
films can be enhanced and customized for specific applica-
tions through the use of suitable dopants.

2  Experimental methods

SnS thin films and p-SnS/n-Si heterojunction structures 
were simultaneously deposited on glass and n-Si substrates 
at different flow rates by preparing spray solutions. The 
cleanliness of the substrates, preparation of the spray solu-
tion, deposition recipe, and devices used in characterization 
are provided below.

2.1  Substrate cleaning

Before proceeding to the crucial cleaning stage for film 
quality, glass and n-Si substrates were cut into sizes of 
10 × 10 mm and 20 × 20 mm. Initially, a four-stage cleaning 
procedure was applied to the glass substrates in an ultra-
sonic bath. These stages, each lasting 15 min and performed 
at room temperature, included washing with detergent 
deionized (DI) water, rinsing with DI water only, clean-
ing with acetone-methanol, and a final rinse with DI water. 
Additionally, between these stages, the glass substrates 
were rinsed under running DI water and subsequently dried 
inside an oven set at 100 °C. Secondly, the n-Si substrates 
were washed applying standard RCA cleaning and then 
dried with nitrogen (N2) gas. After completing the cutting 
and cleaning of the substrates, the preparation phase for the 
spray solution was initiated.

2.2  Preparation of Spray Solution

Initially, the chemical spray solution was prepared by dis-
solving tin chloride (SnCl2.2H2O) in deionized (DI) water 

at a concentration of 0.075 M, which did not result in any 
film formation on the substrate. Following this, a successful 
approach involved dissolving SnCl2.2H2O in HCl at 60 °C 
to achieve the same concentration, then extending it with 
DI water, leading to the emergence of crystallized films in 
subsequent trials. Consequently, the final spray solution was 
formulated by mixing 0.075  M SnCl2.2H2O in a solution 
of HCl and DI water at a 5:95 ratio and 0.075 M thiourea 
(CH4N2S) in DI water, combined equally by volume. After 
the spray solution was prepared, the deposition phase of the 
films commenced.

2.3  Deposition of SnS Thin films and p-SnS/n-Si 
heterostructures

SnS thin films and p-SnS/n-Si heterojunction structures were 
simultaneously produced on glass and n-Si substrates via the 
ultrasonic spray pyrolysis technique. The spray solution was 
applied to substrates heated to 350 °C, utilizing flow rates 
of 4 ml/min, 6 ml/min, and 8 ml/min. An ultrasonic nozzle 
operating at a frequency of 100 kHz, paired with air pres-
sured at 1 bar as the carrier gas, facilitated the atomization 
of the solution. The distance between the heating plate and 
the nozzle was kept at 30 cm, while the substrate tempera-
ture was regulated by a PID controller with a K-type ther-
mocouple positioned on the heating element. The deposition 
process lasted for 25 min. Figure 1 presents the schematic 
diagram of the USP system employed in this study. Follow-
ing the deposition, the next phase involved characterizing 
the SnS thin films and p-SnS/n-Si heterojunctions.

2.4  Characterization of SnS Thin films and p-SnS/n-
Si heterostructures

The morphological analyses of the thin films were exam-
ined through surface images taken at different magnifica-
tions with a Carl Zeiss-Gemini 300 model scanning electron 
microscope (SEM). Additionally, cross-sectional SEM 
images were taken to determine the thickness of the thin 
films, which was calculated using the ImageJ software. 
Moreover, morphological analyses were supported by AFM 
images taken in non-contact mode with a Park Systems XE 
100 model atomic force microscope (AFM). The average 
surface roughness values (Ra) were determined using XEI 
version 1.7.1 software. The structural properties of the thin 
films were analyzed using X-ray diffraction (XRD) patterns 
obtained from a PANalytical Empyrean system, which oper-
ates with CuKα radiation (λ = 1.5405 Å) at 40 kV and 30 mA. 
The 2θ data, spanning from 20° to 80°, were collected in 
continuous scan mode with a step size of 0.013°. The optical 
properties of the thin films were examined through trans-
mittance and absorption spectra taken in the wavelength 
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temperature and in a dark environment with a Keithley 2400 
source meter. Following this, the effects of flow rate on the 
morphological, structural, optical, and electrical analyses as 
well as on the device performances of the deposited thin 
films and formed heterostructures were discussed in detail.

3  Results and discussions

3.1  Morphological analysis

SEM images of SnS thin films deposited on glass sub-
strates are presented in Fig.  2, illustrating the films at 

range of 300–1050  nm using a Rigol Ultra-3660 model 
spectrophotometer. In the phase of electrical analyses of the 
thin films, the type of electrical conductivity was initially 
determined using the hot probe technique. Subsequently, the 
electrical resistivity values of the thin films were detected 
using a Lucas Labs Pro4 four-probe system, utilizing 5 dif-
ferent points taken from the film surfaces. Additionally, the 
produced p-SnS/n-Si heterojunction structures were formed 
by depositing gold (Au) and silver (Ag) metal point contacts 
respectively on SnS and n-Si layers using an MTI brand DC 
sputter system. The device performances of such formed 
Au/p-SnS/n-Si/Ag heterojunctions were evaluated by ana-
lyzing current-voltage (I-V) measurements taken at room 

Fig. 2  SEM images at ×1 K magnification (top), SEM images at ×30 K magnification (bottom), and cross-sectional SEM images (bottom-with 
inset) of π-SnS thin films deposited at different solution flow rates: 4 ml/min, 6 ml/min, and 8 ml/min

 

Fig. 1  Schematic representation 
of the ultrasonic spray pyrolysis 
system (1) ultrasonic nozzle, (2) 
ultrasonic generator, (3) hot plate, 
(4) thermocouple, (5) temperature 
controller, (6) syringe pump, (7) 
droplet transport, (8) substrate, 
(9) air compressor, (10) pressure 
regulator
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rates facilitate the deposition of more solution onto the sub-
strate per unit of time, a finding supported by similar studies 
in the literature [37, 40]. Upon examining the AFM images 
given in Fig. 3, the films exhibit a smooth and homogeneous 
surface, devoid of any cracks. The bright and dark spots 
identified correspond to the stacking of grain peaks and the 
creation of valleys, respectively. Notably, the surface rough-
ness measurements − 8.3 nm at 4 ml/min, 5.5 nm at 6 ml/
min, and 6.1 nm at 8 ml/min- indicate low roughness levels. 
Such smoothness is particularly beneficial for applications 
in devices like solar cells, where low surface roughness is 
crucial for efficiency.

3.2  XRD Analysis

Figure  4 presents the XRD patterns (20° ≤ 2θ ≤ 80°) of 
SnS thin films deposited on glass substrates at varying flow 

magnifications of ×1 K and ×30 K for different flow rates: 
4 ml/min, 6 ml/min, and 8 ml/min. In the ×1 K magnified 
SEM images shown in Fig. 2(top), no voids or crack-like 
formations were observed on the film surfaces. On the other 
hand, it was observed that the particle formation density 
on the film surfaces relatively increased as the flow rate 
increased. This situation suggests that the atomization of the 
solution is negatively affected by the increase in solution 
flow rate. However, the analysis of SEM images at ×30 K 
magnification, as depicted in Fig.  2(bottom), reveals that 
the structure of the films becomes denser and more compact 
with increasing solution flow rates. Additionally, cross-sec-
tional images provided in Fig.  2(bottom-with inset) con-
firm a correlation between the flow rate and film thickness, 
which significantly increases across the flow rates of 4 ml/
min (338 nm), 6 ml/min (686 nm), and 8 ml/min (1098 nm). 
This increase aligns with expectations since higher flow 

Fig. 4  XRD patterns of π-SnS 
thin films deposited at different 
solution flow rates: 4 ml/min, 
6 ml/min, and 8 ml/min

 

Fig. 3  AFM images of π-SnS thin films deposited at different solution flow rates: 4 ml/min, 6 ml/min, and 8 ml/min
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In these equations, K (0.94) represents the shape factor, λ is 
the x-ray wavelength, β is the full-width at half-maximum 
in radians, and θ is the Bragg angle, also in radians. Addi-
tionally, the lattice constant -a of the cubic crystal structure 
was derived using the equation below [43];

1/d2 = (h2 + k2 + l2)/a2 � (3)

where d stands for the interplanar distance, and h, k, and l 
are the Miller indices. Values for crystallite size (D), micro-
strain (ε), and lattice constant (a) were determined through 
their respective formulas and are summarized in Table  1. 
Examining the values in Table 1, the films deposited at 8 ml/
min flow rate have larger crystallite sizes compared to those 
deposited at 4 ml/min and 6 ml/min, with lower micro-strain 
values. This change in crystal structure may be related to the 
increase in thickness of the thin films [45]. Additionally, it 
is noticeable that micro-strain values decrease with increas-
ing flow rate, suggesting lattice relaxation in the films. The 
lattice constant values of the π-SnS crystal structure vary 
depending on the deposition conditions [11]. Calculated 
lattice constant values are slightly lower than the reference 
value (a = 11.568 Å) but closely approximate it as the flow 
rate increases (Table 1). It is also thought that there is a rela-
tionship between the decrease in lattice strain with increas-
ing flow rate and the approach of the lattice constant to the 
standard value. Based on all these structural analyses, it can 
be suggested that highly crystalline π-SnS thin films can be 

rates: 4 ml/min, 6 ml/min, and 8 ml/min. The XRD patterns 
shown in Fig.  4 were compared with the reference cards 
for the SnS-ORT phase (JCPDS card no. 39–0354) and the 
SnS-CUB phase, also referred to as π-SnS (JCPDS card 
no. 86-9477). The JCPDS card no. 86-9477 for π-SnS was 
introduced in 2017 [10, 41]. The XRD patterns in Fig. 4, 
differing from the SnS-ORT crystal structure, matched the 
π-SnS crystal structure with a lattice parameter of a = 11.568 
Å [41]. Additionally, the triple peak structure appearing in 
the 2θ = 30°-33° range corresponding to the (400), (410), 
and (411) crystallographic planes confirm the cubic phase 
formation. Thus, it was determined that the deposited thin 
films have a cubic crystal structure, and the obtained XRD 
patterns closely match those in studies related to π-SnS [10, 
11, 13, 42]. Moreover, no secondary phases were detected 
in the XRD patterns. Upon examining Fig. 4, the diffrac-
tion peaks on the XRD patterns appeared sharper and more 
intense with increasing solution flow rate. This suggests an 
increase in crystallization level of the films with increasing 
solution flow rate, i.e., higher deposition rate. Furthermore, 
the crystallite size (D) and micro-strain (ε) of the samples 
were determined using the Debye-Scherrer formula, pre-
sented as Eq.  (1), and a related strain equation, shown as 
Eq. (2) [43, 44];

D = K/β cosθ � (1)

ε = β cotθ /4� (2)

Table 1  Diffraction angle (2θ), interplanar distance (d), full width at half maximum (β), Miller indices (hkl), lattice constant (a), crystallite size 
(D), and micro-strain (ε) values obtained from the structural analyses of π-SnS thin films deposited at different flow rates of 4 ml/min, 6 ml/min, 
and 8 ml/min
Material 2θ (°) d (Å) β (°) (hkl) a (Å) D (nm) ε × 10− 3

4 ml/min 27.13 3.28418 0.3938 (222) 11.3768 23 7.12
31.31 2.85461 0.3945 (400) 11.4184 23 6.14
32.31 2.76851 0.3668 (410) 11.4148 25 5.53
44.71 2.02527 0.8026 (440) 11.4567 12 8.52

6 ml/min 27.17 3.27944 0.3706 (222) 11.3603 24 6.69
31.38 2.84840 0.3535 (400) 11.3936 26 5.49
32.35 2.76517 0.4183 (410) 11.4011 22 6.29
33.30 2.68842 0.3899 (411) 11.4060 24 5.69
35.99 2.49341 0.4249 (421) 11.4262 22 5.71
40.16 2.24360 0.7068 (510) 11.4401 13 8.44
44.76 2.02313 0.4379 (440) 11.4445 22 4.64
52.84 1.73121 0.6224 (622) 11.4836 16 5.47

8 ml/min 27.17 3.27944 0.2723 (222) 11.3603 33 4.92
31.37 2.84929 0.2558 (400) 11.3972 36 3.97
32.35 2.76517 0.2926 (410) 11.4011 31 4.40
33.30 2.68843 0.2606 (411) 11.4060 35 3.80
36.01 2.49207 0.3239 (421) 11.4201 28 4.35
40.19 2.24200 0.3750 (510) 11.4320 25 4.47
44.71 2.02527 0.4397 (440) 11.4567 22 4.67
50.98 1.78992 0.4533 (540) 11.4611 22 4.15
52.86 1.73061 0.4260 (622) 11.4795 23 3.74
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the coefficients are as follows: for a flow rate of 4 ml/min, 
the value is approximately 1.2 × 105 cm− 1; at 6  ml/min, 
it increases slightly to 1.3 × 105 cm− 1; and at 8 ml/min, it 
decreases to 7.9 × 104 cm− 1. This suggests that while the 
absorption capability generally increases with flow rate, it 
shows a decline at the highest flow rate examined. Con-
versely, at 650  nm, the absorption coefficients are lower 
overall and exhibit a gradual increase with the flow rate, 
measured at approximately 4.4 × 104 cm− 1, 6.2 × 104 cm− 1, 
and 7.1 × 104 cm− 1 for the respective flow rates of 4, 6, and 
8 ml/min. This trend indicates that the film’s ability to absorb 
light increases with flow rate at this longer wavelength. As 
known from the literature, the absorption characteristics of 
all films are strong enough in the visible region to facilitate 
the formation of electron-hole (e-h) pairs in deposited SnS 
films [29]. Therefore, it can be said that all films can be used 
as absorber layers in TFSC applications. On the other hand, 
as observed in Fig. 5(b), the absorption edge shifts to longer 
wavelengths with an increasing flow rate, and the absorp-
tion edge becomes sharper. This indicates that the optical 
band gap of SnS films narrows with an increasing flow rate, 
and the band edge tailings decrease. Two different methods 
were adopted for determining the band gap. One of these is 
the Tauc method, expressed by Eq. (5) below, based on the 
absorption and transmittance data. The optical band gap can 
be deduced from the plot of (αhv)2 versus hv, as shown in 
Fig. 6(a). This method involves locating the point where the 

obtained by ultrasonically spraying the prepared spray solu-
tion at a flow rate of 8 ml/min onto glass substrates.

3.3  Optical analysis

Figure 5(a) and 5(b) illustrate the optical transmittance and 
absorption spectra of the SnS thin films, respectively. As 
depicted in Fig. 5(a), the films show low transmittance in 
the visible region, with a noted increase in transmittance at 
longer wavelengths. Additionally, transmittance decreases 
as the solution flow rate increases, which correlates with 
changes in film thickness, crystallization, and surface 
roughness [9, 46]. Despite a reduction in surface roughness 
and enhanced crystallization at higher flow rates, the aug-
mented thickness tends to lower the transmittance. In the 
absorption spectrum presented in Fig. 5(b), the films dem-
onstrate strong optical absorption within the visible range, 
which intensifies at shorter wavelengths. The absorption 
coefficients, derived using Eq. (4) shown below, are given 
as a function of wavelength in Fig. 5(c);

α = 2.303 (A/d) � (4)

where α denotes the absorption coefficient, A is the absor-
bance, and d is the film thickness [47]. Table 2 outlines the 
absorption coefficient values of the SnS thin films at differ-
ent wavelengths and flow rates. At a wavelength of 550 nm, 

Table 2  Film thickness, optical absorption coefficient (α) at 550 nm to 650 nm, optical band gap (Eg) derived from both the Tauc method and 
(dT/dλ)∼λ plots, and Urbach energy (EU) values of π-SnS thin films deposited at different flow rates of 4 ml/min, 6 ml/min, and 8 ml/min
Material Thickness (nm) α (×104 cm− 1) Eg (eV) EU (meV)

550 nm 650 nm (αhν)2 ∼ hν dT/dλ
4 ml/min 338 11.8 4.37 1.83 1.81 217
6 ml/min 686 13.2 6.19 1.77 1.74 159
8 ml/min 1098 7.89 7.05 1.75 1.71 130

Fig. 5  (a) Transmittance spectra, (b) absorption spectra, and (c) absorption coefficient spectra of π-SnS thin films deposited at different solution 
flow rates: 4 ml/min, 6 ml/min, and 8 ml/min
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α = α 0exp (h/EU )� (6)

Here, α0​ is a constant [47]. The Urbach energy values, 
which reflect the extent of band tailings, show a notice-
able decline from 217 meV to 130 meV as the solution flow 
rate increases, as detailed in Table 2. This trend suggests an 
improvement in the quality of the thin films, characterized 
by a reduction in the density of states in the band tails. The 
decrease in Urbach energy signifies fewer localized states 
associated with structural disorder, indicating enhanced 
crystallization of the films at higher flow rates. This cor-
relation between increasing flow rates and reduced Urbach 
energy highlights the relationship between deposition con-
ditions and film crystallinity, suggesting that optimized flow 
rates can directly influence the structural and optical proper-
ties of the films.

3.4  Electrical analysis

The hot probe technique established that the SnS thin films 
exhibit p-type electrical conductivity. Electrical resistivity 
measurements conducted using the four-probe technique 
at five distinct points on each film surface are reported in 
Table  3. These measurements show an increase in resis-
tivity from 5.24 × 105 Ωcm to 1.64 × 106 Ωcm with higher 

linear segment of the plot intersects the hv axis. The rela-
tionship is defined by the equation;

(α h)n = A(h−Eg)� (5)

where Eg​ ​ represents the optical band gap, h is the Planck 
constant, A is an energy-independent constant, and ν is the 
frequency of the incident light. The exponent n is 2, which is 
typical for allowed direct transitions [48]. Alternatively, the 
band gap can also be determined by utilizing the changes in 
the transmission and absorption spectra with wavelength. 
As shown in Fig. 6(b), a plot of (dT/dλ)​ vs. λ, which identi-
fies the rapid change in the transmission spectrum, peaks 
at the wavelength corresponding to the optical band gap, 
and the energy corresponding to this peak wavelength repre-
sents the optical band gap [49]. The optical band gap values 
detailed in Table  2 reveal a slight decrease with increas-
ing flow rates. This trend correlates with the previously 
observed increase in film thickness across different flow 
rates, where thicker films typically exhibit a narrower band 
gap. This effect, a well-understood phenomenon in thin film 
physics, is due to the quantum confinement that diminishes 
as the film thickens [50]. Additionally, the decrease in lat-
tice strain, often accompanying increased crystallization 
from higher flow rates, further contributes to the band gap 
narrowing. Furthermore, these variations in band gap can be 
attributed to differences in crystallization quality and syn-
thesis techniques used for the films. The calculated optical 
band gap values for π-SnS films align well with existing lit-
erature values [51, 52]. Additionally, the Urbach energy (EU​​
) values, indicative of band edge tailings, are derived from 
the slope of the linear segments of the lnα versus hν plots, 
as per Eq. (6) displayed in Fig. 6(c). These values are also 
listed in Table 2.

Table 3  Resistivity (ρ) values obtained with the four-point probe tech-
nique for π-SnS thin films deposited at different flow rates of 4 ml/min, 
6 ml/min, and 8 ml/min, along with rectification ratio (RR), saturation 
current (I0), ideality factor (η), and barrier height (φb) values derived 
from semi-logarithmic I∼V graphs of the Au/p-SnS/n-Si/Ag hetero-
junction structures
Material ρ (Ωcm) RR (±1.5 V) I0(×10− 9A) η φb (eV)
4 ml/min 5.24 × 105 393 341.4 3.19 0.71
6 ml/min 10.98 × 105 226 3.05 1.91 0.84
8 ml/min 16.42 × 105 248 7.04 3.99 0.81

Fig. 6  (a) (αhν)2∼hν plots, (b) (dT/dλ)∼λ plots, and (c) lnα∼hν plots of π-SnS thin films deposited at different solution flow rates: 4 ml/min, 6 ml/
min, and 8 ml/min
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characterizes how closely the diode behavior follows the 
ideal diode equation. k stands for Boltzmann constant, T 
is the absolute temperature in Kelvin, and V is the volt-
age applied across the diode, dictating the diode operating 
point. This formula is critical in predicting how current 
escalates with voltage in semiconductor devices [54–56]. 
In the condition V > 3kT/q, the term beside the exponential 
term in Eq. (7) can be neglected. Taking the natural loga-
rithm, Eq. (8) can be written, and deriving with respect to V, 
Eq. (9) can be written [54–56]:

ln (I) = ln(I0) + (qV/kT )� (8)

η = (q/kT ) (dV/d(lnI))� (9)

The ideality factor (η) and the saturation current (I0​) of the 
diode are quantitatively assessed from the slope and inter-
cept, respectively, of the linear part of the semi-logarithmic 
current-voltage (I-V) plots. The barrier height (ϕb​​) is then 
calculated from the saturation current using the following 
relation [54–56]:

I0 = AA∗T 2exp (−qb/kT )� (10)

where A represents the effective diode area, and A* is the 
Richardson constant, which is 120 A/K2cm2 for n-type sili-
con. Utilizing Eqs. (8), (9), and (10), the saturation current, 
ideality factor, barrier height, and rectification ratio (RR) 
were determined and the results are listed in Table  3. As 
given in Table  3, the rectification ratio of the heterojunc-
tion structures created at different flow rates varies between 
226 and 393 at ± 1.5 V. Thus, as can be seen from Fig. 7, 
all heterojunction structures exhibit good rectifying behav-
ior and rectification ratio. The ideality factor is known as a 
parameter indicating the quality of a p-n junction, ideally 
equal to one, and varies between one and two in a conven-
tional diode [57]. Therefore, an ideality factor greater than 
one indicates the presence of other transport mechanisms 
besides pure thermionic emission [58]. In this study, for 
heterojunction structures created at flow rates of 4 ml/min, 
6 ml/min, and 8 ml/min, it was found that the ideality factor 
(η) values were 3.19, 1.91, and 3.99, respectively; the satu-
ration current (I0) values were 3.49 × 10− 7 A, 3.05 × 10− 9 A, 
and 7.04 × 10− 9 A, respectively; and the barrier height (ϕb​
) values were 0.71 eV, 0.84 eV, and 0.81 eV, respectively. 
Based on these data, it can be said that the p-SnS/n-Si 
heterojunction structure deposited at a flow rate of 6  ml/
min exhibited better device properties with a significantly 
lower ideality factor (1.91) and lower saturation current 
(3.05 × 10− 9 A) compared to other structures. However, the 
large ideality factor values for p-SnS/n-Si heterojunction 
structures deposited at 4 ml/min and 8 ml/min could be due 

flow rates. Typically, factors like increased film thickness 
and surface roughness contribute to higher resistivity due to 
enhanced porosity, grain boundary scatterings, and interface 
effects [29, 53]. However, the findings in this study present 
an unexpected trend; despite the increased film thickness 
and denser film formation, which generally reduce resistiv-
ity by improving crystallite size and reducing surface rough-
ness, the resistivity values unexpectedly rose. This anomaly 
could be attributed primarily to a reduction in carrier con-
centration at higher flow rates, despite potential increases in 
carrier mobility due to decreased scattering at crystal bound-
aries, which usually act as scattering centers. On the other 
hand, gold (Au) and silver (Ag) metal point contacts were 
applied to the front and back surfaces of p-SnS/n-Si het-
erojunctions simultaneously deposited with SnS thin films, 
forming Au/p-SnS/n-Si/Ag heterojunction structures. The 
device behaviors of the heterojunction structures created 
were analyzed by examining the linear I-V curves obtained 
under dark conditions at room temperature, as presented 
within Fig. 7. In Fig. 7, semi-logarithmic I-V graphs corre-
sponding to the created p-SnS/n-Si heterojunction structures 
are presented. Accordingly, the charge transport processes 
in heterojunction structures were analyzed within the frame-
work of thermionic emission (TE) theory. TE theory models 
the variation of current in response to voltage across a het-
erojunction through the equation shown below:

I = I0 [exp (qV/kT )− 1]� (7)

In this expression, I0​ represents the reverse saturation cur-
rent, indicative of the current that flows through the diode 
when it is in reverse bias, effectively with zero applied volt-
age. The parameter η, known as the diode ideality factor, 

Fig. 7  Semi-logarithmic I ~ V graphs of p-SnS/n-Si heterojunction 
structures created at different solution flow rates: 4 ml/min, 6 ml/min, 
and 8 ml/min (with inset linear I ~ V graphs)
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