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The chemical bath deposition technique (CBD) is considered the cheapest and easiest compared with other
deposition techniques. However, it is highly sensitive to effective parameter deposition values such as pH,
temperature, and so on. The pH value of the reaction solution has a direct impact on both the nucleation and

gﬁoto detector growth rate of the film. Consequently, this study presents a novel investigation into the effect of a precise change
Photoresponse in the pH reaction solution value on the structural, morphological, and photoresponse characteristics of tin

monosulphide (SnS) films. The films were grown on a flexible polyester substrate with pH values of 7.1, 7.4, and
7.7. The X-ray diffraction patterns of the grown films at pH 7.1 and 7.4 confirmed their polycrystalline nature.
Additionally, an observed alteration in the crystal structure occurred as the pH value increased from 7.1 to 7.4,
resulting in a transition from an orthorhombic crystal structure to a cubic crystal structure. In contrast, the XRD
pattern of the grown film at pH 7.7 revealed that it was amorphous. The field-emission scanning electron mi-
croscopy images revealed a flower-like morphology for the grown film at 7.1, whereas the grown films at 7.4 and
7.7 revealed a grain morphology. The results also showed that the pH values were also having an important effect
on the energy gap value (Eg) of films; the E; values were 1.46, 1.57, and 1.65 eV for pH 7.1, 7.4, and 7.7,
respectively. The photodetectors fabricated using grown films exhibited excellent photoresponse characteristics
when subjected to near-infrared (750 nm) illumination. It was also demonstrated that the photodetector using
the cubic structure film possessed faster response times and greater sensitivity than the photodetector using the
orthorhombic structure film.

1. Introduction

Nanostructured semiconductor materials have piqued the interest of
researchers in recent years due to their distinctive characteristics in gas
and light sensing [1]. Tin monosulphide has significant potential as a
material due to its favorable characteristics, which include its environ-
mentally sustainable nature, cost-efficiency, low cost, abundance on the
earth, and absence of heavy metal components [2,3]. It also exhibits
notable hole mobility, a substantial absorption coefficient exceeding
10* em™! [4,5], and a wide range of direct energy gap variations
spanning from 1.1 to 1.6 eV [6]. The aforementioned attributes facilitate
its utilization in a variety of applications, including gas sensors, photo-
detectors, solar cells, and so forth [7,8]. The SnS films primarily exhibit
three crystal structures, namely zinc blende, orthorhombic, and cubic
[9-11]. It is found that the type of crystal structure is strongly influenced
by the deposition technique and its deposition parameters [12-14]. SnS
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films have previously been deposited using several kinds of methods,
such as vacuum evaporation [15,16], sputtering [17], spray pyrolysis
[18], chemical bath deposition (CBD) [11,14,19,20], and electro-
chemical deposition [21]. The CBD method is particularly important
among these methods due to its simplicity and ease of obtaining
large-area films [14,19,22-24]. Furthermore, it does not necessitate
sophisticated equipment, and the deposition process can be performed
at relatively low temperatures of less than 90 °C [25,26]. As a result, the
flexible substrate can be used to deposit the films. The pH of the reaction
solution directly affects the processes of nucleation and particle growth
in films that are deposited on substrates [11,24,27,28]. Therefore,
numerous studies have been undertaken to examine the impact of this
effect on grown SnS films utilizing the CBD method [4,10,11,24,29].
However, the aforementioned studies did not specifically examine the
precise alteration in pH levels. Instead, their focus was primarily on
investigating the structural, morphological, and optical characteristics.
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Therefore, this study presents a novel investigation into how precisely
changing the pH value affects the structural, morphological, and pho-
toresponse characteristics of SnS films. The films were prepared onto a
flexible (polyester) substrate. The findings indicated that there was a
correlation between the pH value and the conversion of the crystal
structure of films from orthorhombic to cubic. Additionally, there was
significant variability observed in the photoresponse characteristics of
the fabricated photodetectors based on the grown films.

2. Experimental part
2.1. Films preparation

SnS films were grown using the CBD technique. The S~ and Sn**
ions were obtained from 0.15 M thioacetamide (C;HsNS), and 0.1 M
stannous chloride dehydrate (SnClz.2H20), respectively. As a complex-
ing agent, 0.22 M dehydrate trisodium citrate (CgHsNa307.2H50) (TSC)
was used, which helps to reduce the speed of precipitate during the
deposition process of films. At room temperature, 50 mL of deionized
water was used to dissolve the chemical materials while being stirred.
Drop by drop, 25 % aqueous ammonium was added to the reaction so-
lution to adjust the pH. Prior to the deposition of the film, ultrasonic
cleaning with acetone, methanol, and deionized water was performed
for 30 min on flexible polyester slide substrates. The duration of the
deposition process was 2.5 h, conducted at a temperature of 80 °C.
Subsequently, the substrates were extracted from the beaker, rinsed with
deionized water, and left to air-dry. The SnS films were smooth and
adhered well.

2.2. Film growth mechanism

Nucleation and growth are the two efficient mechanisms in the CBD
method that govern the growth of films. The SnS film mainly occurs
through three stages:

I-Ionization of stannous chloride in aqueous solution, according to
following the reaction [30]:

SnCl, — Sn** + 2C1~ @

II- The trisodium citrate dihydrate (TSC) [31] and Ammonia (NH3)
[32] were introduced as complexing agents for binding Sn*? and
resulting in Sn-complexing ions via the reactions described below:

Sn*t + 2NH; — Sn (NH3)3+ @)
Sn** + TSC — Sn (TSC)** 3)

II-Finally, the Sn-complexing ions progressively dissolve to release
Sn2*. Then, these ions combine with the S~ formed by the hydrolysis of
thioacetamide to form the solid phase of SnS [33].

[SnLn]™? + CSCH;3NH, + 20H™ — SnS + CH;COONH, + nL 4

Where L referrers NH3 or TSC. The nucleation as well as growth of the
thin film are particularly affected by changes in pH (variation in the
amount of NHg in the reaction solution). Increased pH causes more Sn?t
ions in the reaction solution to bond with NHj resulting in Sn-
complexing ions (eq. (2)). Being that Sn-complexing ions dissolve
slowly into free Sn%* (eq. (4)), the growth rate slows. Concurrently,
thioacetamide undergoes hydrolysis to produce S~2 ions, leading to the
formation of chemical bonds with Sn?* ions, ultimately resulting in the
formation of the SnS phase. As the concentration of aqueous ammonia
NH; in the solution increases, the concentration of free Sn®" ions de-
creases, while the concentration of OH ! ions increases. The increased
concentration of OH ™! jons facilitates the hydrolysis of the S-precursor
[34].
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2.3. Films characterization

The structural characteristics of SnS films were analyzed using the X-
ray diffraction (XRD) technique type Shimadzu (6000) Japanese
diffractometer. The surface morphology of films was examined using
field-emission scanning electron microscopy (FE-SEM), specifically the
inspect f50 FE-SEM. The thickness of films was measured using atomic
force microscopy (AFM) (Core 2023, Nano surf AG). The optical prop-
erties of films were investigated using absorption measurements within
the wavelength range of (350-1100 nm) by UV-Vis spectrophotometer
Shimadzu-2601. Lastly, the photoresponse measurements of fabricated
photodetectors based on growing films were examined using a next-
generation Keithley 2450 Source Meter unit (SMU), and a light-
emitting diode (LED) illumination source at 750 nm.

3. Results and discussion
3.1. Crystal structure

Fig. 1 depicts the XRD patterns of films grown under varying pH
conditions. The film deposited at pH 7.1 exhibits a diffraction peak at an
angle of 20 = 31.59°. This peak corresponds to the (111) plane of the SnS
orthorhombic structure, according to JCPDS card 39-0354 [4,27,35,
36]. At pH 7.4, the pattern of the deposited film shows two diffraction
peaks at 20 = 31.88 and 32.68°, which correspond to the (410) and
(411) planes of the SnS cubic structure [4,13,36,37], respectively. This
reveals a significant change in crystal structure from orthorhombic to
cubic because the pH increased from 7.1 to 7.4. In contrast, compared to
the crystallinity nature of grown films at pH 7.1 and 7.4, the prepared
film pattern at PH 7.7 exhibited an amorphous nature. According to the
XRD results, the pH value has a significant impact on the type and nature
of films crystallinity.

The Debye-Scherer equation was used to estimate crystallite size (D)
along the (111) and (410), planes [38-42]:

D=09\/pcos @ 5)

where )\ denotes X-ray wavelength, 0 is Bragg angle, and p denotes full
width at half-maximum (FWHM).

The dislocation density (8) value indicates the number of defects in
the film. As a result, reducing the dislocation density in the film is
necessary to fabricate high-quality thin films for use in optical devices,
[40,43,44]. The micro-strain (¢), and dislocation density are determined
for the (111) and (410) planes respectively using the following formulas
[40,43,44]:

_ B
674tan 6)
1

The number of crystallites per unit area (N) are determined using the
following equation [45]:

N=t/D’ ®

where t is the thickness of grown films, which is determined by AFM
measurements. This technique was employed in a previous study [46].
The thickness of the grown films measures 527, 371, and 220 nm at pH
values of 7.1, 7.4, and 7.7, respectively. The XRD characteristics of the
films grown at pH 7.1 and 7.4 are listed in Table 1. According to Table 1,
the structural characteristics of grown film at pH 7.4 are better than
those of grown film at pH 7.1. This can be attributed to a slow growth
rate when the pH is increased (eq. (4)). The increasing the crystallite size
can lead to fewer crystal defects, lower dislocation, and reduced
boundaries. This, in turn, can improve the electrical properties of the
film [40]. The D of grown film at pH 7.4 is greater than the reported
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Fig. 1. XRD patterns of films growing at different pH values.
were found to be 958, 189 and 122 nm for grown films at pH 7.1, 7.4,
Table 1 and 7.7, respectively
The finding of structural characteristics of grown films at pH 7.1 and 7.4. " ’
pH t (hk) D € x 5 x 102 (lines N x 10 . .
(am) (am) 10-2 an?) (cm?) 3.3. Optical properties
;"1‘ 2% ‘1&(1) 22'52 :1"'2; 2'22 123; The absorbance spectra of SnS films deposited on polyester sub-
27 220 ) ) ) ) strates with different pH values are shown in Fig. 3(a). In general, the

values in previous studies [31,40].

3.2. Surface morphology

Fig. 2 depicts the FE-SEM images of prepared SnS films obtained at
different pH values. At pH 7.1, the surface of the SnS film (Fig. 2(a)) is
covered with flower-shaped clusters that are close together. There are
also several grains. The existence of a porous-like structure in the film
surface will enhance light absorption, leading to an increase in the
generation of electron-hole pairs. This, in turn, will result in an increase
in the generated photocurrent and an enhancement in the performance
of the photodetector [47]. The formation of the orthorhombic structure
may be responsible for the presence of a flower-like morphology. This
finding is consistent with previous research [10,34,48]. Furthermore,
the presence of a cubic structure in the film may be attributed to the
formation of grain morphology [4,10,13,49,50]. The assembled particle
morphology completely covers the surface of the grown films at pH 7.4,
and 7.7 (Fig. 2 (b, and c)). Furthermore, at pH 7.4, the surface of the film
has a homogeneous distribution and a large particle size. In contrast, the
surface of the grown film at pH 7.7 shows many small particles that have
begun to agglomerate and form larger particles in the current study, the
particle size distributions are displayed in the inset graphs, which are
estimated using ImageJ software. The average particle sizes (<Dpart>)

o
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absorbance value increased with a decrease in wavelength for all films.
Furthermore, the absorbance value of the film grown at pH 7.1 is greater
than that of the films deposited at pH 7.4 and 7.7 in the 700-1100 nm
range. This can be attributed to its thickness, which is the highest when
compared to other thickness of films. Moreover, the surface morphology
of film has a porous-like structure, which enhances light absorption
[471.

The absorption coefficient in these films is calculated by using the
following relation [51,52]:
a= 2.303? 9
where o denotes the absorption coefficient, A is the absorbance.

To calculate the energy gap E; and study the nature of optical tran-

sition behavior in films, the Tauc relation was employed [4,35,51,53,
54]:

ahv=B(hv — E,)" 10
where B is constant as a function of the transition, h is the Planck con-
stant, v is the frequency of the incident photon, E; is energy gap, and n
takes on varying values depending on the absorption process, and equal
1/2, 3/2, 2, and 3 for allowed, forbidden of direct and indirect transition
respectively [30,55]. Fig. 3(b—d) shows a plot of the (ahv)? as a function
of incident energy (hv), assuming n = 2. The finding suggests that the
films have a direct optical transition instead of depending on phonons.

<D,,> 189 nm|

WD 1217202 WV |mag o det pressure | WD
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Fig. 2. FE-SEM images of SnS films at various pH values.
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The direct energy gap was determined by extrapolating the straight line
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values for grown films at pH 7.1, 7.4, and 7.7 were estimated to be 1.46,
1.57, and 1.65 eV, respectively. The findings revealed that films with an
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Fig. 4. (a) Real image of fabricated photodetector onto flexible polyester substrate, (b—d) the I-V characteristics of the photodetectors in the dark and under
illumination, (e, and f) I-T characteristics of the photodetectors measured at 5 V bias voltage.
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3.4. Photoresponse characteristics

The ion coating method was used four times to deposit gold (Au)
electrodes with a thickness of 120 nm to construct metal-semiconductor-
metal (M-S-M) photodetectors. The electrodes were deposited through a
finger mask. A real image of photodetector is shown in Fig. 4(a). Fig. 4
(b—d) depicts the current-voltage (I-V) curves of the devices in the dark
and under light illumination in near-infrared (750 nm) conditions. It is
notable that the current value increases significantly upon illumination
when compared to the dark state for photodetectors based on depositing
films at pH 7.1 and 7.4. In contrast, it is not for the photodetector based
on film deposition at pH 7.7; the current value displayed zigzag
behavior. The zigzag shape appears in the dark due to a low dark current
value of approximately 1 nA at 4 voltage and less at lower voltages. As a
result, any fluctuations in its value are observable. However, the light
current value is approximately 6 nA at 4 V. As a consequence, little
fluctuations in light current value was noticed. This result may be
attributed to the amorphous nature of the growing film at pH 7.7 (Fig. 1
(©)).

Repeatability and photoresponse speed are crucial characteristics in
determining the capability of a photodetector application. The photo-
response of device stability was examined at a 5 V bias voltage with a 10
s ON/OFF switch cycle, as illustrated in Fig. 4 (e and f). It is noticeable
that after a number of cycles, the maximum value of the current remains
constant and unchanged for the photodetector based on grown film at
pH 7.4 (Fig. 4 (f)), confirming the outstanding reproducibility and sta-
bility of the device. However, these features are not available in pho-
todetectors based on grown film at pH 7.1 (Fig. 4 (e)). Furthermore,
despite the presence of a porous structure in the grown film at pH 7.1,
the results show that the photocurrent of photodetector is approximately
9 nA. This value is less than the photocurrent of photodetector at pH 7.4,
which is approximately 13 nA. This can be attributed to the mean free
path of electrons in motion, which is inversely proportional to both the
number of crystallites per unit area and the film thickness (as shown in
Table 1).

The sensitivity of a photodetector is defined as the ratio of an in-
crease in current when illuminated to a dark current [54]. The sensi-
tivity (S) can be stated as follows [30,54,56-60]
S= don. x100

Liark

11

where Ly, = Iigne- Igark- Idark and Igy, are the dark, and under illumination
currents, respectively. The S values were found to be 801 and 1775 for
the fabricated photodetectors based on grown film at pH 7.1 and 7.4,
respectively. The S value of fabricated photodetector using grown film at
pH 7.4 is highest compared to previously reported values for fabricated
photodetectors based on grown films on glass and PET substrates [4,11,
12,15,25,30,34,54,58-60], which were tabulated in Table 2. The pho-
toresponse time is critical for studying the performance of the

Table 2
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photodetector, and a significantly faster response time has the potential
to broaden the field of photodetector applications. The rise times of a
single on/off cycle were approximately 1.6 s and 0.72 s, while the decay
times were 1.9 s and 0.68 s for devices manufactured using SnS films
deposited at pH 7.1 and 7.4, respectively.

The photosensitivity and photoresponse time results demonstrated
that the fabricated photodetector based on cubic crystal structure shows
excellent photoresponse characteristics compared to that based on
orthorhombic crystal structure. This difference can be attributed to
crystal structure characteristics, where increased grain boundary scat-
tering through film could lead to detrimental carrier scattering at small
crystallite sizes, which results in a significant decrease in charge carrier
mobility [61], as well as the good crystal quality reduces the density of
traps induced by defects. Moreover, the decrease of carrier’s mobility
with impurity concentration due to carriers scattering [62,63]. Thus, the
photocurrent reaches a steady state rapidly during both rise and decay
stages [64].

The findings of the photoresponse measurements (I-V and I-T
curves) showed that the pH value has a direct influence on the crystal-
line structure of the grown films, which influences the sensitivity and
photoresponse time values of photodetectors.

4. Conclusions

The present study highlighted the influence of a precise change in pH
value (7.1.7.4 and 7.7) on the properties of grown SnS films on flexible
polyester substrates. The obtained findings revealed that the pH value
has a significant impact on the type of crystal structure (orthorhombic
and cubic), morphology and photoresponse properties of deposited
films. The performance of fabricated photodetectors based on deposited
films has a significant correlation with their type of crystal structure; the
sensitivity was determined to be 801 and 1775 for photodetectors based
on growing films that crystallized in orthorhombic and cubic structures,
respectively. The findings of this study pave the way for the potential use
of SnS films with cubic crystal structures as basic components in the
fabrication of flexible near-infrared photodetectors in future research
objectives.
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A comparison of photoresponse findings for present SnS photodetectors with previously published research for fabricated photodetectors based on grown SnS films on

glass and PET substrates.

Substrate Crystal structure Bias Voltage (V) Illumination Source Power density mW/ cm? Rise/decay Times (s) Sensitivity % References
Glass Orthorhombic 10 Tungsten halogen lamp 100 —_— ~250 [11]

Glass Orthorhombic 5 Visible light 100 JR— 80 [15]

Glass Orthorhombic 4 Tungsten halogen lamp 100 JR— ~157 [30]

Glass Orthorhombic 5 750 nm 38 2.81/4.27 260 [54]

Glass Orthorhombic 5 750 nm 38 —_— 170 [58]

Glass Orthorhombic 5 532 nm 5 5.3/5.1 ~50 [59]
Glass Orthorhombic 5 532 nm PR 1.5/2.5 ~96 [60]

PET Orthorhombic 5 750 nm 38 0.19/0.28 404 [25]

PET Orthorhombic 5 850 nm 55 0.20/0.26 312 [34]
Polyester Orthorhombic 5 750 nm 27 1.6/1.9 801 This work
Glass Cubic 5 750 nm 38 0.44/0.5 700 [4]

PET Cubic 5 750 nm 38 0.55/0.53 1635 [12]
Polyester Cubic 5 750 nm 27 0.72/0.68 1775 This work
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