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Abstract

An electrochemical route has been employed to prepare pure SnS and indium-doped SnS thin films.
Six samples including undoped SnS and In-doped SnS thin films deposited on the fluorine-doped tin
oxide (FTO) glass substrates. An aqueous solution having SnCl, and Na,S,0; used as the primary
electrolyte. Different In-doped SnS samples were prepared by adding a different amount of 1 mM
InCl; solution into the first electrolyte. The applied potential (E), time of deposition (¢), pH and bath
temperature (T) were keptat —1 V, 30 min, 2.1 and 60 °C, respectively. For all samples, except the In-
dopant concentration, all the deposition parameters are the same. After preparation, X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM) with an energy dispersive X-ray
analyzer (EDX) attachment, atomic force microscopy (AFM), and transmission electron microscopy
(TEM) were used to determine structural properties of as-deposited films. XRD patterns revealed that
the synthesized undoped- and In-doped SnS thin films were crystallized in the orthorhombic
structure. The shape of SnS crystals was spherical in the TEM image. X-ray peak broadening studies
was done by applying Scherrer’s method, Williamson-Hall (W-H) models (including uniform
deformation model (UDM), uniform strain deformation model (UDSM), and uniform deformation
energy density model (UDEDM)), and size-strain plot (SSP) method. Using these techniques, the
crystallite size and the lattice strains have been predicted. There was a good agreement in the particle
size achieved by W—H- and SSP methods with TEM image.

1. Introduction

In recent years, tin sulfide (SnS) has attracted much attention, with an extensive range of applications such as in
near-infrared detectors, electrochemical capacitors [ 1], holographic recording, photovoltaic cells, and lithium-
ion batteries, [2—8]. SnS is a semiconductor belongs to the IV-VI group, which it has a long b-axis with lattice
constantsofa = 0.4321 nm,b = 1.119 23 nm, and ¢ = 0.398 38 nm [9]. It has a layered structure. According to
figure 1, SnS consists of two weakly van der Waals force bonded layers, in which atoms are tightly bonded with
covalence bond. SnS has a variety of energy band gap which related to the preparation method. The band gap of
SnS has been reported as 1.3-2.3 eV for direct band gap and 1.0-1.2 eV for indirect band gap [10]. Because of the
unique features of SnS such as high absorption coefficient (> 10* cm™Y)[11], suitable carrier concentration [9],
plentiful in nature, non-toxicity, and cost efficiency, it was a promising candidate for use in absorber layers in
thin film solar cell applications.

Various techniques were used to deposit SnS such as spray pyrolytic-deposition [ 12—14], molecular beam
epitaxy (MBE) [15], hydrothermal method [6, 7, 16], chemical bath deposition [17-20], electron beam
evaporation [21, 22], SILAR method [23], and electrodeposition technique [ 11, 24]. The electrochemical route is
agood method due to simplicity, cost-efficiency, and the facility of controlling its parameters with high
accuracy. Also, this method is inexpensive [25].

To estimate the crystallite size of material, the Scherrer’s method has been applied. Nevertheless, two
essential factors including inhomogeneous strain and instrumental effects have not taken into account for
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Figure 1. The arrangement of Sn and S in the SnS lattice.

acquiring crystallite size. Therefore, the W—H and SSP methods are an average technique to a much realistic
estimation of the crystallite size and lattice strain [26]. As we know, the diffraction peaks will be broadened due to
the deviation from perfect crystallinity. From peak width analysis, it can be obtained the crystallite size and
lattice strain. The particle size is almost bigger than crystallite size due to the aggregation of crystallite structures
[27].In order to a real crystal deviate from a perfect crystal, the lattice strain has been created. The sources of
lattice strain are crystalline defects such as dislocations, grain boundaries, triple junctions, sinter stresses,
stacking faults, coherency stresses, etc. Some structural parameters such as the breath of peaks, the peaks
intensity and the peak position shifts impacted on crystallite size and lattice strain. The peak width and the lattice
strain depended on the 1/cos f and tan 6, respectively [28]. In order to obtain the crystallite size and lattice strain
asa function of 2 6, it can be used by two methods named Williamson-Hall (W-H)- and the size-strain plot (SSP)
methods.

In this work, six samples (containing undoped SnS and In-doped SnS) have been synthesized by
electrochemical deposition from an aqueous solution. With the use of XRD data, the crystallite size, the lattice
strain, and the other associated parameters have been achieved by UDM, UDSM, UDEDM, and the SSP
methods. The crystallite size values acquired from Scherrer’s method, W—H, and SSP methods confirmed by
TEM image. We found that the W—H and SSP methods have not yet been investigated on the In-doped SnS
thin films.

2. Experimental

2.1. Materials and processing

Pure and In-doped SnS thin films deposited using an electrochemical route on fluorine-doped tin oxide (FTO)
coated glass substrate. The effective surface area of FTO substrates (used as working electrode) was

1 cm x 1cm. A platinum sheet and a saturated calomel electrode (SCE) were used as the anode and the
reference electrode, respectively. The electrolyte was an aqueous solution of SnCl, (2 mM) and Na,S,03

(16 mM), and InCl; (1 mM) aqueous solution supplied the In-dopant. By adding diluted H,SO, the pH of
solution reduced from 3.8 to 2.1. Before the deposition process, the FTO and the platinum sheet cleaned and
then rinsed with ethanol/acetone and distilled water. The temperature of the bath was 60 °C. The deposition
process was done during 30 min. In addition, by a computer-controlled electrochemical analyzer (potentiostat,
Autolab, A3ut71167, Netherlands), the applied deposition potential kept constant at —1 V. After the deposition
process, the substrates were taken out from the bath and washed with distilled water. Following relation shows
the mechanism of the formation of SnS on cathode electrode,

Sn?t +2e” — Sn
520327 +2H" — S + H,SO;
Sn?t + S 4 2e~ — SnS (1)

According to the above reactions, the Na,S,03 is unstable in acidic media. Therefore, it is easy to separate the
sulfur, and consequently, the Sn** and S reduced at the cathode (substrate) to form SnS. In this study, pure SnS
and In-doped SnS thin films were prepared using electrodeposition method. The undoped SnS named as 1(0),
and the In-doped SnS thin films named as I (1)-I(5). Using EDX analysis, the atomic percentage of In-dopant in
1(1),1(2),1(3),1(4),andI(5)samplesobtained 1.30,2.13,2.59,2.90, and 3.58%, respectively.
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Figure 2. (a) X-ray diffraction patterns of In-doped SnS thin films and (b) the X-ray diffraction for (111) plane [29].

2.2. Characterization of the films

In order to inspect the type of phases of the deposited samples, a Philips X’Pert-MPD x-ray diffraction
diffractometer (XRD) system with Cu-Ka radiation has been employed. Elemental analysis was achieved by a
TE-SCAN field emission scanning electron microscopy (FESEM) with an energy dispersive X-ray analyzer
(EDX) attachment. The topography of the deposited samples checked by atomic force microscopy (AFM- ARA
AFM). A PHILIPS CM 120 TEM was used to study the shape and the size of SnS particles. Varian-Cary Eclipse
room temperature photoluminescence (PL) was employed to analyze the optical characterization of
nanostructured SnS samples.

3. Results and discussion

3.1.XRD analysis

X-ray diffraction (XRD) test is a robust nondestructive method that used for characterizing the structural phases
of various compounds. Therefore, XRD is a unique method in determination of crystallinity of a compound.
Figure 2(a) depicted the XRD patterns of deposited samples. The crystalline structure of all deposited films was
orthorhombic SnS with JCPDS 039-0354. As it was evident in this figure, the 1 (0),1(1),1(2), and I (3) samples
were grown along (021) and (111), and the I (4) and I (5) samples were grown along (101) and (040). Therefore, it
is interesting that the change in the preferential orientation of as-deposited In-doped SnS thin films was
observed due to increment in In-dopant concentration. Also, no trace of In, In,O3, and In,S; or other impurities
cannot be detected in all samples. As it is observed in XRD patterns, with an increase in In-dopant concentration,
the peaks will become less intense and broader, which indicating a decrease in crystallinity of samples. Hence, it
shows a significant increase in crystalline defects and mismatching due to In-doping.

To better examine the influence of indium-doping on the structural properties of SnS, the plot of I-2 6 for
(111) plane diffraction peak (figure 2(b)) of all samples has been drawn. A shift of (111) peak position to higher 2
Ohas been detected due to the variation in the effective ionic radii between Sn** (0.93 A) and In** (0.80 A).

The lattice constants for pure SnS and In-doped SnS thin films can be obtained from the following relation
[30],

1 EE S &

Ay, a * b? * c2 @
where (hkl) is the Miller indices for the planes with the most intensity, i.e. (040), (021), (111) planes, and the dy,;q
is the inter-planar distance. Table 1 summarized the calculated lattice parameters and structural parameters for
pure SnS and In-doped SnS samples. It is clear that the substitution of In>* for Sn®" in SnS structure leads to a
reduction in the unit cell volume. The reason for this phenomenon is the smaller effective ionic radii of In>
compared with Sn*", which it caused a decrease in the dj,; and consequently unit cell volume. The effect of In-
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Table 1. Some structural properties of pure SnS and In-doped SnS samples originated from XRD patterns.

S
Lattice Parameters (A)

o o3
Sample 26 FWHM x 10*rad  Average FWHM x 10*rad  dpg (4)  a b c VA
1(0) 27.090 19.89 20.24 328852 4319194  11.32348  4.039835  197.581
31.305 16.40 2.8550 9
31.579 24.43 2.830 87
I(1) 27.113 19.37 22.57 328936 4313475 11.32372  4.03955 197.310
31.330 16.92 2.853 07
31.604 31.41 2.830 49
1(2) 27.095 21.29 22.92 3.28839 4310066 11.32196  4.041 669  197.227
31.324 16.05 2.853 34
31.579 31.41 2.830 93
1(3) 27.086 20.76 24.55 328616 4315423 11.31488  4.037021  197.121
31.327 16.23 2.852 87
31.584 36.65 2.828 72
1(4) 27.060 38.39 27.10 328121 4259288 11.16612  3.997455  190.117
30.655 19.89 2.761 53
32.044 23.03 291413
1(5) 26.489 36.65 25.59 329269 4258984 11.16356  3.997169  190.047
30.654 19.19 2.830 99
32.036 20.94 2.790 89
4.05 11.34
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Figure 3. The variation in the lattice parameters of pure SnS and In-doped SnS thin films.

doping on the lattice parameters of SnS thin films shows in figure 3. As it was apparent in this figure, the lattice
parameters of SnS thin films has been increased due to In-doping. This occurrence clearly indicates that the In-
dopant is substitutionally doped into SnS lattice.

Using atomic force microscopy (AFM), the topographical examinations of I (0), I (1), and I (2) samples was
done over anareaof 6 yum x 6 pm. Figure 4 displays the AFM images of the as-deposited films. Figure 4 showed
thatan increase in the amount of In-dopant in SnS lattice leads to change in the morphology from grain-like to
columnar growth thin planes. In addition, the grain size of SnS thin films became finer due to In-doping.
Therefore, the variation in the morphology of In-doped SnS nanostructures showed that the In-dopant had been
doped successfully in SnS lattice.

3.2. Crystallite size and strain
In this section, different methods were used to calculate the crystallite size and the lattice strain. These methods
are Scherrer’s method, W—H method (including UDM, UDSM, and UDEDM), and SSP method.
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Figure 4. AFM images of, (a) I (0), (b) I (1), and (c) I (2) samples.

3.2.1. Scherrer’s method
Using XRD patterns, the crystallite size (D) is estimated from Scherrer’s equation [31, 32],

D= _Kx 3)
Bkt cos O

where D, K, and ) are the crystallite size, shape-dependent constant equal 0.94, and the X-ray wavelength of
Cu-K,, radiation (0.154 056 nm), respectively. Also, [y is the peak width at half maximum intensity (FWHM),
and 0y is the Bragg’s angle. The width of the Bragg’s angle is formed by the mixture of the instrumental- and the
sample-dependent effects.

The instrumental effect is evaluated from the peak broadening of a reference sample (silicon). Therefore,
considering the instrumental effect, Gy, can be obtained as follows [31],

Bur = \/ﬁzhkz(measured) — B2 (instrumental) 4)
Scherrer’s equation can be rearranged by applying the corrected Gy as follows,
D=L=> COS@ZE(L) )
B cos 6 D \ Bk

The crystallite size (D) is estimated from the slope of cos 8 versus 1/ (1 plot using equation (5). Consequently,
the value of kA/slope shows the crystallite size value. Figure 5 depicts Scherrer’s plots of undoped- and
nanostructured In-doped SnS thin films. It is clear that the crystallite size D of SnS reduced due to In-doping.
Also, the decrease in D of undoped SnS thin films after In-doping can be due to the change in effective ionic radii
of Sn** and In’*. Therefore, the crystalline quality of undoped SnS has been decreased after In-doping, which it
could be attributed to the created lattice mismatch.

3.2.2. W—H methods

The Williamson-Hall (W-H) and size-strain plot (SSP) are two methods to estimate the D and lattice strain. In
this paper, three models of a W—H method including UDM, UDSM, and UDEDM have been used to estimate
the structural parameters. UDM model proposed to examine the uniform strain in the crystalline lattices. In this
method, the W-H formula relies on the size broadening effect and strain broadening effect. The size broadening
effect is described with Debye-Scherer (8ps) formula (equation (3)), while the strain broadening term originated
from defects and distortion in crystal lattices (equation (6)).

B: = Cetan 0 (6)

In the above equation, € is a maximum tensile or compressive strain, and Cis a constant that assumed as 4. The
above relation originated from the differential of the Bragg equation (n\ = 2dsin 63) concerning the d-spacing
and the diffraction angle. According to the lattice strain is considered as Ad/d = 2¢, the strain-inducing term is
obtained as follows [33],

Ad

’%‘:cotﬂAﬁiﬁ(w)zz 7 tan § = 4¢ tan 0 (7)

Inorder to By = (. + Bps, the equation (8) obtained as follows [34],

kX
= ————— +4e.tan b 8
B D cos O (8)

By rearranging the above equation, the W—H relation (equation (9)) is obtained [31].
Ohii. cos Og = % + 4e.sin 6 ©)]

According to equation (9), the D and ¢ can be achieved. The values of y-intercept (at Fpq.cos = 0) and the
slope of the By.cos 0 versus 4 sin 0 plot showed kA/D and € and, respectively. The W—H diagrams of pure SnS
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Figure 5. Scherrer’s plots of pure SnS and nanostructured In-doped SnS thin films, the crystallite size D extracted from the slope of the
fit.

and In-doped SnS thin films are shown in figure 6. As shown in this figure, because of the difference in the

effective ionic radii of Sn*> " ions and In> " ions, by increasing the amount of In-dopant in the SnS structure, the D
and € of In-doped SnS samples decreased and increased, respectively.

According to the elastic modulus of materials shows anisotropic nature, the microstrain is not constant in all
crystallographic directions. Therefore, considering the anisotropic nature of Young’s modulus, the UDSM and
UDEDM methods have been used to measure structural characterizations of crystalline lattices. In the UDSM
model, itis supposed that the lattice stress (o) is identical in all crystallographic directions. Therefore, the
anisotropic behavior of the elastic modulus of materials is responsible for the anisotropic performance of micro-
strain (en) and energy density (1) [35]. As we know, in the elastic deformation zone, the Hooke’s law is usable.
According to the Hooke’s law, the o and € have linear variations to each other. Therefore, the stress is obtained
byusing o = ¢ Ey,q formula, which o, €, and Ey are lattice stress, lattice strain, and elastic modulus in the
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Figure 6. The UDM Williamson-Hall plots for nanostructured pure SnS and In-doped SnS thin films.

vertical direction to the crystalline planes (hkl) crystalline lattices, respectively. Therefore, the equation (9)
modified by putting the value of ¢ = o/E},q as follows,

kA 4.sin 0
- + o
Epx

B cos O =

(10)

According to the above equation, the UDSM plot has been drawn by considering Scos 6 versus 4sin 6/ Eyy,.
Therefore, the D and the € are estimated from the y-intercept and the slope of this plot, respectively. Young’s
modulus in the orthorhombic structures obtained as follows, [36],

1
Y_ = 114511 + 2112122512 =+ 2[12132513 + 1;522 + 2122132523 + 134533 + 122132544 =+ 112132555 —+ 112122566 (11)
hkl
where /;is the unit vector for a particular (hkl) plane and s, 512, $13, 522> 5235 533 S445 S55, and s¢¢ Were the elastic
compliance of SnS with values 0f 11.92, —2.93, —4.32, 10.07, —8.2, 19.08, 19.46, 35.8, and 35.27 (TPa)™*,
respectively. Figure 7 shows the UDSM plots for pure SnS and In-doped SnS thin films.
The above results showed that an increase in the amount of In-doping in SnS lattice results in a decrease and

anincrease in D and ¢, respectively. Therefore, it can be said that the micro tensile stress in the In-doped SnS thin
films may be due to the creation of grain boundaries [34].
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Figure 7. UDSM plots of pure SnS and In-doped SnS thin films.

The other form of W—H method is UDEDM. In this method, the energy density (1) is assumed unchanging
in all crystallographic directions, while the deformation stress (o) is presumed anisotropic [35]. Considering the
Hooke’s law in the elastic deformation zone, the energy density (1) definesas u = £2Epq/2. Therefore, the
UDEDM formula is obtained by rearranging the equation (9),

(12)

N|—

4sin 0
O cos 8 = kA/D + (7) X U
(Yirt /2)'/2
The UDEDM graphs have been plotted to estimate the D and 4. The UDEDM curves are drawn with Gcos 6
against 4sin 0/ (Yhw/ 2)'/2. The UDEDM graphs of pure SnS and In-doped SnS thin films showed in figure 8. It
was evident in the equation (12) that the D and u are estimated by the y-intercept and slope of the fit, respectively.
Based on equation (12), the D and u are calculated using the below equation.

D— 9.1448 (nm)
y—Intercept
u = (slope)? (13)
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Figure 8. UDEDM plots for pure SnS and In-doped SnS thin films.

According to UDEDM model, the D and u of undoped SnS are decreased and increased, respectively, after In-
doping. As previously described, introduction an In** ion with different effective ionic radii compared with
Sn?" in SnS lattice leads to create mismatch and imperfection in SnS lattice. Therefore, it increased the energy
density in In-doped SnS crystalline lattice. According to Hooke’s law, an increase in energy density increases the
lattice stress and lattice strain.

The calculated D values from W—H methods including UDM, UDSM, and UDEDM are well matched to
each other. These are because the presence of strain in various models of W—H analysis has a minimal influence
on the average D of SnS thin films. Also, the value of average crystallite size of un- and In-doped SnS samples
estimated from Scherrer’s method and W—H analysis shows a deviation, which this is due to (i) strain
broadening effect and (ii) the change in averaging the distribution of particle size [27]. Similar results were
observedin[31].

3.2.3. SSP method

Size strain plot (SSP) technique is another suitable method to investigate the D and €. In this method, the nature
of the crystals considered isotropic [37]. In addition, the crystallite size profile and the strain profile defined by
the Lorentzian and the Gaussian function, respectively [26]. According to the SSP method, the following
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Figure 9. Size strain plots (SSP) for pure SnS and In-doped SnS thin films.
equation is employed to describe the relation between the € and D [38],
A e)?
2 _ 2
(B cos O.dpy)* = B(dhkz-ﬁhkz- cos 0) + 3 (14)

where A is a constant which equals % for spherical particles. By plotting (Bpq.cos 0.dnia)? versus dag. Bnia.cos 0 as
displayed in figure 9 (SSP plot), the D and € of undoped- and In-doped SnS thin films can be achieved. According
to figure 9 and equation (14), the D and the € can be obtained from the slope and y-intercept (in which (G.cos
0.dp)* = 0), respectively. The extracted results from Scherrer’s method, W—H method, and SSP method listed
in table 2. In addition, the obtained values of D and ¢ for pure SnS and In-doped SnS thin films using Scherrer’s-,
W-H- and SSP methods are compared in figure 10. As shown in figure 10, with the increase of the amount of In-
dopant in the SnS lattice, the D decreased and subsequently, the ¢ increased. It is due to the fact that with
introducing the indium ions into SnS lattice, the lattice has been accompanied by mismatches related to different
effective ionic radii of In>* and Sn*" ions. The results showed that the obtained D from Scherrer’s method is less
than that of W—H and SSP method. It can occur due to the impact of € which reflects the importance of the lattice
strain [39]. Consequently, it can be said that there is good accordance between structural parameters obtained
from UDEDM, UDM, UDSM models, SSP method, and the results of the Scherrer’s formula and TEM image.
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Table 2. Structural parameters for un- and In-doped SnS thin films using Scherrer’s, W—H, and SSP methods.

Williamson-Hall method

Scher-

rer’s

“:;th' UDM UDSM UDEDM Size-Strain plot method

o]
Sample D (nm) D (nm) ex107* D (nm) ex 107t o (MPa) D (nm) ex107* o (MPa) U (Kjm ) D (nm) ex107* o (MPa) U(Kjm )
1(0) 82 102 1.55 103.4 1.53 10.57 102.6 1.51 10.43 0.78 88.3 2.79 19.28 2.69
1(1) 64 100 1.62 101.2 1.59 10.99 99.1 1.59 10.99 0.87 80.6 3.13 21.63 3.38
1(2) 57 85 2.31 87.2 2.33 16.10 87.2 2.33 16.10 1.87 78.1 3.53 24.39 4.30
1(3) 54 77 2.33 77.0 2.36 16.31 76.6 2.34 16.17 1.89 73.7 3.62 25.02 4.52
1(4) 51 66 9.81 67.3 9.79 62.00 67.9 9.83 67.94 33.39 47.6 4.97 34.35 8.53
1(5) 53 75 7.68 77.0 7.64 47.51 77.4 7.65 52.87 20.22 48.8 417 28.82 6.00
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Figure 10. Comparison between the structural parameters of pure SnS and In-doped SnS samples obtained using different methods,
(a) crystallite size D, (b) lattice strain ¢, (c) lattice stress o, and (d) energy density (u).

Figure 11. TEM image of undoped SnS sample.

3.2.4. TEM method

To discover the reality of obtained data from XRD analysis, TEM analysis was applied. TEM is an excellent
analysis to examine the size and the shape of deposited SnS. The TEM image for pure SnS thin films is shown in
figure 11.Itis evident in TEM image that the average particle size is in good accordance with the average D

assessed by the W—H and SSP techniques.

3.3.PL

PLis a non-destructive test for examination the crystalline quality of materials. PL spectra can confirm XRD
measurements. The room temperature PL spectra of pure SnS and In-doped SnS thin films are presented in
figure 12. The photo-excitation wavelength was 350 nm. As it is evident in this figure, two emission peaks
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Figure 12. PL spectra of nanostructured pure and In-doped SnS thin films with an excitation wavelength of 350 nm (3.54 eV).
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Figure 13. I-V characteristics of undoped SnS and In-doped SnS thin films.

containing a blue emission peak at 482 nm and a green emission peak at 559 nm observed for all samples. Thus,
the In-doped SnS thin films used as blue and/or green emitters or other devices owing to blue and green
emission bands. Based on our investigations, these emission bands can occur due to the high density of sulfur,
tin vacancies, tin interstitials, and stacking faults [40, 41]. Liu et al observed two peaks at 365 nm and 464 nm for
SnO; nanoparticles that the peak at 464 nm is related to oxygen vacancies [42]. The observed blue emission peak
is similar to that reported in [40, 43], and the green emission is similar to that studied in Ref. [44]. As shown in
the inset, the band-to-band emission of SnS was seen at ~824 nm (E, = 1.5 eV). Asitis obvious in figure 12,
compared to the pure SnS thin film, the PL intensity of In-doped SnS samples decreased that it showed the
crystalline quality of In-doped SnS is decreased. This observance is in good accordance with XRD patterns.

3.4. Electrical properties
In order to investigate the effect of structural properties on the electrical behaviors of SnS thin films, the voltage-
current (I-V) curves (figure 13) of undoped SnS and In-doped SnS thin films have been drawn under ambient
condition.

A Schottky behavior in the voltage-current characteristic was observed for all samples. According to
figure 13, by adding In concentration in SnS lattice, at a same voltage we have lower current, which this means an
increase in the electrical resistivity of SnS thin films. As shown in the XRD results, the crystalline quality of SnS
thin films has been decreased after In-doping. Also, the dislocation density, grain boundaries, lattice strain, and
lattice stress of In-doped SnS thin films have been increased compared to the undoped SnS thin films. Therefore,
the transportation of electrical carrier became more difficult in SnS lattice due to In-doping. Consequently, the
results of I-V curve confirmed the results of XRD analysis.
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4. Conclusion

Six deposited samples containing pure SnS and In-doped SnS thin films synthesized by an electrodeposition
method on the FTO substrates. The results of XRD patterns clearly showed that all of the deposited thin films
were orthorhombic polycrystalline. In this research, the line broadening investigations on pure SnS and In-
doped SnS thin films have been investigated. Therefore, the Scherrer’s method, modified forms of W—H (UDM)
method, and the SSP method have been used to analyze the line broadening of pure SnS and In-doped SnS (with
different concentration of In-dopant) samples. The results obtained by these methods showed that an increase in
the amount of In-dopant in SnS lattice leads to a reduction in the crystallite size and an increase in the lattice
strain. There were happened due to the variation in the effective ionic radii of In>* and Sn®" ions. Therefore,
substitution of In>* for Sn®" in the Sn$ lattice leads to creates mismatches in the SnS crystal lattice. This lattice
mismatch is responsible for the reduction of the crystalline quality and the increase in lattice strain. In addition,
the result of TEM image confirms our obtained results.
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