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An electrochemical route has been employed to prepare undoped and Se-doped
SnS thin films. Six samples including undoped and Se-doped SnS thin films
were deposited on the fluorine-doped tin oxide glass substrate. An aqueous
solution containing 2 mM SnCl2 and 16 mM Na2S2O3 was used in the elec-
trolyte. Different Se-doped SnS samples were prepared by adding the various
amounts of 4 mM SeO2 solution into the electrolyte. The applied potential (E),
time of deposition process (t), pH, and bath temperature (T) were kept at
� 1 V, 30 min, 2.1, and 60�C, respectively. After the completion of the depo-
sition process, x-ray diffraction (XRD) and transmission electron microscopy
(TEM) were utilized to characterize the deposited thin films. XRD patterns
clearly showed that the synthesized undoped and Se-doped SnS thin films
were crystallized in the orthorhombic structure. Using Scherrer’s method, the
crystallite size of deposited thin films is calculated. In addition, the crystallite
size and lattice strain have been estimated using the modified form of the
Williamson–Hall (W–H) method containing a uniform deformation model, a
uniform deformation stress model, a uniform deformation energy density
model, and by the size–strain plot method (SSP). The shape of SnS crystals
was spherical in TEM images. The results showed that there was a good
agreement in the particle size obtained from the W–H method and the SSP
method with TEM images.
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INTRODUCTION

The mechanical behavior of micro/nano sized
materials varies with their bulk, and it is known
that ‘‘smaller is stronger’’. Up to now, electron
microscopy was used to investigate the small-scale
mechanics of materials based on ex situ and in situ
characterization. The limitation of electron micro-
scopy techniques is 2D projection of a surface from
thin foil of material. In the last two decades, a great
development was reached at 3rd generation

synchrotrons that hard x-ray beams can focus down
to the 100-nm scale.1 A synchrotron is a particle
accelerator, which can convert the energy of the fast
moving electrons into a high-energy white x-ray
beam.2 The power of this method as a local stress
probe for micro- and nanoscale devices is the
measurement of stresses at submicron resolution,
the measurement of the deviatoric components of
the stresses, and the measurement of hydrostatic
components of the stress tensors.3 Synchrotron x-
ray diffraction methods containing x-ray absorption
spectroscopy (XAS), x-ray diffraction (XRD), pair
distribution function (PDF) and x-ray scattering,4

can deliver structural properties of materials with
high resolution and fully 3D.1(Received November 2, 2017; accepted November 3, 2018;
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Today, researchers focused on the IV–VI group
semiconductors that have attracted great attention
owing to their narrow band gap energy (Eg), and
capability of their use in photovoltaic devices, near-
infrared detectors, biomedical applications, and
solar cell devices.5 Among these IV–VI group semi-
conductors, tin mono-sulfide (SnS) is a promising
candidate material for future energy sources due to
the easy availability and low cost of the constituent
elements (Sn and S), and it has good optical
properties.6 Compared to the other compounds
containing rare metals (In and Ga) such as
Cu(In,Ga)(S,Se)2 (CIGS) or Cu2ZnSn(S,Se)4 (CZTS),
SnS is a favorable semiconductor due to low mate-
rial cost and simple material system.7 SnS has p-
type conductivity.8 Due to appropriate band gap
(Eg � 1.3 eV),9,10 high absorption properties
(a> 104 cm�1),11 high carrier concentration (p
1015–1018 cm�3),12 and high mobility (hole mobil-

ity � 90 cm2 V�1 s�1),13 SnS can be used as a
photovoltaic absorber layer, photoelectrochemical
cell, Li-ion battery anodes, electrochemical capaci-
tors, and photodetectors.13 SnS crystallizes in
orthorhombic structure with the lattice parameters
of a = 0.43291 nm, b = 1.11923 nm (long b-axis) and
c = 0.39838 nm (JCPDS card no 39-0354). It
also has a deformed NaCl structure. The coordina-
tion number of the Sn atom is six, containing three
short Sn-S bonds within the layer and three long
bonds between the layers, as shown in Fig. 1.7 The
layers are weakly held together by Van der Waals
forces. The interlayer is vulnerable to the penetra-
tion of impurities.14

There are many methods to produce SnS thin
films such as thermal evaporation,15–17 electron-
beam evaporation,18 spray pyrolysis,6,19–21 spin
coating,22 electrodeposition,23–27 chemical bath
deposition (CBD),28–31 sputtering,32 liquid phase

deposition,12 chemical vapor deposition (CVD),33

solvothermal method,34 and a two-stage process.35

Among these techniques, electrodeposition tech-
nique was more suitable due to simplicity, low cost,
and the facility of controlling the parameters with
high accuracy. In addition, the electrodeposition
method does not need a vacuum36,37.

As the study of statistical quantities of dislocation
densities is very time consuming via TEM, the
investigation of dislocation loops in irradiated mate-
rials was restricted using TEM analysis. Diffraction
peak profile analysis (DPPA) is a very useful
method to investigate the dislocation structure,
dislocation density, and population distribution in
the mechanically deformed materials. Therefore,
DPPA was a complementary method to TEM
study.38,39 The prevailing active slip-systems can
be investigated using high-resolution x-ray line
profile analysis.40 The convolutional multiple whole
profile (CMWP) technique can estimate the disloca-
tion densities, the prevailing active slip-systems,
and the subgrain size. Z. Fan et al. investigated the
dislocation densities and slip activities in the
deformed Zr and its alloys using x-ray or neutron
diffraction line profile analysis.40

Today, XRD was used in three forms containing
single crystal x-ray diffraction, powder diffraction,
and grazing incidence diffraction. A monochroma-
tized x-ray beam was used in these techniques.41

XRD analysis is an appropriate method to analyze
the phase and the structural properties of single
crystals and/or polycrystalline materials. Investiga-
tion of the mechanical behavior of micro-/nano scale
structures of electronic devices was very important.
The mechanical properties of metals were depen-
dent on the feature size. For example, the yield
strength of Au was increased by 80 times, when its
dimensions were decreased to smaller than 1 lm.
This phenomenon can be due to the dislocation
starvation effect. According to this theory, mobile
dislocations can annihilate without any interfer-
ences to other defects with gliding along their slip
planes to the free surfaces. Therefore, the mobile
dislocation density in the nanostructures was
decreased during mechanical formation. Conse-
quently, a decrease in the size of nanostructures
leads to a decrease in the number of dislocation
sources, and therefore, the operation strength of
nanostructures was increased.42

A non-destructive synchrotron Laue x-ray microd-
iffraction (lSLXRD) method with polychromatic
white beam was used to study ex situ characteriza-
tion of the defect density before and after the
compression tests. In this method, the unit cell size
of crystal structures can be obtained using the
wavelength of each reflection. In addition, the
lattice strain and crystalline orientations were
determined using Laue patterns. An x-ray syn-
chrotron was used as a source in Laue x-ray
diffraction. This method was used to investigate
in situ phase transformation like martensitic

Fig. 1. The arrangement of Sn and S in the SnS lattice35

(reproduced with permission from ACS Publications).
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transformations, and structural and mechanical
properties of microelectronic devices.41 This tech-
nique can detect either statistically stored disloca-
tions (SSD) and/or geometric necessary dislocations
(GND).42 The total Burgers vector in SSDs is zero,
which cause a symmetrical shape of diffraction
peaks and broadening of the diffraction peak. While,
GNDs are unpaired dislocations, for which their
Burgers vector does not equal zero and contains a
local lattice curvature. Therefore, there is a change
in the orientation of the lattice planes and the
diffraction vectors, which lead to a streaking of
diffraction peaks. The type of GNDs can be detected
using the examination of the streaking direction of
the Laue spots.1 This method was applied to study
the crystalline properties of small-size materials
(microscale), pure materials, localized volume of
materials, and microstructure and stress in elec-
tronic devices. By analyzing the Lauegram, the x-
ray peaks of individual grains can be indexed. In
addition, this method can measure the grain rota-
tion, stress/strain tensors, plastic deformation, and
the density of GND dislocations. The high energy of
the synchrotron beam (5–24 keV) can characterize
the grain size with 100 nm, and can penetrate up to
1 mm into Si,43 and as a result of that, the residual
stress in the Si can be estimated using this
technique.2

This technique has been used to determine the
piezoelectric coefficients of thin films. It can record
very small displacement of the surface with high
strain sensitivity. The switching behavior, elec-
tromechanical properties, and polarization fatigue
of PZT thin films can be measured using this
technique.44 In addition, this technique was used
to study the thermal behavior of martensitic trans-
formation in zirconia (with submicron resolution).45

The focused x-ray probe on samples was micro/-
nano-sized. Therefore, the crystalline phases in
small crystals, phase transformation, orientation
mapping of crystals, elastic strain–stress, and the
crystalline defects can be identified using this
technique. Due to the high flux of the synchrotron
x-ray beam, a Laue pattern (LP) of a bulk crystal
was taken during 1 s.46 Micro-Laue diffraction
presents map strains in micrometer-thick films,
which can provide a high resolution to investigate
the strains within grains. Investigation of the intra-
grain strains requires a nano-beam. Coherent x-ray
diffraction (CXD) is a very powerful technique to
obtain 3D map strains with high resolution (10 nm
order resolution).47

In the perfect single crystal, the Laue pattern
would most closely resemble the reciprocal of the
infinite single perfect crystal planes. Nevertheless,
in the ploy-crystalline materials that deviated from
an ideal single crystal, the x-ray diffraction peak
broadening was observed caused by both crystallite

size and lattice strain due to higher angle of
boundaries or grain sub-structures.48 In this case,
the lattice is strained, as what is initially one
crystal, so it ‘‘breaks’’ into like two crystals thus
forming substructure or what could be seen like
‘‘grain boundary’’. Therefore, the peak broadening
must be considered to examine the structural
properties of materials. The small crystallites and
defects (such as dislocations) in materials lead to
broadening their diffraction peaks.39 Accordingly,
some of XRD parameters such as the peak width,
intensity of the peaks, and XRD peak shift were
originated by the crystallite size and the lattice
strain, Fig. 2. The crystallite size and lattice strain
were related to the Bragg’s angles as 1/cos h and tan
h, respectively.49 This correlation was first illus-
trated by Budiman et al. in their polycrystalline
samples that had gone through electromigration,
which is an electron wind force large enough that
could push atoms and cause migration of atoms (a
common material degradation mechanism in micro-
electronics chip-level interconnects.).

Budiman et al. have observed the plasticity in the
Cu grains through the line caused by the EM test
progression. The plasticity of Cu grains can be
existing in the form of diffraction spot broadening
(streaking) and in the form of diffraction spot
splitting (into two or even more different spots),
which related to the crystal bending of the Cu
grains in the line and the formation of low angle
boundaries or subgrain structures, respectively.
The bending of the Cu crystal and the degree of
splitting can be measured using the amount of
broadening and the angle of misorientation between
subgrains, respectively.50 Figure 2b shows the
effect of dislocation on the broadening utilizing
electromigration (EM). A split diffraction spot was
formed by increasing applied current and time of
EM, which showed the formation of low-angle grain
boundaries. The grains can split into two spots
when the EM test progresses. The geometrically
necessary dislocation density (GND) was calculated
using the Cahn-Nye formula, q = 1/Rb, where R and
b are the radius of the curvature of the grain and
the Burgers vector, respectively.51

Crystallite size has coherent diffraction domain-
s in x-ray diffraction. In addition, the crystallite
size of the particles differed as to the particle size
due to the presence of grain boundaries and/or ploy-
crystalline aggregates.52 The generation of strain in
the crystalline lattices may be caused by several
factors such as crystal imperfections, lattice dislo-
cations, grain boundary triple junctions, contract or
sinter stresses, stacking faults, coherency stresses,
etc.53

Based on the results of the XRD pattern, several
methods have been used to estimate the crystallite
size and lattice strain of materials. In the present
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research, we apply three methods including Scher-
rer’s method, Williamson–Hall (W–H) method, and
size–strain plot (SSP) method. In the Scherrer’s
method, the crystallite size was estimated using the
breadth of the diffraction peak. The Bragg breadth
contribution originated from crystallite size is in
inverse relation to the crystallite size. However, it
should be noted that the influence of inhomoge-
neous strain and instrumental effect on the peak
broadening has not been considered in the Scher-
rer’s method. Therefore, the Debye–Scherrer’s (D–
S) method offers only a lower bound on the crystal-
lite size.48 Among different methods to analyze and/
or estimate the crystallite size and lattice strain
contributions to the line broadening [Warren–Aver-
bach (W–A) analysis, W–H analysis, Fourier tech-
nique, and Rietveld refinement], W–H analysis is a
simple method to determine the size- and strain
induced peak broadening by considering the varia-
tion of peak broadening versus 2h. In the higher
angle reflections, at least two reflections along the
same crystallographic direction were needed to
examine the structural properties of materials using
W–A analysis, and the convolution of the size and
strain broadening occurred in the Fourier tech-
nique. Accordingly, these techniques are very com-
plicated.54 Strain broadening was dependent on
planar defects, stacking faults, and dislocations.

Among these, dislocation plays a special and unique
role. Therefore, investigation of the effect of dislo-
cation on the strain broadening was very important.
In the W–H method, strain anisotropy is described
by the dislocation model of the mean square strain.
The strain broadening was dependent on the orien-
tations of the line and the Burgers vectors of the
dislocations.39

In this paper, undoped and Se-doped SnS thin
films were synthesized using an electrochemical
method. Then, the effect of Se-dopant concentration
was investigated on the structural properties of SnS
thin films. The current research presents a compre-
hensive study on crystallite size and lattice strain of
undoped and Se-doped SnS thin films. The estima-
tion of structural parameters such as crystallite
size, lattice strain, and lattice stress was done using
various methods. The crystallite size is evaluated
using Debye–Scherrer’s method, W–H method, and
the size strain plot (SSP) method. In addition, the
lattice strain was estimated using three Wil-
liamson-Hall models, namely, a uniform deforma-
tion model (UDM), a uniform stress deformation
model (USDM), a uniform deformation energy den-
sity model (UDEDM), and the size strain plot
method (SSP). To the best of our knowledge, the
study on the structural properties of Se-doped SnS
thin films using various methods including D-S,

Fig. 2. The effect of dislocation on the (a) Laue peak broadening, (b) peak splitting (i.e., grain bending or GND, followed by grain substructure
formation which is like a grain boundary as the crystal almost breaks into two crystals), (c) as EM progresses, ‘‘Reprinted from [A. Budiman, W.
Nix, N. Tamura, B. Valek, K. Gadre, J. Maiz, R. Spolenak, and J. Patel, Applied Physics Letters 88, 233515 (2006)], with the permission of AIP
publishing.’’, and (d) the effect of uniform and nonuniform strain on the peak broadening.
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UDM, UDSM, UDEDM, and SSP has not been yet
reported.

EXPERIMENTAL

Materials and Processing

Nanostructured undoped and Se-doped SnS thin
films were prepared using a three-electrode electro-
chemical cell. The cathode was fluorine-doped tin
oxide (FTO) coated glass substrate with a dimension
of 2 cm 9 1 cm. The effective area of substrates was
1 cm 9 1 cm with 8 X/cm sheet resistance. A plat-
inum electrode was used as the anode. The refer-
ence electrode was a saturated calomel electrode
(SCE). An aqueous electrolyte containing 2 mM
SnCl2 and 16 mM Na2S2O3 was prepared in a
beaker. Se-doped SnS thin films with different
concentrations of Se-dopant were produced by
adding different amounts of SeO2 (4 mM) solution
to the electrolyte. By drop wise adding the diluted
H2SO4, the pH of solution was reduced from 3.8 to
2.1. The undoped SnS was named as the Se1
sample. In addition, the Se2, Se3, Se4, Se5, and
Se6 samples were prepared by adding 1.0 mL,
1.5 mL, 2 mL, 8 mL, and 12.5 mL of SeO-2 solution,
respectively, into the electrolyte.

The glass substrates and the platinum electrode
were washed with an ultrasonic cleaner, and then
they were rinsed with ethanol/acetone and distilled
water. The temperature of the bath remained at
60�C. The solution was stirred consistently at
750 rpm. The time of electrodeposition process was
30 min for all samples. A computer-controlled elec-
trochemical analyzer (potentiostat, Autolab,
A3ut71167, Netherlands) was used to control the
deposition potential at � 1 V for all samples. After
the deposition process, the substrates were taken
out of the bath. Then the samples were washed with
distilled water and finally dried with an air jet. The
deposited films showed strong adherence to the
substrate. According to the following reactions, SnS
was formed on the cathode electrode (FTO
substrate):

Sn2þ þ 2e� ! Sn

S2O2�
3 þ 2Hþ ! S þ H2SO3

Sn2þ þ S þ 2e� ! SnS

: ð1Þ

As it is observed in the above reactions, the
Na2S2O3 is unstable in acidic solution, and the
sulfur can be separated very easily. Therefore, Sn2+

and S were reduced at the cathode (substrate) to
form SnS.

In this research, our experiments are performed
on six samples containing undoped SnS (Se1) and
Se-doped SnS thin films with different amounts of
Se-dopant. The atomic percentage of Se-dopant in
the Se1, Se2, Se3, Se4, Se5, and Se6 samples were

0.00%, 0.77%, 1.30%, 2.32%, 3.92%, and 7.64%,
respectively.

Characterization of the Films

A Philips X’Pert-MPD x-ray diffraction diffrac-
tometer (XRD) system with Cu-Ka radiation was
employed to check the structural phases of thin
films. The focus x-ray beam size on samples was
10 mm 9 10 mm. In order to study the shape and
size of SnS particles, A PHILIPS CM120 TEM with
100,0009 magnification was used. A TE-SCAN field
emission scanning electron microscope (FESEM)
was used to investigate the size of samples.

RESULTS AND DISCUSSION

XRD Patterns

X-ray diffraction is an appropriate method to
analyze the structural phases of materials. The
XRD patterns of undoped and Se-doped SnS thin
films with 2h range of 20-60̊ are shown in Fig. 3. As
can be seen in Fig. 3a, all peaks were well matched
with orthorhombic SnS, which it found in the
standard reference data (JCPDS: 039-0354, its
lattice constants: a = 4.3291 Å, b = 11.1923 Å,
c = 3.9838 Å with a/c = 1.086). The Se-dopant did
not affect the crystalline structure of SnS. However,
due to the difference in the effective ionic radii of
Se2� and S2� ions, Se-dopant causes the change in
the structural parameters such as lattice parame-
ters, unit cell volume, and inter-planar distance of
SnS lattice. In addition, no trace of Se, SnSe, SeO2,
and/or other impurities could be seen. Although, the
peak located at 33.80̊ has arisen from the FTO
substrate. It is clear that the sharpness of undoped
SnS sample peaks has been increased with 2.32%
Se-doping. It means that the crystalline quality of
undoped SnS was increased after Se-doping, which
causes an increase in the crystallite size. The
improvement in the crystalline quality of SnS thin
films after Se-doping, up to 2.32%, can be due to the
following reasons: (1) the development in the growth
process resulting from generating of new nucleation
centers,55 and (2) the creation of a small mismatch
arising from introduction of Se-dopant in the space
between double-layers perpendicular to the c-axis,
which were bounded by weak Van der Waals’ forces
(see Fig. 1).56 As the Se-dopant concentration
exceeds 2.32%, Se-dopant could substitute the host
S atoms, which resulted in the destruction of the
periodicity of the SnS lattice. In addition, the
difference between the effective ionic radius of
Se2� (1.98 Å) and S2� (1.84 Å) leads to creating
lattice mismatch and/or lattice distortion. There-
fore, the crystalline quality of SnS was decreased.
Consequently, it can be said that at lower concen-
tration of Se-dopant (up to 2.32%), the incorporation
of Se-dopant in the SnS lattice is interstitial and it
is substitutional at higher concentrations.
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Figure 3b shows the shifting of (111) diffraction
peak for undoped and Se-doped SnS thin films. It is
clear that the (111) peak of undoped SnS sample is
shifted toward smaller 2h positions due to Se-
doping. This occurrence could be explained using
Bragg’s law, as follows,

nk ¼ 2dhkl sin hB; ð2Þ

where n is a positive integer and k is the wave-
length of incident x-ray (0.154056 nm), dhkl is the
interplanar space, and hB is the Bragg’s angle.
According to Eq. 2, the dhkl and hB are reciprocal to
each other. As Se-dopant introduces into the SnS
lattice, the dhkl was increased due to greater
effective ionic radii of Se2� than that of S2� ions,
which causes a decrease in the Bragg’s angle.
Therefore, the position of 2h was shifted toward
smaller angles, after Se-doping (see Fig. 3b). This is
confirmed that the successful doping of Se-dopant
into the SnS lattice.

Crystallite Size and Lattice Strain

Scherrer’s Method

A combination of instrument-dependent effect
and sample-dependent effect produced the breadth
of the Bragg’s peak. The standard materials such as

silicon or aluminum were used to measure the line
broadening of instrument-dependent effect. The
instrumental corrected broadening (bhkl) was
related to the diffraction peak of SnS which was
obtained using the following relation,52,57

bhkl ¼ ðbhklÞ2
measured � ðbhklÞ2

instrumental

h i1
2

: ð3Þ

Scherrer’s equation was utilized to calculate the
crystallite size broadening,57

bhkl ¼ kk=D cos hB; ð4Þ

where bhkl is instrumental corrected broadening, k
is a constant (0.94), k is the wavelength of x-ray, D is
the crystallite size (nm), and hB is the Bragg’s angle.
Figure 4 shows the plots of cos h versus 1/bhkl for
undoped and Se-doped SnS thin films. According to
Eq. 4, the crystallite size (D) can be obtained from
the slope of this plot. The crystallite size equals kk/
(slope). Therefore, considering the values of k (0.94)
and k (0.154056 nm), the crystallite size was
obtained using the 0.144812/(slope) relation.
According to Fig. 4, the crystallite size of undoped
SnS thin film was increased after Se-doping from
75.00 nm to 84.16 nm, and then it was decreased to
52.44 nm. Therefore, it can be said that the appro-
priate concentration of Se-doping (up to 2.32%—Se4

Fig. 3. (a) XRD patterns of undoped and Se-doped SnS thin films, and (b) the shift of (111) diffraction peak.
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sample) leads to an improvement in the crystalline
quality of SnS thin films. It is noted that the
broadening of diffraction peaks can be due to the
lattice strain/size effect and non-stoichiometric

sulfide defects in the SnS lattice.58 As the Scherrer’s
method does not cover the crystalline imperfections
and strain distribution, the Williamson-Hall and
size–strain plot methods have been used.

Fig. 4. Scherrer’s plots of undoped and Se-doped SnS thin films.
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Williamson–Hall Method

The Williamson–Hall method was based on the
combination of two terms including size broadening
(bs) and strain broadening (be). In this paper, we
present three models of Williamson–Hall analysis
containing a uniform deformation model (UDM), a
uniform deformation stress model (UDSM), and a
uniform deformation energy density model

(UDEDM). The UDM model was based on the
isotropic nature of crystals. In this model, the
lattice strain is uniform in all crystallographic
directions.59 The presence of imperfections and
distortions in crystals leads to create the strain
broadening term. As it is mentioned above, size-
broadening term can be obtained using Scherrer’s
formula (Eq. 4), and the strain-broadening term is
given by the Wilson formula,54

Fig. 5. The plots of W–H method assuming UDM model for undoped and Se-doped SnS thin films.
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be ¼ Ce tan h; ð5Þ

where e is the tensile or compressive strain, and C is
a constant which was taken 4. It is assumed that the
crystallite size and the lattice strain are indepen-
dent of each other and both have the Cauchy-like
profile. Then, by combining the two abovementioned
terms, the Williamson–Hall equation was deduced
in Eq. 8.54,60,61

bhkl ¼ bS þ be ð6Þ

bhkl ¼ kkð Þ= D cos hð Þ þ 4e tan h ð7Þ

cos h� Eq:y ) bhkl cos h ¼ kk=Dþ 4e sin h ð8Þ

Equation 8 shows the uniform deformation model
(UDM) of the Williamson-Hall method. As it is
obvious in Eq. 8, the estimation of lattice strain
and crystallite size was easy by drawing the graph
of bhkl cos h against 4sin h. The D and e were
obtained using the y-intercept at x = 0 and the
slope of this plot, respectively. Figure 5 illustrates
the UDM plots of undoped and Se-doped SnS thin
films. As it is clear, the crystallite size of SnS films
increased from 75 nm to 84 nm, and then
decreased to 52 nm, due to Se-doping. It means
that the crystalline quality of undoped SnS was
initially increased and then decreased after Se-
doping. The reason is the fact that the lattice
strain (e) has an inverse relation to the D, which
decreased from 2.54 9 10�4 (Se1) to 1.56 9 10�4

(Se4) and then increased to 3.97 9 10�4 for the Se6
sample. The creation of new nucleation centers due
to Se-doping (up to 2.32%) can lead to improvement
in crystalline quality. Therefore, the lattice strain
was decreased. However, further Se-doping in the
SnS lattice leads to a decrease in crystalline
quality and an increase in lattice strain due to
the following reasons: (1) the difference between
the effective ionic radii of Se2� and S2� can
generate lattice distortion, (2) saturation of nucle-
ation centers and/or lattice distortion, and (3)
existence of Se2� ions in the electrolyte can delay
the reaction between Sn2+ and S2� ions. In addi-
tion, based on the Quin and Szpunar model, the
grain boundary excess volume related to vacancies
and vacancy clusters can produce the strain in the
lattice.62

Based on the anisotropic nature of Young’s mod-
ulus (Ehkl or Yhkl),

63 two modified W–H models
named UDSM and UDEDM have been used. The D,
e, lattice strain (r), and energy density (u) could be
estimated using UDSM and UDEDM models.

According to Hooke’s law (r = Yhkl 9 e), the lattice
stress and lattice strain are linked together with the
elastic modulus (Young’s modulus) coefficient. It
should be noted that the Hooke’s law only validates
in the elastic zone. Therefore, assuming very small
strains in the undoped and Se-doped SnS lattices,
the UDSM and UDEDM models can be used. By
applying Hooke’s law in the W–H equation (Eq. 8),
the lattice strain is replaced by (e = r/Yhkl). There-
fore, the UDSM equation was obtained by the
following formula,

bhkl cos h ¼ kk
D

þ 4ðr sin h
Ehkl

Þ: ð9Þ

The crystallite size (D) and lattice stress (r) can be
obtained by the UDSM model. The UDSM graphs
were achieved by drawing bhkl cosh and 4sin h/Ehkl

along the y-axis and x-axis, respectively. The slope
of this graph showed the lattice stress (r) and the D
was estimated by y-intercept (D = (kk)/(y-inter-
cept)), similar to the UDM model. Therefore, the
lattice strain of undoped and Se-doped SnS thin
films was estimated using the e = r/Yhkl relation.
The reciprocal of Young’s modulus in the direction
of the unit vector li in the orthorhombic structures is
given by the following formula,64

1

Yhkl
¼ l41s11 þ 2l21l

2
2s12 þ 2l21l

2
3s13 þ l42s22 þ 2l22l

2
3s23

þ l43s33 þ l22l
2
3s44 þ l21l

2
3s55 þ l21l

2
2s66:

ð10Þ

The following relations present the unit vectors
(li) for a particular (hkl) plane,

l1 ¼ hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p

l2 ¼ kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p

l3 ¼ lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p

; ð11Þ

where s11, s12, s13, s22, s23, s33, s44, s55, and s66 are the
elastic compliance of SnS with values of 11.92 (TPa)�1,
� 2.93 (TPa)�1, � 4.32 (TPa)�1, 10.07 (TPa)�1, � 8.2
(TPa)�1, 19.08 (TPa)�1, 19.46 (TPa)�1, 35.8 (TPa)�1,
and 35.27 (TPa)�1, respectively. Figure 6 exhibits the
UDSM graphs of undoped and Se-doped SnS thin
films. The Young’s modulus of SnS was taken as
62.19 GPa.65 As it is clear in Fig. 6, the obtainedDand
e values from UDSM model are in agreement with
those of the UDM model.
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Uniform deformation energy density model
(UDEDM) is an appropriate model to estimate D,
e, r, and u (energy per unit volume). According to
Hooke’s law, the relation between u (energy per unit
volume) and e is u = e2 9 Ehkl/2. Therefore, the
UDEDM relation was obtained by modifying Eq. 9,
as follows,66

bhkl cos h ¼ kk=Dþ 4 sin h

ðYhkl=2Þ1=2

 !
� u

1
2: ð12Þ

The plot of bhkl cos h versus 4sin h/(Yhkl/2)1/2 has
been drawn to estimate the D and u. The modified
W–H plots assuming the UDEDM model for

Fig. 6. The modified form of the W–H method supposing the UDSM model for undoped and Se-doped SnS samples.
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undoped and Se-doped SnS thin films are shown in
Fig. 7. The crystallite size and the energy density
were calculated using the y-intercept and the
square of slope, respectively. As a result, the r and
e can be obtained assuming the Hooke’s law
relations,

e ¼ 2u=Yhklð Þ1=2

r ¼ 2uYhklð Þ1=2
: ð13Þ

The results showed that by introducing the Se-
dopant into the SnS lattice, the energy density of

Fig. 7. The modified form of W–H analysis supposing UDEDM model for undoped and Se-doped SnS thin films.
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undoped SnS was decreased to 0.81 kJ m�3 (Se4)
and then increased to 5.38 kJ m�3 (Se6). The
initial reduction in the energy density of undoped

SnS after Se-doping can be due to the improve-
ment in the crystalline quality which caused a
decrease in the lattice strain (e) and lattice stress

Fig. 8. Size–strain plots (SSP) for undoped and Se-doped SnS thin films.
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(r). In addition, as the Se-doping was more than
2.32% in the SnS lattice, the crystalline quality
declined which resulted in an increase in the
energy density of the Se-doped SnS lattice. It
can be concluded that the results of UDM, UDSM,
and UDEDM models are well matched to each
other.

Size–Strain Plot Method (SSP)

Nelson–Riley is a good method to estimate the
size–strain parameters. This technique was consid-
ered for the isotropic nature of the crystal struc-
ture.67 This method provides an accurate estimation
of size–strain parameters, which gives less weight
to data from reflections at high angles, where the
accuracy is typically lower.68 In this method, the
crystallite size profile was defined by a ‘‘Lorentzian’’
function and the strain profile by a ‘‘Gaussian’’
function. The following formula shows the SSP
method relation,69,70

ðdhklbhkl cos hÞ2 ¼ K

D
ðd2

hklbhkl cos hÞ þ ðe
2
Þ2; ð14Þ

where K is a shape-dependent constant that is
considered three-fourths for spherical particles.70

In order to estimate the crystallite size and the
lattice strain using the SSP method, the (dhkl bhkl

cosh)2 was plotted against (dhkl
2 bhkl cosh) for all

the main orientation peaks of undoped and Se-
doped SnS thin films. Figure 8 depicts the SSP
plots for all samples. As it is shown, the crystal-
lite size and the lattice strain can be acquired
from the slope and y-intercept, respectively.
Therefore, the crystallite size was 0.75/(slope)
and the lattice strain was 2 9 (y-intercept)1/2. The
obtained results from the Scherrer’s method,
UDM, USDM, UDEDM, and SSP methods are
summarized in Table I. In addition, the calcu-
lated crystallite size, lattice strain, lattice stress,
and energy density for undoped and Se-doped
SnS samples using Scherrer’s, UDM, USDM,
UDEDM, and SSP methods are compared in
Fig. 9.

As can be seen from Table I and Fig. 9, the
results of Scherrer’s, UDM, UDSM, UDEDM, and
SSP methods are in good agreement to each other.
Based on Scherrer’s method, the broadening of
diffraction peaks was only caused by reducing
grain size. Therefore, a small deviation in the
crystallite size was observed, compared to the
other methods.60 Furthermore, since the strain
term was not considered in the Scherrer’s method,
the values of obtained crystallite size using this
method were higher than that of W–H methods.71

Accordingly, the crystallite size and/or the crys-
talline quality of undoped SnS was initially
increased and then decreased, after Se-doping.
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Therefore, the e, r, and energy density (u) of
undoped SnS were decreased first and then
increased.

TEM Method

In order to discover the reality of obtained data
from XRD analysis, TEM analysis was applied.
TEM is a good study to examine the size and the
shape of deposited SnS. The TEM image for
undoped SnS thin film is shown in Fig. 10. It is
clear in the TEM image that the average particle
size is in good agreement with the average crystal-
lite size estimated from Scherrer’s, W–H and SSP
methods.

Morphological Investigation

FESEM images were taken to investigate the size
of deposited samples. Figure 11 showed that the
dimensions of samples were micro/nano size.

Fig. 9. Comparison between the results of Scherrer’s, UDM, UDSM, UDEDM, and SSP methods for undoped and Se-doped SnS thin films, (a)
crystallite size, (b) lattice strain, (c) lattice stress, and (d) energy density.

Fig. 10. TEM image of undoped SnS thin film (Se1).
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CONCLUSION

In this paper, the effect of various Se-dopant
concentrations on the structural properties of SnS
thin films has been investigated. Undoped SnS and
Se-doped SnS thin films have been deposited on the
FTO substrates using the electrodeposition method.
XRD patterns confirmed that all synthesized thin
films were orthorhombic. The Debye–Scherrer’s
technique was used to estimate the crystallite size
of undoped and Se-doped SnS thin films. In addi-
tion, the modified form of the W–H method assum-
ing a uniform deformation model (UDM), a uniform
deformation stress model (USDM), a uniform defor-
mation energy density model (UDEDM), and the
size–strain plot method (SSP) have been used to
calculate the crystallite size and the lattice strain of
synthesized thin films. The results obtained by
these methods showed that with increasing the Se-
dopant concentration (up to 2.32%) in the SnS
lattice, the crystallite size was increased, and the
lattice strain was decreased. However, further Se-
doping into the SnS lattice leads to more lattice
distortion in the crystal lattice due to the variation
in the effective ionic radii of Se2� and S2� ions,
which caused a decrease in the crystalline quality
and/or crystallite size. In addition, the results
showed that there was a good agreement in the
particle size obtained from W–H methods and the
SSP method with TEM images.
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