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Thin films of SnS;_,Se, with varying Se (x = 0, 0.1, 0.15, 0.2, 0.25) contents were deposited by the
thermal evaporation method on glass substrates at room temperature. The crystalline nature of the films
is verified using structural characterization techniques such as X-ray diffraction and Raman analysis. The
crystallinity increased with Se concentration. The nanoflake-like structure with an increase in size and
density upon Se addition is observed from the morphology study through field emission scanning
electron microscopy. The energy-dispersive X-ray analysis confirmed the elemental % in different films.
The transmittance data were recorded in the range of 900-1100 nm by UV-Vis spectroscopy and used
to evaluate the linear/nonlinear optical properties. The transmission percentage decreased with the
doping of Se in the SnS binary compound. The absorption and extinction coefficients were enhanced
with Se content. The bandgap value decreased with the doping concentration. The optical energy gap is
used to evaluate the static refractive index using Dimitrov and Sakka's relation. The value of the static
refractive index increased with Se content, which further helped to enhance the nonlinear optical
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parameters. The nonlinear parameters such as the nonlinear refractive index and third-order nonlinear
susceptibility increased with the Se concentration. The theoretically calculated physical parameters like
DOI: 10.1039/d2ma00485b the average heat of atomization decreased with Se content. Tuning of nonlinear and linear properties by
varying the selenium doping content in SnS;_,Se, films will be useful in many photonic and

rsc.li/materials-advances optoelectronic devices.

are favourable candidates to be used in high-performance photo-
detectors for their exceptional absorption coefficient, carrier

1. Introduction

Recently, scientists have focused on non-toxic, low-cost semi-
conductor materials to improve the absorber layers used in photo-
sensing devices. Typically, materials like metal chalcogenides,"
monochalcogenides,” graphene,® and phosphorene* have inher-
ent applications in the fields of photovoltaics and optoelectronics.
Among them, metal chalcogenides are widely used materials
having the most favourable semiconducting properties with a
low bandgap for application in advanced electronics and photonic
devices.> Among metal chalcogenides, tin chalcogenide semicon-
ductors have potential applications in thermoelectric devices,
optoelectronics, memory switching devices,” photovoltaics,
lithium-ion batteries,” and photocatalysts.® Tin chalcogenides
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mobility, and suitable bandgap (0.81-2.31 eV).>'° Recently, these
materials have attracted more attention due to their non-toxic,
low-cost, and abundant nature."* Layered tin chalcogenides also
exhibit excellent anisotropic properties. Previously reported tin
chalcogenides like SnSe and SnS possess anisotropic electrical
conductivity due to the difference in the electronic masses of
electrons and holes along the axes.’> SnS compounds exhibit
layered orthorhombic structures with favorable direct and indirect
bandgap values of 1.2 to 1.7 eV and 1 to 1.1 eV, respectively, for
potential applications in photovoltaic cells.”® Tin sulphide has
favorable properties like p-type electrical conductivity, an orthor-
hombic crystal structure, and a significant absorption coefficient
for making absorber layers in the preparation of thin-film hetero-
junction solar cells."*'® The constituent atoms Sn and S are tightly
bonded by weak van der Waals forces and form a chemically inert
surface without any surface dangling bonds and density of states,
thus increasing the transparency and making the surface chemi-
cally and environmentally stable.'® SnS and SnSe compounds

© 2022 The Author(s). Published by the Royal Society of Chemistry
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have been studied on a large scale by using various synthesis
methods, such as chemical/physical vapor deposition,"”'® sput-
tering, solvothermal,'® and pulsed laser deposition.>° The photo-
detectors made from the compounds of SnSe and SnS exhibit
large values of responsivity (10>~10" A W™ ') and average external
quantum efficiencies (EQEs). For the improvement of SnSe- and
SnS-based photodetectors, several approaches like alloy engineering
and van der Waals heterostructures are adopted. Xia et al. have
reported the use of a combination of both alloy engineering
and van der Waals heterostructures for the SnS-SnS,Se, _, core-
shell structure.” Alloy engineering effectively enhances the
photodetection properties and tunes the semiconductor’s band
structure and carrier types. Recently, different techniques such
as doping and annealing were used to control the carrier
concentration and conductivity of tin sulphide to improve the
performance of SnS based solar cells. Doping of some metal
elements like Sb, Bi, Cu,”* Ag,* In,> and Se®> has been
reported for enhancing the properties of SnS.*®*” The hole
concentration is increased by doping of Se into SnS. Yu et al
have reported that Se doping into the SnS host matrix increases
the photoconductivity, hole concentration, and conversion
efficiency and reduces the optical bandgap.?® This suggests
that Se doped SnS has more potential optoelectronic applications
than pure SnS. The SnS;_,Se, matrix involves higher charge
carrier transport phenomena than SnS, with a decrease of the S
content.’>*® Thus, it is possible to improve both the electronic
and optoelectronic properties of the as-prepared SnS and SnSe
crystals by the alloying technique. Furthermore, the Sn-S-Se
matrix exhibits an energy gap value in the order of the optimum
energy gap for solar cells and a large absorbance near the infrared
region, making it a suitable material for solar cells and optoelec-
tronic applications.>'** Moreover, for the SnS, 5Se, 5 System, the
on/off ratio can be enhanced up to 2.10 x 10 at room tempera-
ture, which is two times larger than those of SnS and SnSe.”® In
view of many optoelectronic properties and potential futuristic
applications, we have synthesized and investigated the properties
of Se doped SnS, i.e. SnS; ,Se, (x = 0.1, 0.15, 0.2, 0.25).

In this study, nanostructured SnS and Se doped SnS bulk
alloys were prepared by the melt quenching method, and the
corresponding films were coated on glass substrates by the
thermal evaporation process. The influence of the Se content in
SnS on optical and structural properties was studied through
different experiments. The present work aims to explore the
tuning of nonlinear/linear optical properties like the nonlinear
refractive index, third-order optical susceptibility, refractive
index, optical bandgap, etc. in SnS; _,Se, thin films at different
selenium concentrations. The phase formation and crystallinity
were analyzed by X-ray diffraction (XRD) and Raman spectro-
scopy. The energy dispersive X-ray (EDX) analysis was used for
compositional analysis, and field emission scanning electron
microscopy (FESEM) was used to analyze the surface morphology
changes. The nonlinear/linear optical parameters of Se doped
and undoped SnS thin films were calculated from the UV-visible
spectroscopy data. The theoretical physical parameters like the
heat of atomization, average coordination number, and bond
strength were calculated and well discussed.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental work

2.1. Preparation of thin films

The bulk SnS; ,Se, (x = 0, 0.1, 0.15, 0.2, 0.25) samples were
prepared by the melt quenching process. The high purity
(99.999% Sigma-Aldrich) elements of Sn, Se, and S were used
to prepare the bulk sample. Stoichiometric amounts of constituent
elements were sealed in an evacuated quartz ampoule at a 10> torr
vacuum. The quartz ampoule was placed in a furnace, and the
temperature was maintained at 900 °C for 24 h with at a rate of 3 °C
to 4 °C per minute. After 24 h of melting, the ampoule was removed
and immediately placed in a cold water bath to avoid crystal-
lization. The obtained bulk sample was ground to powder form and
used to prepare the thin film. The thin film was deposited on a
Corning glass substrate by the thermal evaporation technique
using a HINDI-HIVAC Model 12A4D vacuum coating unit under
a vacuum of 10~ torr. The films were coated at a rate of 0.5 nm s~
to a thickness of ~800 nm which was measured using a thickness
monitor.

2.2. Characterization methods

The structural analysis of SnS; ,Se, films was done with a
Bruker D8 Advance X-ray diffractometer with a copper target
used as the X-ray source. The source has a wavelength of
0.154 nm. The X-ray spectra were recorded in the scan range
of 10° to 80° at a scanning speed of 1° min~" and a step size of
0.02° s '. The surface morphology was examined using a Carl
Zeiss Ultra 55 FESEM unit. An EDX system was used to analyze
the elemental compositions. Surface scans were taken with a
sample size of 1 x 1 cm? at 3-4 positions at 20 kV and 40 mA
emission current with a pressure of 2 x 10~ torr. Raman data
were recorded using a LabRAM HR system in the range of 100-
400 cm™! by using an argon laser source and a backscattered
CCD detector. A Bruker Optics IFS66v/S UV-visible spectrometer
was used to record the optical transmission and absorption
spectra in the visible range.

3. Results analysis and discussion

3.1. XRD study

The XRD pattern of SnS;_,Se, nanoflakes with different Se
doping concentrations (x = 0, 0.1, 0.15, 0.2, 0.25) is shown in
Fig. 1(a), which reveals the crystalline nature of all the samples.
The diffraction peaks of all the samples matched well with
the International Center for Diffraction Data (ICDD). From the
analysis, it is observed that the crystalline peaks belong to the
orthorhombic phase of tin sulphide, having the reference code
ICDD PDF No. 00-39-0354. From the X-ray diffraction spectra,
the prominent peak at 20 ~ 31.68° is due to the reflection of
the (1 1 1) plane which has the largest spacing in orthorhombic
tin sulphide. The peak intensity of crystalline phases increased
with the increase of Se doping, indicating an increase in
crystallinity. From the X-ray diffraction analysis, there is no
phase change and no additional peaks are obtained in the SnS
phase. But the crystalline peaks shifted towards the lower angle
side due to the expansion of lattice parameters with an increase

Mater. Adv., 2022, 3, 5930-5940 | 5931
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Fig. 1

of Se doping, which satisfies Vegard’s law.! According to
Vegard’s law, the dopant alone cannot produce individual
peaks, except the host peak, but it can generate acceptable
shifts in the position of the host peak. All the calculated
microstructural parameters are tabulated in Table 1.

Scherrer’s equation®® is used to calculate the average crystal-
lite size (D):

k2

Crystallite size (D) = m

1)
where the Scherrer constant k = 0.94, the Cu Kua line 1 =
0.154 nm, f is the full-width at half-maximum in radians,
and ‘0’ is the Bragg angle. Furthermore, the incorporation of
Se affects the microstructural parameters like lattice strain (g),
dislocation density (0), and the number of crystallites per unit
surface area (N). The microstructural parameters were calcu-
lated using the following relations:**
LB
D’ 4tan 6’ D3’

o @)

where ‘¢’ is the film thickness. The evaluated quantities are
presented in Table 1, which shows that the average crystallite
size increased with the increase of Se doping in the SnS film up
to 0.2 and then decreased with further Se doping as reported by
Kafashan et al® The increase of crystallinity might have
occurred for the formation of new nucleation centers from
the dopant atoms. However, further Se doping results in
saturation nucleation and leads to a mismatch in the SnS

Table 1 Microstructural parameters of undoped and Se doped SnS;_,Se,
thin films

Crystallite size  Dislocation density Strain (¢) N (1 m?)

Sample (D) inm (x 107%) (§) in m 2 (x 10") (x 107" (x 10")
SnS 1.668 3.591 64.5 1.721
SnSeeSeos 1.679 3.546 68 1.689
SnSg g5S€o.15 1.691 3.493 67.1 1.659
SnS, ¢Seo, 1.876 2.840 58.4 1.211
SnS¢._,5S€0.25 1.737 1.737 66 1.524
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(a) XRD pattern presenting different phases and (b) Raman spectra of SnS;_,Se, (x = 0, 0.1, 0.15, 0.2, 0.25) thin films.

lattice, resulting in decreased crystallinity. There is a decrease
in strain and dislocation density with Se doping, which ensures
the increase in the crystallinity of the compound. The N value
decreases with Se doping.

3.2. Raman analysis

Raman spectroscopy is an important characterization technique
which helps to analyze information regarding molecular inter-
actions, chemical structures, and crystal phases. The vibrational
band analysis gives important information about phase transi-
tions and structural rearrangements due to Se doping. The
Raman data of the SnS; ,Se, film in the range of 100-
400 cm ™" are shown in Fig. 1(b). The Raman bands of the as-
prepared tin sulphide thin film are centered at 155, 170, 222, and
304 cm !, respectively. Li et al. have reported the presence of a
Raman band at 150 cm™* for the A, mode of SnSe, which shows
that the observed band at 155 cm ™" can be attributed to the Ay
phase of SnSe."® The intensity of the SnSe band with the A, mode
increased with the concentration of Se doping. The 170 cm ™"
vibrational band is due to the B, mode of SnS.** The B, mode
that appeared at 170 cm™ ' disappeared for all other Se doped
samples. Tian et al. reported the A; mode of the SnS band that
appeared at a peak position of 218.7 (em™')."” Thus, the 222 cm™*
band is assigned to the A, mode of SnS, whose intensity decreased
with the incorporation of Se. From the Raman spectra, the most
intense peak at 304 cm ™' is probably due to the Sn,S; phase, as
reported earlier by Reddy et al, in which the band intensity
decreased with Se doping.*” Thus, from the Raman spectra, it is
observed that the vibrational bands become broader and show a
redshift with an increase of Se doping concentration compared to
the undoped SnS sample. Thus, the formation of different bands
and changes in their intensity and position led to structural
changes due to the variation of Se in SnS;_,Se, samples.

3.3. FESEM and EDX studies

The 1 pm FESEM images of the SnS;_,Se, films with different
Se concentrations are shown in Fig. 2. Remarkable changes in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the surface morphology of SnS; _,Se, films are observed due to
the incorporation of Se in the SnS film. From the figure, it can
be observed that the tin sulphide sample shows a densely
packed nanoflake-like morphological structure. The columnar
grain growth of SnS might have been caused by the 2D growth
nature of SnS.>® It can be clearly seen that the grain size
increased with the increase in the Se concentration. The
improvements in the uniformity and packing of grains are
due to the Se incorporation which results in an enhancement
in reflectance properties.>® But a higher doping concentration
of Se can lead to a decrease in the grain size again. These
morphological variations may be due to Se incorporation. From
the XRD data, the intensity of the peak at (1 1 1) increased with
Se incorporation, but for a higher amount of Se incorporation
(x = 0.25), the peak intensity decreased. A similar trend was
observed for the FESEM grain size. Thus, there is a good
correlation between XRD and FESEM data.

The EDX images show the presence of all the elements
(Sn, S, Se) in the investigated SnS,;_,Se, films without any
contamination. The EDX and FESEM images are shown in
Fig. 2, which represent the different peaks corresponding to
their respective elements. Furthermore, the related atomic
percentage of the elements was calculated from the peak
intensities and the area under the peak of the corresponding
elements. A systematic increase in the atomic percentage of the
Se content is found from the EDX analysis, which is in
accordance with the increase of the Se dopant in the SnS film.

3.4. Optical properties

3.4.1. Transmission (T), absorption coefficient (), extinction
coefficient (k), bandgap (E,), and Urbach energy (E,). Transmis-
sion (7) is a basic optical parameter that indicates the % of
transmitted light through an optical medium. Materials with a
high transmission are used in many potential applications like

View Article Online
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optoelectronic sensors and photonic devices. Fig. 3(a) shows the
transmittance spectra of ternary SnS; _,Se, films in the wavelength
range of 900-1100 nm. The transmission percentage decreased
with Se doping. The films become more absorbing for which there
is a decrease in the transmittance with an increase in Se doping.
The decrease in transmittance is also due to the crystallization of
the film structure by increasing the crystallite size with Se doping
as observed from the XRD study. The absorption edge of the film
showed a redshift with the Se content. The addition of ‘Se’ atoms
increases the interconnection between the film atoms as they
form more heteropolar bonds in the film. In addition, the Se
element has a lower bandgap than S. Thus, incorporation of Se in
the SnS film enhances the absorption of the samples and leads to
a redshift of the absorption edge. Similar results have also been
reported by Banotra et al.>* According to their explanation, the
decrease in the transmittance percentage is ascribed to the grain
boundaries and lattice defects that exist in the film due to the
interaction of Se ions.

The absorption coefficient () gives the ability to absorb
electromagnetic radiation when it passes through a material.
The information regarding the band structure and optical
bandgap of the film can be extracted by using the absorption
coefficient data. The ‘o’ value is calculated by using the formula:*°

P2
ooty =R
t T

®)

where ‘¢ is the film thickness (~800 nm), ‘T represents the
transmittance and ‘R’ represents the reflectance of the films. The
absorption coefficient graph of the SnS;_,Se, films is shown in
Fig. 3(b), which reveals the o value in the order of 10*~10° cm ™"
and is reduced with wavelength. The decrease of ‘@’ with wave-
length indicated an increase in the transparency of the film at a
higher wavelength and became suitable for light waves to propa-
gate faster and easier. Moreover, the o value increased with the

Fig. 2 FESEM images of SnS;_,Se, (x = 0, 0.1, 0.15, 0.2, 0.25) thin films and their corresponding EDX images (inset).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Transmittance spectra of SnS;_,Se, (x = 0, 0.1, 0.15, 0.2, 0.25) thin films, (b) change in the absorption coefficient () with Se concentration,

(c) variation of the extinction coefficient (k), and (d) estimation of the direct bandgap for different Se concentration films.

increase of the Se doping concentration and reached the order of
10° cm™" which is more than 2-3 x 10* em™' as reported.*
Therefore, the sample can be used as an excellent solar absorber
in the field of photovoltaics with a significantly lower thickness.

The extinction coefficient (k) is calculated in terms of ‘o’ and
‘2’ by using the relation:**

k_ot/l

= in (4)

The surface smoothness and homogeneity of the sample were
analyzed from the extinction coefficient (k) data. Fig. 3(c) shows
the variation of the extinction coefficient with photon energy.
It is noticed that the extinction coefficient increased with the
incident energy as well as with the Se doping concentration.
The increase in ‘k’ with energy and its decrease with wavelength
represent the light dispersion and drop in absorption, respec-
tively. The low ‘k’ value for the pure SnS sample indicates a
smooth and homogeneous surface of the films. But, with an
increase in Se doping, the ‘¢’ value increased, which shows a
decrease in surface smoothness as confirmed by the structural
analysis.

The optical bandgap energy (E,) plays an essential role in
selecting the semiconducting materials for potential applica-
tions. According to Tauc, the energy required to transport an
electron through a forbidden bandgap depends on the intrinsic
behavior of the film and the photon energy in semiconducting

5934 | Mater. Adv., 2022, 3, 5930-5940

materials.”> For a semiconducting material, the absorption
strength of the incident electromagnetic waves depends on
the difference between bandgap energy (E;) and incident
photon energy (Av). Here, Tauc’s formula is used to calculate
the energy gap in the high absorption region (z > 10* cm ™) by
using™?

ahv = B(hv — Eg)™

()

where ‘v’ represents the incident frequency, ‘B’ is the band tail
parameter which depends upon the transition probability, and
‘m’ is the transition mode power factor which depends on the
type of electronic transition. For different transitions, ‘m’ has
different values, i.e., m = 1/2 for direct allowed transitions, 2 for
indirect allowed transitions, 3/2 for direct forbidden transi-
tions, and 3 for indirect forbidden transitions. As per the Tauc
rule, indirect transitions are observed for amorphous materials
and direct allowed transitions for crystalline materials. Since
both undoped and selenium doped films show a crystalline
nature, m = 1/2 was substituted in eqn (5) to evaluate the direct
allowed energy gap, and the plot between (a4v)* vs. kv is shown
in Fig. 3(d). The E, value is taken from the intercept of the
graph, and the slope gives the Tauc parameter (B). The obtained
values of both ‘E,’ and ‘B’ are presented in Table 2. It is found
that the bandgap value decreased from 1.265 £+ 0.001 eV to
1.197 + 0.001 eV with an increase in Se%. Wang et al. also
reported similar results, where the optical bandgap decreased

© 2022 The Author(s). Published by the Royal Society of Chemistry
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from 1.15 to 1.01 eV with Se doping.** The material having a
small bandgap can block both visible light and infrared light
transmission. Moreover, these materials possess a unique
ability to filter the ultraviolet part from electromagnetic radia-
tion. This property makes thin films of smaller bandgaps
suitable for solar applications and thermal systems.** The slope
of the graph gives the ‘B’ value, which is inversely proportional
to the degree of disorder. It is observed from Table 2 that ‘B’
increases with selenium doping.

According to Urbach, near the absorption edge of semicon-
ducting materials, there is an exponential region that describes
the width of the band tail of the material. This band tail
represents the localized states.*® The absorption coefficient
for most of the semiconducting material depends on ‘hv’ near
the band edge, satisfying the Urbach empirical formula:*’

a(hv) = o9 exp (Z-”) (6)

u

where ‘o’ is the constant value corresponding to the absorption
coefficient at the band gap energy and ‘E,’ is the Urbach energy.
The E, parameter measures the degree of disorder in the
material, which is the inverse of the slope obtained from the
graph between hv and In(«/o,). The obtained E, values are
tabulated in Table 2, which shows an increasing trend, while
the optical bandgap decreases with selenium doping. This
might be due to the incorporation of selenium, which increases
the localized states within the bandgap region. Davis and
Mott’s*® model infers that the localized states within the band
structure are the reason for the reduction of the bandgap.
Thus, our results seem to have a good agreement with Davis
and Mott’s discussion.

3.4.2. Optical density and skin depth. Optical density (OD)
is associated with the absorption of light, which indicates the
absorbing power of a material towards electromagnetic radiation.
The optical density is proportional to both the thickness and
concentration of the absorbing material. The optical density of
SnS;_,Se, is calculated by using the simple formula:** OD = x ¢,
where ‘¢’ is the film thickness. Fig. 4(a) shows the change in OD
with wavelength. It is observed that the variation of OD, with
either wavelength or incident energy, shows a similar behaviour to
the absorption coefficient where the thickness of all the samples
is constant.”® In the intense absorption spectral regions, all the
energy that enters the thin film is either absorbed or reflected.
Here, skin depth is one of the important parameters which is

Table 2 Optical parameters of SnS;_,Se, thin films
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related to the absorption of photons within the thin film texture.
The photon density decreased in an exponential way from the
surface towards the midway of the film. This happens due to
many factors like the film density, surface morphology, refractive
index, and microstructure of the films. Skin depth (6) is defined as
the thickness at which the density of photons becomes 1/e of the
value at the surface. The conductivity of the film and the incident
photon energy also affect the value of skin depth. As the
conductivity of the semiconductor material and optical bandgap
are strongly dependent, one can relate the optical quantities and
skin depth (penetration depth) in any semiconducting material.>*

1
The skin depth is calculated by using the « value by** § = " The

variation of ‘0’ with ‘h’ is shown in Fig. 4(b). It is observed that ‘¢’
decreased with the increase of ‘hv’ as well as with the Se content.
The increase in the Se content leads to a decrease in the
transparency of the film.

3.4.3. Static refractive index, dielectric constant (¢, ), and
optical electronegativity (1op¢). The linear static refractive index
(1) and high-frequency dielectric constant (¢,,) of the sample
are related by the equation: ¢, = no>. The n, value is calculated
by using the Dimitrov and Sakka relation:**

I’l()2 —1
n02+2

£y

—1-
20

(7)

where ‘E,’ is the bandgap. The calculated values of n, and ¢,
are presented in Table 2. The calculated data clearly show the
increase in the refractive index with the increase of selenium
concentration in SnS; ,Se, films. Generally, the obtained
results are in good agreement with the literature.”® The
increase in the refractive index can be attributed to an increase
in density by substituting sulphur with a larger amount of
selenium.>® From Table 2, it can be observed that the dielectric
constant of the lattice increased with the increase in selenium
doping. Furthermore, optical electronegativity has a crucial role in
determining various physicochemical constants of the material.
The parameter 7, is defined as the ability of atoms or radicals to
form ionic bonds due to their tendency to attract electrons.
According to Duffy, the optical electronegativity (1op) values are

C\4
determined using the value of n, as follows:™ 7., = <%) ,

where C is the dimensionless quantity having a value of 25.54.
The optical electronegativity values are presented in Table 2. It is

Estimated optical parameters SnS SnSy oSeo 1 SnSg g5S€0.15 SnSy gSeo.» SnS; 755€0.55
Optical band gap (direct E,) in eV 1.265 % 0.001 1.261 + 0.002 1.202 + 0.001 1.198 + 0.001 1.197 + 0.001
Tauc parameter (B*) in cm > eV > 1.797 x 10" 2.161 x 10" 2.184 x 10" 2.213 x 10" 2.465 x 10"
Urbach energy (E,) in eV 0.218 0.219 0.295 0.303 0.282

Static refractive index () 3.150 3.154 3.199 3.202 3.203
Dielectric constant of the lattice (¢.,) 9.924 9.945 10.235 10.254 10.261
First-order nonlinear susceptibility (") 0.710 0.712 0.735 0.736 0.737
Third-order nonlinear susceptibility (5°) 4.333 x 107" 4.374 x 107" 4.968 x 10" 5.009 x 10~ 5.024 x 10!
Nonlinear refractive index (1,) 5.182 x 10 5.226 x 10 '° 5.851 x 10 *° 5.895 x 10 '° 5.910 x 10 *°
Optical electronegativity (1opt) 1.6874 1.6869 1.6809 1.6805 1.6803

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4
and %® with Se doping concentration.

observed that the value of #,p; decreased from 1.6874 to 1.6803 as
the Se content increased in the SnS;_,Se, thin film.>”

3.4.4. Nonlinear optical parameters. The nonlinear optical
response of a material is demonstrated by sufficient intense
illumination and also depends on the strength of the electric
field, which causes nonlinear effects in the films. The nonlinear
behaviour originates from the interaction of the nucleus due
to electronic polarizability and its effect on the bond length.
The polarization density P(¢) is presented by a power series
expansion of the total applied optical field:*®

P(t) = eolVE(@) + PED(e) + 4 VEC0)] (8)

where ‘E’ refers to the electric field intensity and e, represents
the linear behaviour, whereas X(Z) and 1(3) represent the second-
and third-order nonlinear susceptibility, respectively. The value
of ® is zero for centrosymmetric optically isolated materials.>
Therefore, 3 is a superior nonlinear quantity. So the nonlinear
susceptibilities x(l) and 1(3) of the semiconducting material are
calculated using Miller’s rule as follows:*°

2
ngy -1 4
2 :(477:)’ 20 gA<X<1>> 7 )

where 4 = 1.7 x 10~ " (e.s.u.) and n, refers to the static refractive
index at -iv — 0. The calculated x(l) and 1(3) values are presented

5936 | Mater. Adv, 2022, 3, 5930-5940
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in Table 2. It is observed that both X(U and X(S) increased with the
Se content due to the increase in the n, value. The increased
nonlinear susceptibility makes the material suitable for use in
small, compact, and low-power devices for telecommunication
purposes.®’ The change in E, and 5 with the Se content is
shown in Fig. 4(c) which infers an opposite change for the
parameters with the Se percentage in ternary SnS;_,Se, films.
Furthermore, the static refractive index is used to calculate the
nonlinear refractive index (n,) by applying the Ticha and Tichy
_ 12my3)
=
The calculated values of ‘n,’ are shown in Table 2, which
indicates that the value of n, increased with the Se%, which is
for the increase of the refractive index with selenium addition.
The high value of the nonlinear refractive index makes the
SnS; ,Se, films suitable candidates for nonlinear optical
applications.

relation with Miller’s generalized rule as follows:** 1,

3.5. Theoretical calculations of different physical parameters

3.5.1. Number of constraints and the effective coordination
number. Loffe and Regel demonstrated the bonding character-
istics in the nearest neighbor region which shows that the

coordination number represents the electronic properties of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Physical parameters of SnS;_,Se, (x = 0, 0.1, 0.15, 0.2, 0.25) thin
films

Sample Nay N, Ny N=(N,+Ng) H Voo L
SnS 3 1.5 3 4.5 64.5 5 2
SnSo.0S€o.1 3 1.5 3 4.5 64.12 5 2
SnSp.gsS€oas 3 1.5 3 4.5 63.93 5 2
SnSo.sSeo. 3 1.5 3 4.5 63.74 5 2
SnSo-sS€os5 3 1.5 3 4.5 63.55 5 2

semiconducting materials.®® The average coordination number
(Nayg) is calculated by

N — XNgn + YNs + zNse
e X+y+z

(10)

where x, y, and z indicate the atomic % of Sn, S, and Se,
respectively, and Ng,, Ns, and Ng. represent the coordination
numbers of Sn, S, and Se, having values of 4, 2, and 2,
respectively. The corresponding N,,, values of the samples are
calculated and presented in Table 3.

According to Phillips and Thorpe’s topological constraint
theory, the rigidity of amorphous materials can be calculated by
computing the number of constraints experienced by each
atom.® The constraints such as two-body radial band stretching
(N,) and three-body angular constraints (Ng) are involved in a
covalent-like network. These constraint values are calculated by
using the average coordination number through the following
formula:

Nay
Ny ===

and Ng = 2Naye — 3 (11)
Total mechanical constraints per atom were calculated by adding
the above two values (N = N, + Ng) and are presented in Table 3.

3.5.2. The average heat of atomization (7/;) and lone pair of
electrons (L). The optical bandgap is correlated with the
chemical bond energy which is related to the average heat of
atomization (Hg). Hs is defined as the quantity of heat energy
required to change 1 mol of an element in its standard state at
298 K to the gaseous state. For the compound A,B,C,, the
average heat of atomization is calculated by®®

+  XHsn + yHs + zHse

H, 12
: X+y+z (12)

where x, y, and z are the atomic % of Sn, S, and Se, respectively.
Hsy, Hs, and Hg, represent the Hg values of Sn, S, and Se (72, 57,
and 49.4 kcal g~' atom), respectively. The average heat of
atomization of the samples is calculated and presented in
Table 3. From the table, it is observed that the H, value
decreased with the increase of the Se percentage.®® Lone pair
electrons are defined as nonbonded electrons present in the
valence shell. Although lone pair electrons are nonbonded,
these can deform a bond more easily than a bond with no
shared electrons. The number of lone pair electrons is calcu-
lated through the relation:*” L = V,yy — Nayg, Where Ny is the
average coordination number and V,,, is the average valence
XVsn +yVs+zVse

electrons and expressed as Vi, = Giyto)
xX+y+z

, where

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Vsn, Vs, and Vg, are the valence of Sn, S, and Se which are equal
to 4, 6, and 6, respectively. The calculated lone pair electrons
are listed in Table 3. The cohesive energy of the present system
is calculated using heteronuclear and homonuclear bonds
based on the chemical bond approach. The heteronuclear bond
energy is calculated from the relation:**

C(A-B) = [C(A-A) x C(B-B)]"? +30(* — z°)* (13)

where y* and ;® are the electro-negativity values of the con-
stituent elements Sn, S, and Se, having the values of 1.88, 2.58,
and 2.55, respectively. The homonuclear bond energies of Sn-
Sn, S-S, and Se-Se are 44.71, 53.8, and 44.04 kcal mol ?,
respectively.’® The heteronuclear bond energies of Sn-S, Sn-
Se, and S-Se, calculated using the above equation are 63.74,
57.83, and 48.70 kcal mol !, respectively. The Sn-S bond is
expected to form first, as the bond energy of the Sn-S hetero-
polar bond is more than that of the other bond involved in the
present system. After that, Sn-Se and S-S bonds are formed
according to the calculated bond energies. Se is doped into the
SnS host matrix in the present SnS;_ ,Se, system. Thus, Se
atoms prefer to form Sn-Se and S-Se heteropolar bonds. After
heteropolar bond formation, there are still unsatisfied Sn and S
valences to form homopolar bonds. Thus, there are more
homopolar bonds than heteropolar bonds, which leads to more
disorder in the system. Due to the presence of group VI
elements, there are a large number of lone pair electrons which
form the top of the valence band, whereas the antibonding
electrons form the bottom of the conduction band. Due to the
presence of high-energy lone pair electrons, metal atoms can
form dative bonds with group VI elements.®® The localized
acceptor states in the gap increased due to the antibonding
levels corresponding to the dative bond. Thus, the increased
localized state in the gap reduces the optical bandgap.®’

4. Conclusion

Ternary SnS; _,Se, films were prepared by the thermal evapora-
tion technique at different Se concentrations. This study is
focused on changes in their structural and linear/nonlinear
optical properties due to Se doping. The XRD spectra of the
prepared SnS,_,Se, thin films show the crystallinity nature of
the pure SnS phase. The crystallinity increased with the
increase of Se content due to the formation of new nucleation
centers from the dopant atoms. The variation of Se% greatly
affects the surface morphology of the film. An increase in the
size and density of nanoflake-like structures can be noticed
from the FESEM images. The systematic increase in the Se
concentration due to doping is confirmed by the EDX analysis.
The transmission percentage of the SnS;_,Se, films decreased
with Se doping, whereas the absorption coefficient and extinc-
tion coefficient values increased with Se%. The direct optical
bandgap reduced from 1.265 £ 0.001 to 1.197 + 0.001 eV with
Se%. The optical density decreased, whereas the skin depth
increased with the Se content. The static refractive index ()
increased with Se%, further helping to increase the

Mater. Adv., 2022, 3, 5930-5940 | 5937
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nonlinearity of the films. The nonlinearity parameters like first-
order and third-order susceptibility (x*)) and the nonlinear
refractive index increased with the doping concentration. The
average heat of atomization decreased with Se content. These
properties make the studied thin films with smaller bandgaps
suitable for solar and thermal applications.
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