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Copper tin sulphide (CuySnSs3) (CTS) has emerged as a potent material for applications in photovoltaic,
thermoelectric, electrochemical, biological, and other fields. CTS has superior properties such as non-
toxicity, direct bandgap, p-type conductivity, variable crystal structure, alterable morphology and ease of
synthesis, and it is a better substitute for conventional semiconductor materials. In the present work, CTS
crystals were grown using direct vapour transport. Investigation through X-ray diffraction showed that
the as-grown CTS crystals possessed a cubic unit cell structure with a = b = ¢ = 5.403 A. The analysis of
the binding energies and composition of constituents of the as-grown CTS crystals via X-ray
photoelectron spectroscopy confirmed the presence of Cu'*, Sn** and $2~. The experimental bandgap
of CTS crystals is 1.23 eV, which was confirmed by diffuse reflectance spectroscopy. The investigation of
elastic, optical, thermal and electronic properties of CTS crystals was carried out via density functional
theory employing generalized gradient approximation with the Perdew—Burke—Ernzerhof exchange-
relationship functional. The first-ever analysis of the temperature-dependent elastic properties of CTS

crystals revealed greater stability at elevated temperature (953 K). Dielectric properties, reflectivity,
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Accepted 7th August 2024 refractive index, loss function, extinction and absorption coefficients of CTS crystals were computed and
analyzed in detail. The evaluation of the electronic band structure with density of states revealed valence

DOI: 10.1039/d4ra04344h band maximum and conduction band energy level contributions, showing a bandgap of 1.2 eV. The

rsc.li/rsc-advances obtained results are discussed in detail.

as plane wave and atom-centered free DFT, are utilized for
simulations of different ground state properties and advanced

1. Introduction

(cc)

Nowadays, transition metal chalcogenides (TMCs) epitomize
cutting-edge advancements, showcasing a spectrum of benefits,
from facilitating experimental and theoretical property simu-
lations to delivering tailor-made applications. TMCs possess
remarkable characteristics such as the ability to provide excel-
lent capacity in storage devices;" faster and efficient degradation
of harmful dyes via photocatalysis;* attractive bandgap range;
high responsivity, detectivity, and external quantum efficiency
in the case of visible, infrared, and ultra-violet photodetectors;**
significant antibacterial, antioxidant, and cytotoxicity in bio-
logical applications;*” and significant gas sensing in the case of
sensing various pollutants such as CO,, NO,, and SO,.* Theo-
retical investigation by applying the density functional theory
(DFT) approach and simulations based on different properties
such as optical, structural, elastic, electronic, and thermoelec-
tric, can deliver impressive outcomes.® Various functions, such
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theoretical characterizations.'®"* Copper-based ternary chalco-
genides are gaining prominence owing to their simplicity in
synthesis, cost-effective production, significant yield and
versatility in tailoring properties to meet specific experimental
and theoretical requirements. Cu,SnS; (CTS) has garnered
significant attention and widespread research focus, thus
establishing itself as a key compound among other copper-
based ternary chalcogenides.”” CTS belongs to the I-IV-VI
group, which possesses other secondary phases such as
Cu;SnS,, CuzSnS,, Cu,SnS,, and CusSnS;. Among all the other
counter phases, CTS possesses superior properties, such as p-
type conductivity;** an attractive span of bandgap (0.93-1.75
eV);>® elevated ZT and Seebeck coefficient values;** high
absorption coefficient and charge carrier concentration;*
significant thermal stability;>* and the existence of various
phases such as cubic, tetragonal, monoclinic, and triclinic.*”
CTS can be synthesized in nano to bulk form by various physical
and chemical methods. The CTS in nano-forms is synthesized
by several methods, such as solvothermal,*® hydrothermal,*
one pot chemical,® hot injection,® and ball milling.** These
CTS-based nano-forms have various applications, such as in
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storage devices,** photocatalyst and hydrogen evolution,*>*
potent antimicrobial agents,* and hole transporting material in
solar cells.*® CTS has been deposited in thin-film form using
various physical and chemical routes, such as sputtering,®
spray pyrolysis,* evaporation,® pulsed laser deposition,** elec-
trodeposition,** chemical bath deposition,* spin coating,** dip
coating,* and doctor blade.** The CTS in thin-film forms
performs excellently in photovoltaics, photodetectors, and
sensors.***® The literature review reveals numerous studies
dedicated to the exploration of CTS in both nano- and thin-film
forms, showcasing in-depth experimental and theoretical
frameworks based on the structure, optical, thermoelectric,
electric and dielectric traits of CTS.* There are very few reports
on CTS crystal growth and characterization. Matsumoto et al.,>®
Raval et al.®* and Kim et al.>* grew CTS crystals by chemical
vapour transport (CVT), direct vapour transport (DVT) and
Bridgman techniques, respectively. They investigated the effects
of iodine concentration, thermal and electrical transport prop-
erties, and pressure on the growth of the CTS crystal. There are
few reports on CTS crystal growth and characterization using
various methods. Regarding the theoretical framework, analysis
of the diverse ground state properties of CTS crystals has not yet
been reported.

In the present study, the authors performed CTS crystal
growth by applying the DVT method. The as-grown CTS crystals
are characterized by their structure, composition, and optical
properties. The thermal behaviour of the as-grown CTS crystal is
carried out by thermogravimetric (TG), differential thermogra-
vimetric (DTG) and differential thermal analysis (DTA) tech-
niques. The thermal plots are recorded in an inert nitrogen (N,)
gas atmosphere in a temperature range of 305-1113 K. To the
best of our knowledge, the literature reveals no investigation on
DVT-grown CTS crystals of the theoretical correlation between
mechanical and thermal characteristics. In response to this gap,
the authors investigated temperature-dependent elastic prop-
erties, the energy band and structural stability, as well as optical
and dielectric characteristics of CTS. The authors used ion
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charge theory to investigate the elastic characteristics of CTS
crystals. This work mainly focuses on the utilization of the
density functional theory (DFT) framework in understanding
the mechanical, optical, and electronic properties of CTS crys-
tals. A thorough examination of the thermo-elastic properties of
CTS crystals is carried out based on thermal analysis. We
perform two simulations: investigation of elastic properties of
grown CTS crystals at room temperature (310 K) and at 953 K.
In-depth DFT analysis is extended to understand the electronic,
dielectric and optical properties of the CTS crystals.

2. Experiment

The crystals of CTS are grown by applying the DVT technique. At
the start of the typical growth process, compound CTS is
synthesized using pure elemental copper (Cu) [minimum assay
99.999%, Alpha Aesar, USA], tin (Sn) [minimum assay 99.5%,
CDH, India] and sulphur (S) [minimum assay 99.5%, Alpha
Aesar, USA]. All the precursor constituents (Cu, Sn and S) are
taken as 2.97, 2.77 and 2.25 gm, respectively, and sealed in an
acid-cleaned dried ampoule made of quartz under a vacuum of
~107" torr. The employed quartz ampoule has a length and
inner diameter of 22 cm and 2 cm, respectively. The vacuum-
sealed quartz ampoule is loaded in a horizontal furnace for
the compound preparation. In this compound preparation, the
elemental mixture is spread evenly all over the ampoule length.
The furnace is programmed to achieve a set temperature of 1173
K in 24 h. The ampoule is held at this temperature for 48 h. On
completion of the run, the ampoule is cooled to an ambient
temperature. The prepared compound is retrieved by the
physical breaking of the ampoule. The compound is powdered
and transferred to another clean ampoule and vacuum sealed.
The entire powder compound is made to be at one end of the
ampoule called charge end and another empty ampoule end is
called growth end. Under this condition, the ampoule is put
into a two-zone furnace for CTS single crystal growth. The
furnace zone with the charge ampoule end is 1173 K, and the

CTS crystals

Temperature (K)

Distance (cm)

Fig. 1 Schematic of CTS growth conditions and as-grown crystals using the DVT method.
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empty ampoule growth end furnace zone is 1123 K with
a controlled heating rate of 25 K h™'. The single crystal growth
occurs under this temperature gradient condition for 90 h. After
crystal growth run completion, the ampoule is cooled to
ambient temperature with a very slow cooling rate of 10 K h ™",
Slow cooling is performed to avoid thermal cracks in the as-
grown crystals. The shiny gray CTS crystals are removed by
the physical breaking of the ampoule. Fig. 1 shows a schematic
diagram of the entire growth process and a photograph of the
as-grown crystals.

3. Characterizations

The phase of as-grown CTS crystals is confirmed by powder X-
ray diffraction (XRD) using a Rigaku Ultima IV powder X-ray
diffractometer. The oxidation states, binding energy, and
composition of as-grown CTS crystals are determined by X-ray
photoelectron spectroscopy (XPS) employing a Thermofisher
Scientific Instrument. The optical study of as-grown CTS crys-
tals is performed by employing diffuse reflectance spectroscopy
(DRS) using Lambda 19, PerkinElmer, USA. The thermal study
of as-grown CTS crystals is analysed using a thermal analyser,
Seiko SII-EXSTAR TG/DTA-7200. In thermal analysis, the curves
of TG, DTG and DTA are measured concurrently in an inert
atmosphere of nitrogen (N,) gas in the span of temperature
from 305 K to 1113 K.

4. Computational details

The elastic, optical, thermal, and electronic properties of CTS
crystals are determined by DFT using the Quantum Espresso
(PWSCF) simulation package.”® Computation of the bulk elec-
tronic properties of CTS crystals is performed by considering
the structure as a cubic unit cell with lattice parameters of a =
b = ¢ = 5.403 A, with 36 atoms in its supercell. The generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) exchange-correlation function is employed considering
relaxation of ions in the crystal structure and determining the
overall energy of the CTS bulk supercells.>?*** The electrical
structure of these bulk supercells is computed using the PBE
screened function.® The GGA function provides a more precise
prediction of the bandgap and the electronic structure, which
are in good match with experimental data.>**” The combination
of DFT simulations and the GGA function stands out because of
its ability to provide highly accurate predictions of electronic
structures. First, ion and cell relaxation is performed using
GGA, followed by computation of CTS crystal using PBE type
pseudopotentials.®®** This is performed by freezing the core
electron (i.e. Cu: 1s> 2s” 2p°® 3s* 3p® Sn: 1s® 25® 2p® 3s” 3p° 3d"°
4s® 4p°%; S: 1s® 2s® 2p° are treated as part of frozen core) and
substituting the abrupt electron density variations associated
with core electrons with a more gradual and smoothed density
distribution.®® The valence electron configurations are per-
formed using 3d*° 4s’ Cu electrons, 4d™ 55> 5p” Sn electrons,
and 3s® 3p* S electrons. This configuration lacks unpaired
electrons, indicating a non-magnetic nature,* as Cu®" and S>~
ions typically form closed-shell electronic structures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Convergence experiments are performed to identify the k-point
meshes (for Brillouin zone integration) and cut-off energy (for
plane wave expansion).®* The Brillouin zone integration for the
bulk CTS supercell is carried out utilizing Monkhorst-Pack k-
point meshes with 12 x 12 x 12 k-point grid. A cut-off energy of
700 eV is applied in the expansion of the plane wave. The
authors expanded the potentials and charge density within
muffin-tin spheres by incorporating spherical harmonics with
an . of 7, coupled with non-spherical components with an
Imax Of 6. In the process of denoting the potentials and charge
densities, the authors employed Fourier series in the interstitial
region. To achieve self-consistency in these computations, the
irreducible Brillouin zone is set to k-points = 700. The optical
traits are derived using the imaginary component of the
complex dielectric function using the following equation:**

27:6

AL | 8(Ef — E} — hw), (1)
where Q represents the basic cell volume; v and c represent the
valence and conduction bands, respectively; w represents the
received light frequency and k represents the polarization
direction of the electric field in polycrystalline materials with
a complete isotropic average value. In this work, the authors
estimated optical characteristics such as reflectivity R(w),
absorption coefficient I(w), refractive indices n(w), energy-loss
spectrum L(w), extinction coefficient k(w), and real optical
conductivity 6™%(w) by utilizing the following equations:*>%

&(w)
) + e (o) ?

fﬂ(a%»wﬂm—mwyi G

c

L(w) =

I(w) =

\/81 + 181 w
‘ ; (4)

+l€1(0))+1

- (e e)” o

ko) = (S[ve@r @ —aw]) @
") = eo(w)er(w). (7)

5. Results and discussions
5.1 XRD

Fig. 2 depicts the powder XRD pattern of the as-grown CTS
crystals along with standard JCPDS data. The crystal lattice
demonstrates cubic unit cell structure with minor SnS, Cu,S
and CuS secondary phases.”” The as-grown CTS -crystal
possesses preferential growth along the (111), (200), (220), (311),
(400), and (331) planes, each positioned at different 26 angles.

RSC Adv, 2024, 14, 28401-28414 | 28403
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Fig. 2 XRD pattern of the as-grown CTS crystals.

Tablel Structural parameters of the as-grown CTS crystals calculated
from the XRD pattern

26 (Degree)

Crystallite d-spacing

Observed  Calculated % error  size (D) (nm) (kD)  (A)

28.43 28.59 0.55 7.94 (111) 3.13
32.95 33.13 0.54 8.03 (200) 2.71
47.29 47.56 0.56 8.40 (220)  1.92
56.10 56.43 0.58 8.72 (311) 1.63
69.08 69.53 0.64 9.35 (400) 1.35
76.42 76.84 0.54 9.80 (331) 1.24

Table 1 shows the calculated lattice parameters of the as-grown
CTS crystals from the XRD pattern.
The average crystallite size of the as-grown CTS crystal is
calculated by employing standard Scherrer's formula® given by
K2
" Bcost

(8)

where 1 is the wavelength of the Cu-K, X-ray radiation (1.5408
A), K is the structure parameter taken as 0.94, 8 is full width at
half maximum and @ is Bragg's angle. The average crystallite
size in the CTS crystal calculated from eqn (8) is 8.70 nm. The d-
spacing of the as-grown CTS crystal is calculated by employing
the following standard equation for the cubic crystal system,*®

1 P+ +P
&
where d is the spacing between crystallographic planes in A; &, k

and [ are the miller indices; and a is the lattice parameter in A
which is 5.403 A.

; ©)

5.2 XPS

The observed spectrum of XPS shown in Fig. 3(a) of the as-
grown CTS crystals provides conclusive evidence of its chem-
ical composition, exhibiting distinct peaks corresponding to
Cu, Sn, S and O. The individual XPS spectra of Cu 2p, Sn 3d and
S 2p are shown in Fig. 3(b)-(d), respectively.

28404 | RSC Adv, 2024, 14, 28401-28414

View Article Online

Paper

The XPS spectrum of the core level for Cu 2p (Fig. 3(b)) shows
the presence of two different peaks with binding energies of
931.94 and 951.77 eV, corresponding to 2ps;, and 2py,
respectively. Additionally, a small low-energy band is observed
at 940.56 eV due to minor absorption of oxygen on the
surface.®®”® The XPS spectrum of the core level for Sn 3d is
shown in Fig. 3(c). It shows two peaks with binding energies of
487.03 and 495.46 eV attributed to 3ds/, and 3d;/,, respectively.
The core level XPS spectrum of S 2p is shown in Fig. 3(d). There
are two peaks with binding energies of 161.65 and 162.62 eV
designated to 2pz, and 2p,),, respectively. The XPS profiles
depict the formation of pristine and near stoichiometric
compositions of the as-grown CTS crystals.

5.3 DRS

The diffuse reflectance spectrum of the as-grown CTS crystals is
depicted in Fig. 4(a). The identification of an absorption edge
around 632.44 nm signifies visible range absorption by as-
grown CTS crystals. Fig. 4(b) shows the plot of Tauc's with
Kubelka-Munk (K-M) function.

The bandgap of CTS crystals is determined using standard
Tauc's equation:”

(F(R)-hv)"™ = A(E; — hv), (10)
where F(R) is the Kubelka-Munk (K-M) function, hv is energy of
photon and # is taken as 2.

The estimated direct optical bandgap from the plot of (F(R)-
hv)"? versus energy is 1.23 eV. This direct optical bandgap value
is in good match with the reported bandgap range of 0.93-
1.75 eV.*

5.4 Thermal analysis

A thermal study of the as-grown CTS crystals is carried out by
recording the curves of TG, DTG, and DTA. The curves are traced
for three heating rates of 10, 15, and 20 K min~"'. These
temperature-dependent curves are precisely measured in an
inert N, atmosphere, in the range of 305 K to 1113 K. The initial
sample weight taken for the thermal analyses ranges from 5 to
7 mg.

The TG and DTG curves of the as-grown CTS crystal are
shown in Fig. 5(a) and (b), respectively. The TG curve in Fig. 5(a)
clearly shows four-step weight losses in the temperature
ranging from 305 to 1113 K for the three rates of heating of 10,
15, and 20 K min~". The four-step decomposition is confirmed
by the DTG curve (Fig. 5(b)). The DTG curves show four prom-
inent peaks, stating four-step thermal decompositions.

The details of temperature ranges, percentage weight losses
in each step, and DTG peak details are presented in Table 2.

Step - 1 shows a progressive weight loss of 6.84% occurring
in a temperature range of 305-418.65 K. Weight loss occurs by
the evaporation of water molecules, indicating surface moisture
or hydration effects within the CTS crystal lattice. After the
initial phase, a subsequent weight loss of 5.74% occurs in
a temperature range of 418.65-505.51 K. This weight loss
temperature range is stated in Step — 2. The weight loss occurs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS profile of the CTS crystal: (a) full spectrum, (b) Cu 2p, (c) Sn 3d, and (d) S 2p.

due to the release of loosely bound atoms and molecules,
indicating structural reorganization in the CTS crystal
lattice.””® In comparison to the modest weight losses witnessed
in Steps - 1 and 2, a substantial weight loss of 17.84% occurs in
Step - 3 between 505.51 and 753.57 K. This prominent weight
loss is mainly attributed to the decomposition of CTS between
the mentioned temperature range and the major amount of
sulphur loss in this temperature range.””* In the temperature

(@)

30

———CTS Crystal

254

20 1

% Reflectance (a.u.)

10 4

500 1000
Wavelength (nm)

Fig. 4

© 2024 The Author(s). Published by the Royal Society of Chemistry

range of 753.57 K to 1000 K, there is no weight loss in the
sample. This stable region demonstrates pristine crystalline
CTS formation. After the stable temperature region, a minor
weight loss of 2.23% is observed in the temperature range of
1000-1107.20 K shown in Step - 4. In this high-temperature
range of Step - 4, the thermal putrefaction of CTS starts.
Fig. 5(b) illustrates the DTG plots of CTS crystals for three rates
of heating of 10, 15, and 20 K min~". It reveals four distinct

(b)

Kubelka-Munk's (K-M) plot

(F(R) hv)"?

E~=123eV

Energy (eV)

(a) Diffuse reflectance spectrum and (b) K—M plot of CTS crystals.
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Fig. 5 (a) TG, (b) DTG, and (c) DTA of the CTS as-grown crystals.

Table 2 Thermal parameters calculated from the thermocurves

% average

weight loss DTG
Heating
rate
(K min™")  Peak position
Temperature
Steps Temperature range (K) 10 15 20 (K) (ng min™")
1 305.00-418.65 6.84 405.15 125.72
2 418.65-505.51 5.74 499.48 147.15
3 505.51-753.57 17.84 636.05 259.71
4 1000.00-1107.20 2.23 1029.43 86.18

peaks, stating the loss of weight by four steps. The weight loss
peak positions align with the temperature intervals outlined for
each decomposition TG step. This observation reconfirms the
four steps of decomposition of the as-grown CTS crystals.
Fig. 5(c) shows the DTA plots of the as-grown CTS crystals. The
curves illustrate the initial endothermic nature, followed by the
exothermic nature. In the later exothermic nature, a sharp
endothermic peak is observed at nearly 790 K. This

28406 | RSC Adv, 2024, 14, 28401-28414
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Temperature (K)

endothermic peak occurs due to a structural phase change in
CTS.”*” Fig. 6 shows the powder XRD patterns of the CTS crystal
vacuum annealed at 753 K, 853 K and 1000 K to check the
crystallinity of the CTS crystal.

The analysis in Fig. 6 shows an increase in intensity and
sharpness of the prominent XRD peaks of CTS as temperature

ain

CTS at 1000 K

@311
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Fig. 6 XRD pattern of CTS crystal at 753, 853 and 1000 K.
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increases from 753 K and 853 K to 1000 K. This sharpness is
attributed to the formation of pristine CTS crystals. Compared
to the as-grown CTS crystal (Fig. 2), crystallinity is improved as
the annealing temperature increases. The intensity of all the
secondary phases in CTS is reduced under the effect of
annealing temperature. This thermal study provides an in-
depth understanding of how CTS crystals behave in the
temperature range of ambient to 1113 K. This understanding
will help in the application of CTS crystals at high temperatures
in future efficacy.

6. Theoretical simulations of
structural, elastic, optical and
electronic properties of CTS crystals
6.1 Structural properties of CTS crystals

The CTS is a beta indium sulphide-derived structure and crys-
tallizes in the cubic F43m space group and non-magnetic
crystal. Cu'" is bonded to four equivalent S~ atoms to form
CuS, tetrahedra that share corners with twelve equivalent SnSe
octahedra. Fig. 7(a) and (b) show the representation of the unit
cell and 3D crystal structure of the CTS crystal, respectively. The
tilt angles of the corner-sharing octahedral are 57°. The
measured bond length for all Cu-S bonds is 2.33 A. The Sn*' is
bonded to six S~ atoms to become SnSg octahedra that share
corners with three equivalent CuS, tetrahedra and edges with
six equivalent SnSe octahedra. In this structure, Sn-S with two
bond lengths is measured: three shorter (2.60 A) and three
longer (2.67 A). There are two inequivalent $>" sites. In the first,
it is bonded in a distorted rectangular see-saw-like geometry to
one Cu'" and three equivalent Sn** atoms. In the second, the
S*>” is bonded in a distorted T-shaped geometry to three
equivalent Sn** atoms.

6.2 Evaluation of the temperature-dependent elastic
properties of CTS crystals

This study aims to comprehensively analyze the variations in
elastic constants, including Young's modulus, shear modulus,
and Poisson's ratio, of CTS crystals at two distinct temperatures,

Fig. 7
(yellow).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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310 K and 953 K. An experimental study of the elastic properties
of CTS is reported, where experimental techniques such as
nano-indentation and acoustic microscopy are employed to
measure the mechanical properties of CTS crystals subjected to
varying temperature conditions.”®”” The present comparative
analysis at two distinct temperatures of 310 K and 953 K sheds
light on the material's thermal stability and mechanical
behaviour, offering valuable guidance for its utilization in high-
temperature environments and engineering applications.

The elastic constant of cubic CTS crystals is represented by
Young's constants Cyq, C33, C44, Cee, C12, and C;3. Computation
of these elastic constants satisfies the Born mechanical stability
criteria’® that includes the following conditions for a cubic CTS
crystal system:

Ci11,C33,C44,C6 > 0; (11)
Cyy > |Cyaf; (12)
C11Css > Ci3%; (13)
(Ci1 + C12)C3 > 2C15° (14)

Table 3 shows the computed elastic constants of the CTS
crystals at two temperatures of 310 K and 953 K.

As shown in Table 3, after the application of Born criteria to
the cubic CTS crystal structure, it is found that the structure is
less stable at the temperature of 310 K due to the negative value
of two elastic constants C33 and C,3. The results at a tempera-
ture (953 K) show positive elastic constant values, indicating an
increase in the elastic stability of the CTS crystal.”®*® Further-
more, stable elastic behaviour is observed due to the presence of
weaker intermolecular forces, as the CTS crystal is more prone
to deformation under stress. The overall response of CTS crys-
tals to stress and strain depends on thermal expansion at higher
temperatures.®*

The elastic and shear moduli are expressed using Voigt and
Reus approximation methods. The Voigt approximation®** is
employed to calculate the bulk modulus of CTS crystals, which
is given by the following equation:

(b)

R ACRs SuDe

Shr -2 88

it

(a) Representation of unit cells of the cubic CTS crystal, and (b) 3D crystal structure of the CTS crystal, with Cu (brown), Sn (blue) and S
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Table 3 Elastic constants of CTS crystals at 310 K and 953 K
Temperature
(K) Cll CZZ 033 C44 CSS Cw66 ClZ CIS CZ3
310 108.23 66.50 —7.16 29.57 25.00 6.28 43.66 22.68 —10.02
953 94.33 55.40 16.16 30.30 25.75 6.81 30.09 9.88 2.88

B 1 2C c 2C ac 15 Table 4 shows determined bulk moduli By, Bg, B, shear

v §( i+ G +2Cn +4Ch). (15) moduli Gy, Gg, G (GPa), Young's moduli, Y (GPa), Poisson's ratio

The Reuss approximation®"** represents the bulk modulus of
CTS crystals by combining elastic constants:

_ (Cii+ C12)Cs3 — 2C15°
* Ci+ Cip +2C33 — 4G5

(16)

The Voigt of the shear modulus (G,) of the CTS crystal is
estimated as follows:*®

1
Gy = E(zcn + C33 = Ci2 = 2C13 4 6Cay + 3Cs). (17)

The Reuss shear modulus (Gg) of the CTS crystal is approx-
imated as follows:®*
Gr = 15{18B/C* + 6/(Cy; — Ci2) + 6/Cay + 3/1Ces) ", (18)
The bulk and shear moduli of the CTS crystals are calculated
using Hill's approach,®” which suggests that the bulk (B) and
shear (G) modulus are determined using an average value of the
two approximation methods mentioned above.*® The values are
calculated using the following equations:
B=

(Bv + Br), (19)

N —

(Gy + Gr). (20)

N —

To calculate the Poisson's ratio, one utilizes B and G values:
d =3B — 2G)/(6B + 2G) = 0.320. (21)

The Young's modulus of the CTS crystal is determined using
B and G:

E = 9BGI(3B + G). (22)

(n) and B/G ratio of CTS crystal at two different temperatures,
310 K and 953 K.

The elastic constants estimated for CTS crystals at two
different temperatures using the GGA approach within the DFT
framework demonstrate that the crystals exhibit improved
elastic stability at 953 K relative to room temperature (310
K).*>*° The estimated findings indicate a substantial anisotropy
in CTS crystals, which is compatible with prior theoretical
conclusions.®»*!

6.3 Evaluation of the optical properties of CTS crystal

Optical properties of CTS crystals involve simulations of several
parameters, such as dielectric function ¢(w), optical conduc-
tivity, reflectivity, refractive index () and energy loss function
L(w). As per the literature survey performed by the authors, the
optical property simulations of CTS material are limited to
tetragonal and triclinic phases only.”>*® Simulations based on
the cubic CTS phase have not yet been reported.

6.3.1 Dielectric function. The linear optical properties of
CTS crystals are evaluated using frequency-dependent Ehren-
reich and Cohen's relation given by*

&) = &1(w) + iex(w), (23)
where ¢;(w) and ie,(w) are the real and imaginary parts of the
dielectric function, respectively. Fig. 8 shows a plot illustrating
the real and imaginary dielectric functions of a CTS crystal that
describes the optical characteristics of a CTS crystal. As in Fig. 8,
the real component of the dielectric function ¢;(w) demon-
strates an ascending trend with major peaks at 0.82 and 2.81 eV
energies, succeeded by a subsequent decline and a negative
trajectory spanning a broad energy spectrum. The modest
Re(epsilon) signal at 2.81 eV energy is caused by a transition
between the Cu(3d) and S(2p) states in the valence bands.

The imaginary component ¢,(w) of the dielectric function
provides insights into how semiconductors interact with elec-
tromagnetic radiation during inter-band transitions, eluci-
dating their absorptive behaviour within band structures.’ The

Table 4 Calculated bulk moduli (By, Br, and an average of By and Bg (B)), shear moduli (Gy, Gg, and an average of Gy and Gg (G) (GPa)), Young's
moduli (Y (GPa)), Poisson's ratio (n) and B/G ratio of CTS crystals at 310 K and 953 K

Temperature

(K) B, Br B Gy Gr G B/IG Y N
310 47.69 58.65 53.17 14.62 20.20 17.41 3.26 39.80 0.36
953 32.71 54.24 43.48 16.11 21.52 18.82 2.02 41.53 0.28
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Fig. 8 Real and imaginary dielectric functions versus energy plots of
the CTS crystal.

peaks at 4.09 and 6.95 eV energies are due to an electronic
transition involving the valence band of the Cu(3d) state and the
conduction band of the Sn(3d) state, indicating a significant
contribution to absorption behaviour. In Im(epsilon), the peak
at 6.95 eV energy is caused by a transition within the Sn(3d) and
S(2p) states. At low energies of 4.09 eV, an electrical transition
occurs within the Cu(3d) and Sn(3d) states in the conduction
band. The slight blue shifts in the major position energies are
attributed to the localized degree of the S(2p) purity band. These
studies reveal how multiple electrical states interact to shape
the optical characteristics of CTS crystals.

6.3.2 Optical conductivity and frequency-dependent
absorption coefficient. Fig. 9(a) depicts the absorption coeffi-
cient curve of the CTS crystal computed using the following
equation:*>**

wer (W)

a(w) = B (24)

(@)

3.0x10°

2.5x10° 4

2.0x10° 4

1.5%10° 4

Absorption (cm™)

1.0x10° 4

5.0x10% 4

0.0 T T T T Y T
0 5 10 15 20 25 30

w
n

Energy (eV)

Fig. 9
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Notably, two absorption peaks (10.17 and 14.71 eV) are
observed, signifying inter-band transitions involving the Cu(3d)
state within the conduction band and the Sn(3p) and S(3p)
levels within the valence band. These transitions exert a signif-
icant influence on the absorption behaviour of the CTS crystal.
In the span of 2.5 eV to approximately 20 eV, the absorption
coefficient peaks at 2.8 x 10> cm ', followed by a decrease in
photon energy and increases until reaching zero. These metic-
ulous estimations provide invaluable details into the optical
attributes of the CTS crystal, elucidating its behaviour across
diverse photon energies and wavelengths.

The absorption characteristics of a crystal are intricately
linked to its optical conductivity, denoted by ¢(w). Fig. 9(b)
depicts a plot of the optical conductivity of the CTS crystal. As
shown in Fig. 9(b), optical conductivity initiation is observed at
specific frequencies; here, for (Re), it is at 7.41 eV and (Im) is at
10.73, 14.71, and 17.57 eV. These values demonstrate excellent
optical response towards higher and lower energies. Photon
energies below this threshold result in the suppression of the
conductivity component, leading to complete cessation. Upon
photon absorption, there is a notable enhancement in both the
optical and electronic conductivity of the material, contributing
to a substantial increase in conductivity in the CTS crystal.

6.3.3 Loss function. The energy loss function L(w) holds
significant importance due to its capacity to forecast the prop-
agation loss of energy within the material.”® Fig. 10 illustrates
the estimated loss function for CTS crystal within the energy
span of 15-18 eV. In the case of CTS crystals, the L(w) spectrum
exhibits a pronounced sharp peak, indicating energy loss
occurring when the input photon energy surpasses the mate-
rial's threshold. The peak observed at 20.92 eV relates to the
trailing edges observed in the reflection spectrum.

Notably, the peak in the loss function at 20.92 eV in the Cu-
Sn-S system is due to intra-band transitions involving Cu(3d),
Sn(3d), and S(3p) states within the conduction band. Particu-
larly, the presence of the S(3p) state substantially contributes to
the discernible peaks evident in the loss-function spectrum.

Re(Conductivity)
s |[m(Conductivity)

Conductivity

0 5 10 15 20 25 30 35

Energy (eV)

(a) Absorbance and (b) optical conductivity versus energy plots of the CTS crystal.
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Fig. 10 Plot of loss function versus energy of the CTS crystal.

The CTS crystal absorption spectrum depicted in Fig. 9(a)
showcases a broad absorption zone, with a notable portion
situated in the UV region. Within the Cu-Sn-S system, the
transition among the Cu(3d), Sn(3d), and S(3p) states in the
conduction band leads to heightened absorption below the
absorption edge within the visible spectrum. Here, the domi-
nance of the S(3p) state in the conduction band underscores
absorption in the visible range.

6.3.4 Reflectivity and refractive index. The reflectivity R of
a CTS crystal is determined by the following equation:*?

[(n —1)y +k2]

R(w) = m

(25)

Here, n; = 1 and n, = n + ik. This formula considers the real (n)
and imaginary (k) components of the refractive index, eluci-
dating the interaction of light with the crystal. Fig. 11(a) illus-
trates the reflectivity spectrum of the CTS crystal with distinct
peaks at 11.83, 15.14, and 18.83 eV. Evaluation of the spectrum

C)

0.5
0.4 4
2 0.3+
£
S
x 0.24
0.1+
0.0 T T T T T Y ——
0 5 10 15 20 25 30 35

Energy (eV)

Fig. 11
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reveals heightened reflectivity corresponding to higher energy
levels. Energy peaks are mostly caused by transitions between
Cu and Sn. The p and d states exhibit strong peaks, indicating
their suitability as barriers to UV radiation. This distinctive
pattern suggests the presence of robust conductivity within
these specific energy ranges. The crystal's pronounced reflec-
tivity facilitates efficient transmission and reflection of light in
lower energy bands, underscoring its significant conductive
characteristics.

To ascertain the refractive index and extinction coefficient,
the following formulas are utilized:**

X IE=e, (26)

2nk = e. (27)

The refractive index n(w) is a crucial optical property used in
industrial optical materials, such as photonic crystals, optical
waveguides, solar cells, and detectors. This metric describes the
quantity of light bent or refracted by semiconductor materials
and tiny atomic interactions.” Fig. 11(b) displays the static
refractive index n(0). The figure depicts a peak in the refractive
index occurring at approximately 0.93 and 3.02 eV. Further-
more, the extinction coefficient (k) exhibits peaks at 2.02, 4.12,
and 7.92 eV, followed by a rapid decline beyond these points.
These findings provide insights into the material's optical
behaviour across different wavelengths, highlighting significant
disparities in both refractive index and extinction coefficient
along the electromagnetic spectrum. Table 5 shows the
comparative analysis of the optical properties of CTS crystals
compared to other forms and phases of CTS.

6.4 Evaluation of band structure and density of states of CTS
crystals

The electronic band structure of CTS crystals and density of
states (DOS) at ambient temperature and pressure are deter-
mined using the PBE + GGA screened function demonstrated in
Fig. 12(a and b). The total and projected valence band densities

(b)

3.0 4

2.5+

2.0+

Refractive Index

0.0 4
0 5 10 15 20 25 30 35

Energy (eV)

(a) Reflectivity and (b) refractive index versus energy plot of the CTS crystal.
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Table 5 Comparative analysis of optical properties of different forms and phases of the CTS crystal

No. Material name Crystal structure

Optical properties Ref.

1 CTS TF (experimental) Tetragonal

2 CTS TF (experimental) Monoclinic, tetragonal,
monoclinic

3 CTS NPs (experimental) Cubic, tetragonal, monoclinic

4 CTS NPs (theoretical) —

5 CTS compound —
(theoretical)

6 CTS TF (experimental) Triclinic

7 CTS TF (experimental +
theoretical)

Tetragonal, monoclinic,
tetragonal

8 CTS crystal (experimental +  Cubic

theoretical)

of TDOS and PDOS states, respectively, are employed to evaluate
the band structure and DOS of the CTS crystal. Fig. 12(a) shows
the highest and lowest points of the valence and conduction
bands of the CTS crystals, respectively.

The computational results show that the CTS crystal has
a bandgap of 1.2 eV. The result well matches the experimental
band gap value obtained by DRS, which is obtained as 1.23 eV.

(@

N W s WU

Energy (eV)
(—J

TDOS

Fig. 12 (a) Electronic band structure and (b) DOS of CTS crystals.
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Transmittance and reflectance decrease below 1400 43
and 1250 nm, respectively; absorption coefficient:

5 x 10* cm’l; Eg: 1.34 eV

Structural dependent optical properties; absorption 95
coefficient: 2.3 x 10* cm™'; Ey: 1.18-1.37 eV
Solvent-dependent optical study; change in 18
bandgap is observed in the case of water (1.60 eV),
ethylene glycol (1.43 eV) and EW (1.48 eV)

Doping and effect on bandgap using z-scan 96
method; absorption coefficient: 10~'* W cm ™2

refractive index: 1072° W em™%; 3rd order

susceptibility: 10~ " esu ratio

DFT framework; absorption coefficient: 10° cm™; 97
reflectance: 2.3%; refractive index: 2.90, electron

energy loss: 19 eV

Average optical transmission: 10-30%; less 98
reflection of 20 and above absorption edge;

absorption coefficient: > 10* cm™"; Ey: 2.34 to

1.49 eV; refractive index: 3.37-1.93; extinction
coefficient: 0.07 to 0.19; ¢.: 4 to 11; &;: 0.3 to 1.4;

optical conductivity: ~10'* §7*

Transmittance decreases between 700-1400 nm; 99
absorption coefficient: 1.5 x 10* cm™'; Ey: 1.1 and
1.5 eV

Absorption coefficient: 2.8 x 10° ecm™; refractive
index: 0.93 and 3.02 eV; extinction coefficient:
2.018, 4.12, and 7.92 eV; energy loss function:
20.92 eV; optical conductivity for (Re) has peak at
7.41 eV and (Im) at 10.73, 14.71, and 17.57 eV; real
component of the dielectric function ¢ (w) has
peaks at 0.82 and 2.81 eV and imaginary component
&(w) at 4.09 and 6.95 eV

1 Present work

The match states systematic accuracy in the GGA theory. This
work employed the scissor factor to rectify the huge energy gap
mistake in LDA calculations.?* The electron density is illus-
trated in Fig. 12(b), showing that the bandgap around the Fermi
surface is mostly influenced by p- and d-state electrons, with
minor contributions from s-state electrons. The valence band
maximum at —2.5 eV is primarily made up of the 3d state of Cu
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and the 3p state of S in the electron density. The conduction
band energy levels above the Fermi surface include the 3p state
of Cu, 4p state of Sn, and 3p state of S.

As shown in Fig. 12(b), the valence band comprises Cu-3d
orbitals, with a slight contribution from S-3p orbitals. The
conduction band largely consists of S-3p orbitals, with little
contribution from Sn-5s orbitals.>® The lowest valence band
(=10 to —7.5 eV) is primarily made up of occupied Sn-5s and S-
3p states, while the highest valence band (—7.5 to 0 eV) is
primarily made up of occupied Cu-3d and S-3p states, and the
conduction the band (0 to 15 eV) is mostly made up of unoc-
cupied Sn-5s and S-3p states. The form and peak locations of
PDOS associated with Cu, Sn, and S atoms are consistent with
previous observations.” The electronic states of Cu, Sn, and S
atoms in CTS crystal are comparable to those observed in other
quaternary Cu, Sn and S-based compounds, such as
Cu,HgSnS,.*

7. Conclusion

The crystals of CTS are grown using the DVT technique. The
XRD analysis confirmed that the as-grown crystals possessed
a cubic unit cell structure with a lattice parameter of 5.403 A.
The XPS survey spectrum of the as-grown CTS crystals revealed
discernible peaks related to the presence of Cu, Sn and S along
with minor oxygen content. The DRS analysis of the CTS crystals
depicted an absorption edge of around 632.44 nm, signifying
visible range absorption by as-grown CTS crystals. Tauc plot
using the Kubelka-Munk function demonstrated a direct
bandgap of 1.23 eV of as-grown CTS crystals. The thermal
investigation of the as-grown CTS crystals utilizing TG, DTG,
and DTA curves revealed four steps of decomposition. A
comparative analysis of the elastic properties revealed a signifi-
cant increase in the elasticity of the CTS crystal when exposed to
an elevated temperature of 953 K compared to room tempera-
ture (310 K). In dielectric properties, the observed peaks in the
&1(w) plot at 0.82 and 2.81 eV energies showed the CTS crystal's
efficiency in storing electrical energy at specific frequencies.
The observed peak in Re(epsilon) at 2.81 eV energy is due to
valence band transitions between the Cu(3d) and S(2p) states.
Optically, the CTS crystal exhibits a pronounced absorption
coefficient peak of 2.8 x 10°> ecm ™', followed by a decreasing
trend with photon energy increase until it reaches zero. The
optical conductivity actuation is observed in (Re) at 7.41 eV and
(Im) at 10.73, 14.71, and 17.57 eV. The theoretically estimated
bandgap of 1.2 eV matches well with the observed optical
conductivity and absorption characteristics of the CTS crystal,
fortifying the theoretical estimation of its electronic structure.
In the loss function, the peak observed at 20.92 eV in the CTS
crystal is due to intra-band transitions of the Cu(3d), Sn(3d),
and S(3p) states, demonstrating significant electron dynamics
within the conduction of the band. As far as the refractive index
of the CTS crystal is concerned, peaks are observed at 0.93 and
3.02 eV. The extinction coefficient k exhibits peaks at 2.02, 4.12,
and 7.92 eV, with a rapid decrease after these points. The
electronic band structure of the CTS crystal reveals that the
valence band maximum is composed of contributions from the
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Cu(3d) and S(3p) states. The conduction the band energy levels
include the 3p state of Cu, the 4p state of Sn, and the 3p state of
S. The evaluation of the structural properties of CTS crystal
showed that the bond length for all Cu-S bonds is 2.33 A,
depicting a uniform bond structure. For the Sn-S bonds, the
measurement showed three shorter bonds of 2.60 A and three
longer bonds of 2.67 A for these elements, demonstrating a well-
defined coordination environment around the tin atoms.
Precise tuning and modifications of theoretical parameters of
optical and electrical properties of CTS crystal make it a poten-
tial material for an extensive range of applications, such as in
photovoltaics, UV-visible-IR photodetectors, display devices,
and light emitting diodes. Additionally, it provides a compre-
hensive overview of how the CTS crystal behaves under varying
light conditions. Tuning and modifications of the elastic
properties of CTS crystals have practical applications in various
automotive industries, such as shock absorbers, suspension
systems, and vibration dampers, as well as in the packaging
industry, such as elastic bands and cushioning materials.
Modifications on band structure and structural properties of
CTS provide several chances to improve the CTS crystal's overall
response to various thermal and electrical transport properties.
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