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First principle insights and experimental
investigations of the electronic and optical
properties of CulnS, single crystals

Ranjan Kr. Giri, (2 *® Sunil H. Chaki,**® Mehul S. Dave,© Shivani R. Bharucha,®
Ankurkumar J. Khimani,® Rohitkumar M. Kannaujiya,® Milind P. Deshpande® and
Mitesh B. Solanki®

The function of the Perdew—-Burke—Ernzerhof (PBE) approach is employed in density functional calcula-
tions to investigate copper indium disulfide (CulnS,) single crystals. The utilization of the generalized
gradient approximation (GGA + U) method enhances the fluency and accuracy of the computation.
This enabled the evaluation of band structure and density of states (DOS), including optical features like
conductivity, reflectivity, refractive index, loss function, dielectric function, and absorption coefficient.
The density of states (DOS) revealed that the valence bands at 0.8 eV are mostly a result of hybridisation
between the In(5p) and S(3p) levels with slight input from Cu(3d). The CulnS, single crystals are synthe-
sised using a chemical vapour transport technique. Optical parameters such as optical density, skin
depth, Urbach’s parameters, refractive index, extinction coefficient, and dielectric constant are evaluated.
The optical direct and indirect bandgap values are found as 1.60 eV and 1.51 eV, respectively. The band
tailing or Urbach energy is calculated as 0.056 eV, allowing an accurate indirect bandgap of 1.454 eV to
be predicted. The wavelength corresponding to the intersection of the real and imaginary dielectric
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1. Introduction

In the ever-expanding family of three-dimensional materials,
for photonic applications, notably in the field of flexible opto-
electronics, those having semiconducting properties of transi-
tion metal dichalcogenides (TMDCs) are of particular interest
in recent advances. The TMDCs are of great attention to
researchers due to the variety of their structural and electrical
characteristics, such as thermoelectric effect,"” thermal study,’®
superconductivity,”® optical study,”'® photovoltaic devices,""*>
biological applications,*™® etc. Among the TMDCs, chalcopyrite-
type semiconducting materials are being sought for their equally
significant and environmentally benign nature, as well as prospec-
tive applications in a variety of optical instruments in the visible
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functions is 819 nm, closer to the absorption band edge (797 nm).

and near-infrared regions. The chalcopyrite CulnS, (CIS) single
crystals belonging to the I-III-IV, group have increased considera-
tion due to their great chemical stability and distinctive opto-
electronic features. They include varying bandgap values with
minor stoichiometric variation and an absorption coefficient ideal
for optoelectronic devices over the entire range of the electro-
magnetic spectrum. Furthermore, electronics, opto-electronics,
microelectronics, communications, and energy generation are just
a few of the many areas where CIS semiconducting materials find
widespread use in today’s advanced technology and industry.”
The CIS single crystals are an excellent candidate for solar-energy
conversion because of their significant absorption coefficient
(~10° em™') and direct optical energy bandgap (1.36 eV to
1.54 eV).2%?!

The electronic and optical properties of single crystals depend
on their structure, surface, chemical composition, purity, and
mechanical stability. It is crucial to achieve the controlled syn-
thesis of CIS single crystals of large domains and sizes for such a
purpose. This is found to be possible by an efficient and afford-
able chemical vapour transport (CVT) technique. The CVT has
shown promise in the synthesis of superior crystals. Several tactics
have been suggested to accelerate the development rate of
single crystals. Due to the finite size, no crystal could be perfect
because a perfect one would extend indefinitely in all directions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The features of a single crystal grown by CVT are affected by both
vacuum and growth conditions, which include residual pressure,
content, spatial arrangement, and surface topography. It has been
the subject of intriguing research in the past and is currently used
in optoelectronic devices.

Prior research publications on CIS often focused on investiga-
ting electronic and optical aspects.”>>* Despite all this research,
several electronic and optical characteristics, such as electronic
band structure, optical conductivity, reflectivity, refractive index,
loss function, dielectric function, and absorption coefficient,
are not done utilising density functional theory (DFT) via the
first principles approach. Additionally, a number of optical
characteristics, including optical density, skin depth, Urbach’s
parameters, refractive index, extinction coefficient, and dielectric
constant, have not been discussed in relation to previous studies
of CIS. As a result, our objective for this work is to enhance
existing estimates, investigations, and studies of electronic and
optical features of CIS single crystals that have not previously been
studied in the literature. Also, the correlation between the electro-
nic and optical parameters estimated from DFT+U and experi-
mental investigation is discussed in detail.

2. First principle calculation

The generalised-gradient approximation (GGA + U, U = 2.5 eV
additional energy optimized for Cu transition metal) method
with the function of the Perdew-Burke-Ernzerhof (PBE) approach
is utilised in the Quantum Espresso simulation programme
for the density functional computation method.*®*” The
GGA-PBE function estimates cut-off energy of 500 eV. A huge
12 x 12 x 12 grid is used for high symmetric band structure
calculation. The energy for ionic relaxation is set to 500 eV,
while electronic self-consistent relaxation is set to 0.02 eV A™ %,
and both are utilised as convergence criteria for the single
crystal unit cell grid.

()

Fig. 1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.1. Crystal structure

CIS crystallises in the tetragonal I42d space group, taking on
the crystal structure of chalcopyrite (Fig. 1). CuS, tetrahedra are
formed when Cu'” ions are joined to four S  ions. These
tetrahedra share corners with four CuS, tetrahedra and eight
equivalent InS, tetrahedra. The bond lengths between Cu and
S atoms are uniform and measured as 2.31 A. Conversely, the
In*" ions form InS, tetrahedra by bonding with four equivalent
S>~ atoms. These tetrahedra share corners with four equivalent
InS, tetrahedra and eight equivalent CuS, tetrahedra. The bond
lengths between In and S atoms are consistent and measured as
2.49 A. Additionally, four $*>~ ions are bonded to two equivalent
Cu'* atoms and two equivalent In*" atoms forming Culn$,
tetrahedra that share corners.

2.2. Electronic band structure

Fig. 2 represents the band structure and density of states (DOS)
analysis for a single crystal of CIS (copper indium disulfide).
To capture the electronic behaviour accurately, the DFT+U
strategy incorporates a Hubbard term with a value of U = 2.5
eV specifically for the Cu(3d) atoms. From Fig. 2(a), it becomes
evident that the spin orbital coupling (SOC) acts as a relativistic
minor interaction, influencing the Cu (3d) spin within the
U = 2.5 potential. Remarkably, the alignment of Cu and S
electrons in each other’s directions results in negligible
changes in the magnetic moments. The lower conduction
bands depicted in Fig. 2(a) primarily originate from the
In(5s), S(3s), and S(3p) states. On the other hand, the highest
valence bands are predominantly determined by the Cu(3d) and
S(3p) states, with some contributions from the In(5p) states. At
an energy level of 0.8 eV, the valence bands mainly result from
the hybridization between the In(5p) and S(3p) levels, with a
minor contribution from Cu(3d). Additionally, Fig. 2(b) depicts
that the In(5s) state occupies a significantly distant energy
range spanning from +5 to —5 eV.

(a, b, ¢, d) Crystal structure of CulnS;; the pink (large), blue (middle), and yellow (small) balls represent In, Cu, and S atoms, respectively.
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Fig. 2 The (a) electronic band structure, and (b) projection DOS.

2.3. Optical properties

The dielectric function, which varies with frequency, ¢(w) can
be utilised to quantify the optical characteristics of a wide range
of materials.”® In terms of the most important aspect of optical
properties, it is a challenging quantity to deal with. The
dielectric function, ¢(w) is represented as,

8(@) = &4() + tea() (1)

While considering optical characteristics of different mate-
rials, photovoltaics is an example. The PBE-GGA theoretical
notations allow us to estimate a crucial aspect of the optical
parameters, namely &,(w).>’

e
Tm?w?
v,c

22(0) | mMawrsonm -ok @

Eqn (2) represents the integral of the initial Brillouin zone.
Furthermore,

Mcv(k) = <uck|e‘v|uvk> (3)

where e denotes the electric field and stands for the potential
vector. Direct valence and conduction band transitions are
denoted by the symbols w,(r) and hw., respectively. The
transition energy (= Eq. — Eyx) is represented by 7.

Using the Kramers-Kronig relation,*® the real portion &;(w)
in eqn (1) may be deduced from the imaginary part &,(w).
Mathematically,

00 / /

e1(o) = 1 +3PJ ) 82(3") _do (4)
T Jow~—w +1in

where P denotes the integral’s principal value, and g represents

an infinitesimal number.

Computing the absorption coefficient employing dielectric
functions provides a scientific insight into photovoltaics.®
The absorption coefficient quantifies the amount of a particular
wavelength’s (or energy’s) light that may pass through a substance
before being absorbed.** Absorption curves in semiconductors are
generated by a number of inter-band transitions. They can also be

3248 | Mater. Adv., 2023, 4, 3246-3256

Energy (eV)

assessed throughout the entire band gap region that allows direct
band transitions.

The optical absorption coefficient () may be estimated
using mathematical formula,

_ 2wk(w)

(o) ==

(5)

The extinction coefficient, denoted as k(w), relates to dielec-
tric terms that reveal further information on optical properties
and computational factors.

The investigation of optical properties contributes to an
understanding of the electronic structure.*® The optical charac-
teristics, complex conductivity o(w), reflectivity, refractive
index, and absorption coefficient are determined. Gaussian
smearing with a value of 0.5 eV is employed for all computations.

Conductivity. The photoconductivity o(w) of a single crystal
is directly connected to its energy band structure.** Photocon-
ductivity begins with photon energy of 130 nm, Fig. 3. This
indicates that the material has a bandgap of around 0.8 nm.

| - Re (Conductivity)
= Im (Conductivity)

Conductivi

44—
0 100

200 300 400 500

Wavelength (nm)

Fig. 3 The optical conductivity spectra.
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Fig. 4 The reflectivity spectrum.
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Interestingly, for photon energies below 50 nm, an intriguing
characteristic emerges - the real component of conductivity
becomes completely suppressed, effectively reaching zero. This
suggests a unique behaviour in this energy range. However, as
the material absorbs photons, a remarkable outcome ensues -
the photoconductivity of the material, and consequently its
electronic conductivity, experiences a significant boost, signify-
ing a tangible increase in conductivity for CIS.

Reflectivity. The reflectivity of a single crystal is represented
by R(w) = [(n — 1)* + ¥*)/[(n + 1)*> + ¥’] in terms of n, = 1 and
n, = n+ ik.>® This equation accounts for both the real (1) and
imaginary (k) components of the refractive index, capturing the
interaction of light with the crystal. To visualize the reflectivity
behaviour, Fig. 4 illustrates the reflectivity spectrum specific to
CIS. Upon analysing the spectrum, a notable observation
emerges - regions characterized by low energy levels exhibit a
remarkably high reflectivity. This distinctive characteristic sug-
gests the presence of robust conductance within those particu-
lar energy ranges. In other words, the crystal exhibits enhanced
reflectivity, signifying its ability to efficiently transmit and
reflect light within those low-energy ranges, ultimately indicat-
ing strong conductive properties.

Refractive index. In order to estimate the n and k values of
refractive index and extinction coefficient, respectively, n* — k> =
&1, and 2nk = ¢, formulae are utilised.*® Fig. 5 depicts the refractive
index (ny) as the static refractive index. The plot shows that the
refractive index experiences a peak at a wavelength of 240 nm.
Concurrently, the extinction coefficient reaches its maximum
value at 190 nm before rapidly decreasing beyond that point.
These observations provide valuable insights into the optical
behaviour of the material at different wavelengths, highlighting
significant variations in the refractive index and extinction
coefficient across the electromagnetic spectrum.

Absorption coefficient. The dielectric function and absorp-
tion coefficient are determined from o(w) = we,(w)/ne, and the
absorption coefficient curve is exhibited in Fig. 6. Two notable
absorption peaks appear at 50 nm and 140 nm in wavelength

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The absorption spectrum.

and are attributed to an interband transition between the
Cu(3d) state in the conduction band and In(3p) level in the
valence band. These transitions contribute significantly to
the overall absorption behaviour of the CIS single crystal.

Interestingly, the CIS single crystal is optically transparent
for photon energy corresponding to wavelengths less than
40 nm and greater than 70 nm. The absorption coefficient
increases from 70 nm wavelength to 140 nm wavelength to the
highest peak achieving a maximum value of 2.7 x 10°> cm ™,
and subsequently drops with increasing photon energy until
zero at 2.1 x 10° ecm™". These detailed observations provide
valuable insights into the optical properties of the CIS crystal
and its behaviour across a wide range of photon energies and
corresponding wavelengths.

Loss function. In the energy range of 0-600 nm, the loss
function of CIS is estimated and exhibited in Fig. 7. The
transmission of electrons through a material is characterised
by its loss function, which provides a measure of the energy

Mater. Adv, 2023, 4, 3246-3256 | 3249
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Fig. 7 The loss function spectrum.

dissipated by each electron. Additionally, the loss function peak
observed at 75 nm wavelength aligns with the trailing edges of
the reflection spectrum. When considering a single Cu-In-S
system, the intraband transition of the Cu(3d), In(3d), and S(3p)
states within the conduction band plays a crucial role. Notably,
the S(3p) state emerges as a prominent factor contributing to
the peaks observed in the loss-function spectrum. This occur-
rence can be attributed to the predicted bandgap (0.8 eV),
which falls short of the observed value (1.1 eV) specifically at
the 75 nm wavelength. In relation to Fig. 6, the absorption
spectrum of CIS, the absorption zone is fairly broad, as
depicted, and the primary absorption section is located in the
UV range. With the Cu-In-S system, the intraband transition
between the Cu(3d), In(3d), and S(3p) states in the conduction
band causes more absorption to be seen below the absorption
edge in the visible area. This phenomenon arises due to the
enhanced prominence of the S(3p) state within the conduction
band, which further contributes to the absorption behaviour
observed in the visible range.

Dielectric function. Fig. 8 illustrates the imaginary dielectric
function that represents the continuum of optical properties of
the CIS single crystal. In the optical absorption spectrum,
the primary peak is situated at 195 nm wavelength. The peak
at 195 nm wavelength is caused by an electronic transition
between the valence band of the Cu(3d) state and conduction
band of the In(3d) state signifying a notable contribution in
absorption behaviour.

The faint signal of Re(epsilon) at 132 nm is attributable to a
transition in valence bands between the Cu(3d) and S(2p)
states. The Im(epsilon) primary peak at 195 nm wavelength is
caused by transition between In(3d) and S(2p) states. The plot
at low wavelength (140 nm) is caused by the electronic intra-
band transition between Cu(3d) and In(3d) states in the con-
duction band, where the change in position is attributed to the
S(2p) purity band’s localised degree. In the high-wavelength
region, these results show that the diverse Cu-In high energy
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region and In-S configurations mostly impact the optical
characteristics in the low energy region. These detailed obser-
vations shed light on the complex interplay between different
electronic states and their role in shaping the optical properties
of the CIS single crystal.

3. Experimental

The CIS single crystals are grown by the CVT technique incor-
porating a transporting agent (iodine). A quartz ampoule with
calibrated dimensions is filled with pure copper (~99.5%, Alfa
Aesar, USA), indium (~99.99%, Sigma Aldrich, USA) and sulfur
(~99.99%, Oxford Laboratory, India) powders in stoichio-
metric proportion and iodine (2 mg cc™) is taken in a narrow
capillary to act as a transporting agent. The ampoule is sealed
under vacuum of 10> torr pressure. This ampoule is placed
into a calibrated dual-zone furnace for charge preparation for
four days. The prepared charge is maintained in the furnace
once more under the required conditions to produce single
crystals of CIS. After ten days, this procedure produced shining
black, thin flaky crystals of CIS.*”

4. Results and discussion

4.1. Optical absorption

Optical properties of as-grown crystals depend on the prepara-
tion technique, conditions, surface morphology, and interaction
with the surroundings. The lower energy region correlates to the
atomic vibrations, whereas the higher energy region may be used
to deduce information about the electronic states present in any
semiconducting material through the analysis of spectral beha-
viour of its absorption coefficient.>® The optical absorption spec-
trum of the CIS single crystal is measured in the range of spectral
wavelengths 700 to 1200 nm as depicted in Fig. 9. The absorption
coefficient («) values are in the order of ~10° ecm™", confirming
the ability of employing CIS single crystal for energy conversion.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Extending the steep part of the absorption curve onto the photon
energy intercepts a given point giving the absorption edge. The
intersection point specifies a 1.55 eV value for the edge of the
optical band at 797 nm.

Furthermore, optical density depends on the concentration
of the sample and its thickness. It is expressed by the product of
the absorption coefficient («) and thickness of the medium.*®
The optical density variation with incident photon energy is
shown in Fig. 10. It exhibits a similar nature of optical band
edge value corresponding to 1.55 eV (Fig. 9).

4.2. Skin depth (9)

The energy from the incident beam that remains on the sample
surface of a semiconductor in spectral areas of strong absorp-
tion is energy that is reflected at the surface. Hence, certain
distinctive and significant factors, such as the skin depth
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Fig. 10 The optical density spectrum.
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and optical conductivity, are related to absorption of photons
within the crystal structure.’® Due to a variety of factors,
including refractive index, surface shape, and sample micro-
structure, the density of the photon current drops exponen-
tially from the surface to the middle of the crystal. The skin
depth () is expressed as the reciprocal of the absorption
coefficient (x).*!

Due to the high optical absorption coefficient of CIS, it is
important to discuss how the optical absorption varies inside it.
Fig. 11 depicts the variation of é with photon energy (Av). When
photon energy is raised to a certain value (1.21 eV), a visible rise
in skin depth () is observed. Beyond this point, the skin depth
declined as a function of photon energy, eventually approach-
ing zero. This energy and its associated wavelength are termed
as cut-off energy (Ecur-off) and cut-off wavelength (Acye-off), respec-
tively. The E ..oz value of the CIS single crystal is 1.68 eV, whereas
Jeutoff 1S about 738 nm. For photons with wavelengths larger than
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Fig. 11 The skin depth (0) variation with photon energy.
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the cut-off value, the absorption effect disappears and the ampli-
tude decreases only after the photons travel a very long distance.

4.3. Optical bandgap estimation

As the results obtained from absorption spectrum, the depen-
dence of the direct and indirect transitions of photons with the
absorption coefficient () is represented as,**

ahv = A(hv — Eg)"  (direct) (6)

oahy = Z B; (lw — Eé + Epj>r indirect (7)
J

where Ej stands for the energy for the direct transition, E; for
indirect transition, Ep; for phonon energy helping at the indir-
ect transition, and Av for photon energy. The parameters A and
B rely more intricately on photon energy, phonon energy E,
and temperature. Eqn (6) and (7), which are frequently utilised
when analysing the results of absorption spectra derived for
semiconducting materials, are sufficient to interpret experi-
mental outcomes at a constant temperature. Different values
of the constants A and B indicate which transitions are per-
mitted and which are prohibited, and the exponent r in the
aforementioned equations varies from 1/2 for direct transitions
to 2 for indirect transitions depending on whether or not they
are symmetric. It is feasible to ascertain the direct and indirect
bandgap for the CIS single crystal by plots of («/1/)? and (ohv)*?
versus incident photon energy, as depicted in Fig. 12(a and b).
The direct and indirect bandgaps obtained from Fig. 12 are
1.60 eV and 1.51 eV, respectively.

The curves point to a discontinuous straight line, as seen in
Fig. 13. They could very well represent an indirect demonstra-
tion of how the derivation d(ah1)"/?/dhr depends on hv invol-
ving interband transition of phonon emission or absorption.
It is evident from the figure that the derivation is an energy step
function consisting of four steps in the well-defined range of
E.< E < E,,E,< E < E3, E;< E < E,and E, < E, and it is

(2)

7
2x10°1 E,=1.60 eV
0
1.0 1.1 12 13 14 15 1.6 17
Energy (eV)

Fig. 12
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The step energies of indirect phonon transition in the CIS single

expressed as,”?

Ey+Ey E+E3
Eé R (8)

The energy of the phonons is determined by,**

Ey— E; Es—E)
Ey = — and Ep = — 9)
From the phonon energies, phonon equivalent temperatures
are calculated as,
E .
0, =" i=1,2 (10)
kg
where kg is the Boltzmann constant.
The step energies, phonon energies and their equivalent

temperatures are listed in Table 1.
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Table 1 Optical parameters of CIS single crystals

Ecut-off (eV) 1.68
E; (eV) 1.58
E, (eV) 1.59
E; (eV) 1.60
Ey (eV) 1.61
E, (eV) (indirect) 1.51
E, (eV) (direct) 1.60
Epi (eV) 0.015
Ep, (€V) 0.005
0, (X) 674
0, (X) 224
Band tailing, Ey (eV) 0.056
Actual band gap (Eé - EU> (eV) 1.454
Steepness parameter (s) 2.19
Electron-phonon interaction (E._p) 0.305

4.4. Dielectric constants

Dielectric constant (¢ = ¢ + i¢,), which is a function of its real
and imaginary components, is related to the optical refractive
index (1) and extinction coefficient (k) as,*®

e=n" — K (11)
& = 21k (12)
From eqn (11) and (12), we get,
an* —an’e - &> =0 (13)
k= (e20) (14)

Different values of # can be acquired by solving eqn (13). The
positive and real value of 'y’ is utilised to obtain the extinction
coefficient from eqn (14). The wavelength-dependent reflec-
tance (R), transmittance (7), and absorption coefficient ()
under normal incidence are given by,

R=[(n = 1"+ &Y[(n* + 1) + &°] (15)

T=@1-R)(e™) (16)

The absorption coefficient () in eqn (16) is determined
using the equation,

o = (4nk/\) (17)

where 4 denotes the wavelength associated with incident
photons.

Fig. 14(a and b) represents the refractive index (n) and
extinction coefficient (k) variation of CIS single crystals with
photon energy. Maximum values for the refractive index (1) and
extinction coefficient (k) are found to be 1.22 and 0.039,
respectively. Fig. 14(c) clearly illustrates the variation of the
real and imaginary dielectric constants with incident photon
wavelength. The wavelength corresponding to the intersection
of the real and imaginary dielectric functions is 819 nm, which
is closer to the absorption band edge (797 nm).

4.5. Urbach energy

The impurity bands are an evident result of higher impurity
concentration; there is also another significant effect that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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results from the creation of tails that extend the bands to the
energy gap, which has drawn a lot of theoretical attention.
The valence holes are attracted to an ionised donor, whereas
the conduction electrons are attracted to it. Impurities are
dispersed at random throughout the host crystal, and thus
the strength of the local interaction varies depending on where
the impurities are crowded. According to investigations in the
low-energy area of the absorption spectrum, the band gap is
caused by the occurrence of potential fluctuations in the
crystal, which are seen both at the top and bottom of the
valence band and typically exhibit an exponential pattern.
The formula of the absorption coefficient is:
a(hv) = Aexp (ﬁ) (18)
Ey

where hv and A represent photon energy and a constant
depending on concentration, respectively. The value of E, is
calculated from the absorption edge slope,

d(hv)

Eo = i)

(19)

The optical absorption spectrum of the CIS single crystal
plays a crucial function as it reveals important details about the
composition and optical bandgap. The Urbach empirical rule is
implemented to describe the relationship between absorption
coefficient (o) and photon energy (hv) in the low photon energy

region as,
hv
o = o exp (E—U) (20)
From eqn (20),
Ino=Inoy + (ﬂ) (21)
Ey

The absorption band tail or Urbach energy (Ey) is estimated
by potting In(«) vs. hv (Fig. 15). The slope of the best-fitted line
provides Ey as 0.056 eV. Urbach suggested another formula in
which the absorption coefficient («) depends on the transition
energy (E,), pre-exponential constant (f§), incident photon
energy (hv), and transition temperature (~298 K) as,”’

o(hy — Eo)}

o= ﬁexp{ T (22)

The steepness parameter (¢) is estimated by considering
E, = E, for direct transition. Using eqn (22) o can be evaluated
from the equation as,

Ey
c=— 23
T (23)
The value of ¢ is found as 2.19. Electron-phonon interaction
strength (E._p) is estimated using the equation as,*

2
E.p=— 24
. (24)
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Fig. 15 The In(x) versus photon energy curve.
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The value of E._j, is found to be 0.305 and all the estimated
optical parameters are listed in Table 1.

5. Conclusion

CIS single crystals are synthesised using the CVT technique
using iodine as a transporting agent. First principles study is
accomplished to predict the band structure and DOS, including
optical features like conductivity, reflectivity, refractive index,
loss function, dielectric function, and absorption coefficient.
The GGA-PBE approach is utilised for the density functional
computation method. The DOS revealed that the valence bands
at 0.8 eV are mostly a result of hybridisation between In(5p) and
S(3p) levels, with a slight input from Cu(3d). Photoconductivity
of the crystal begins with photon energy corresponding to
130 nm. High reflectivity occurs in the low-energy area. The peak
heights corresponding to refractive index and extinction coeffi-
cient are 240 nm and 190 nm, respectively. Two absorption peaks

© 2023 The Author(s). Published by the Royal Society of Chemistry
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are observed at 50 nm and 140 nm wavelengths, attributed to an
inter-band transition between Cu(3d) state in conduction band
and In(3p) level in valence band. Loss function peak is observed at
75 nm and corresponds to trailing edges of reflection spectrum.
The absorption peak at 195 nm wavelength is related to the
electronic transition between the valence band of the Cu(3d) state
and conduction band of the In(3d) state. Furthermore, the optical
band edge is observed at 797 nm wavelength. The values of Eqyof
and Zeueofr are found as 1.68 eV and 738 nm, respectively. Also,
the optical direct and indirect bandgap values are estimated to be
1.60 eV and 1.51 eV, respectively. The highest refractive index and
extinction coefficient values are estimated to be 1.22 and 0.039,
respectively. The wavelength corresponding to intersection of the
real and imaginary dielectric functions is 819 nm which is closer
to the absorption band edge (797 nm). The band tailing or Urbach
energy is calculated as 0.056 eV that allows predicting an accurate
indirect bandgap as 1.454 eV. The steepness parameter and
electron-phonon interaction strength seemed to be 2.19 and
0.305, respectively.

The electronic and optical parameter findings suggest the
CIS single crystal to be a promising material for a wide range
of applications ranging to photovoltaics, photodetectors, light-
emitting diodes, thermoelectric devices, and so on. The CIS can
be used in photoelectrochemical cells to convert light energy
into chemical energy. In electrochromic devices, they change
their optical properties in response to an applied electric field
to find use in smart windows, displays and privacy glass to
regulate transparency and light transmission. The material can
also find applications in photonic integrated circuits, laser
diodes, and other similar devices. As investigation into this
versatile material progresses, new applications may be discov-
ered and developed.
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