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Based on density functional theory, the first-principles calculations are carried out to study the optoelectronic
properties of CdSe; under hydrostatic pressure. The GGA calculation predicts the energy band gap of 0.546 eV
that has been enhanced to 1.473 eV due to the inclusion of mBJ functional in the study. The current theoretical
calculations present semiconductor to metal transitions at 5.1 GPa for GGA and 8.1 GPa for mBJ functional. The
application of pressure (10 GPa and —8 GPa) has also successfully reproduced better optical responses like
refractive index, reflectivity, and optical conductivity with an enhanced absorption coefficient of 4.867 x 10°

em ™. Their optical and electronic properties are of particular interest and suitable for applications in opto-
electronics as photovoltaic devices, light emitters, and detectors.

1. Introduction

Transition metal dichalcogenides (TMDCs) have been continuously
studied for their photocatalytic [1] and photovoltaic [2] applications,
owing to their exceptional properties like strong absorption in the solar
spectrum region. They have also been proposed for logic circuits [3] and
memory devices [4]. Cadmium dichalcogenides (CdXy; X = S, Se, Te),
stable in their pyrite structure [5-7] belonging to this family have
gained popularity among researchers after the successful synthesis of
CdS;, and CdSe; at high pressures (6.5-8.9 GPa) in 1968 [6]. Later on,
Rouset et al. [8] also fabricated CdTe; using a cost-effective wet elec-
trodeposition technique in 2008. CdTe; and CdSe; have higher ab-
sorption coefficients [5] and optical response may be further enhanced
to make them an effective candidate for photovoltaic applications. In the
literature, it has been observed that in the course of tuning the electronic
and optical properties of a material to make them an efficient candidate
for technological and energy devices, the effect of hydrostatic pressure
has become one of the efficient tools [9]. Furthermore, exploiting the
effect of pressure on the behavior of the material is also interesting as
useful information and specific characteristics can be gained during the
study [9,10]. In the literature, several reports can be found on the
pressure-induced technique on TMDCs. Javed et al. [11] have shown a
significant decrease in the lattice constants with the hydrostatic pres-
sure, which further induces the electronic structure. In some of the
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semiconductors like MoS,, the application of pressure above 35 GPa
makes it semi-metallic [12]. Similarly, the electronic bandgap of
marcasite FeSey increases with pressure, making it suitable for photo-
voltaic applications, whereas, for the pyrite phase, it transforms from
semiconductor to metal at 65 GPa [13]. Liu et al. [14] have demon-
strated semiconductors to the semimetal phase transition of WSe; at a
pressure of 38.1 GPa from their electrical resistivity spectra and the
first-principles calculations. Likewise, Deng et al. [15] also observed
enhanced reflectivity, absorption coefficients, and reflectivity of PdS,
with pressure.

In the literature, there exist several studies reporting the semi-
conducting properties of CdSe; [6,7] with optical response in the suit-
able frequency range effective for optoelectronic devices. Similarly,
external hydrostatic pressure has become a successful tool to modulate
material’s behaviour which further motivated us to explore the effect of
pressure on the optoelectronic properties of CdSey. Hence, in the present
manuscript, we have studied the electronic properties of the semi-
conducting pyrite type CdSes using the first-principles calculation by
including efficient mBJ functional. The effect of pressure in the range of
—10 to 10 GPa is also verified in the electronic properties of the material.
The response of the optical behaviour of this binary alloy is also inves-
tigated with a motive to improve the optical absorption of this semi-
conductor making it a suitable candidate for optical applications.
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2. Computational details

All the total energy calculations and electronic and optical properties
of CdSey are performed using the full-potential linear augmented plane
wave (FP-LAPW) method as implemented in the wien2k [16]. It is based
on the density functional theory (DFT), which is one of the most efficient
simulation methods for the calculation of ground-state state properties
of the materials [17]. The generalized gradient approximation (GGA), as
flavoured by Perdew, Burke and Ernzerhof (PBE) [18], is employed for
electron exchange-correlation energy. The calculations are performed
using Ryt X kmax = 7, which determines the matrix size to achieve en-
ergy eigenvalues convergence, where Ry is the smallest muffin-tin
radius and max is the maximum modulus for the reciprocal lattice
vectors. The values of muffin-tin radii for Cd and Se are taken as 2.5 a.u
and 2.27 a.u, respectively. The self-consistent potentials are calculated
onal0 x 10 x 10 k-mesh in the Brillouin zone and the self-consistency
convergence criterion is set to 10™% Ry. In the interstitial region, the
charge density is expanded as a Fourier series with wave vectors Gpax =
12 a.u.”L. The electronic and optical properties of this compound under
pressure are studied in the range of —10 to 10 GPa.

3. Results and discussion
3.1. Structural properties

The pyrite CdSe; crystallizes in a cubic structure (space group Pa-3)
with Wyckoff position 4a (0, 0, 0) and 8c (u, u, u) for Cd and Se,
respectively (Fig. 1), where u is the internal parameter. In this work, our
lattice constant and internal parameter (u) is 6.745 A and 0.397,
respectively, where the lattice constant is higher than the experimental
value (6.615 7\) as expected from the GGA functional [6] and is in good
accordance with the theoretical report (6.743 f\) [5]. The thermody-
namic stability of CdSe; is verified by estimating the formation energy
(AEp) [19,20] as given by the equation,

AEp = [Eryy — (XEcq + YEs.)] / (x+y) (@D

where, Er, is the total energy of the compound, E¢q and Eg, are the
equilibrium energy of the Cd and Se atoms, which are found to be
—11192.070 Ry and —4860.240 Ry, respectively. Here, x and y denote
the number of Cd and Se atoms, respectively. The negative formation
energy per formula unit per atom (—0.1587 Ry) indicates their ther-
modynamic stability [21].
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Fig. 1. Variation of lattice constant with pressure and unit cell structure of
CdSe, (figure inset).
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The material was applied with external pressure in the range of —10
to 10 GPa, where we find that the lattice constant of CdSe; decreases
continuously, as shown in Fig. 1 following the Murnaghan equation of
state [22] as given by Eq. (2). Here, one can note that with the increase
of pressure, the distance between the atoms decreases due to compres-
sion and hence, their repulsive interaction is strengthened, which leads
to a decrease in the lattice constant and the cell volume.

i
Pv) = [(VV) - 1} @

o

where V, is the solid’s equilibrium volume, B, represents the bulk
modulus and By, is the first pressure derivative of the bulk modulus. The
stability of the structure so formed after the use of external pressure was
also verified from their formation energy. We found that at 10 and -10
GPa the formation energy was found to be —83650.75 Ry and
—83650.17 Ry, respectively. The negative formation energy of this
compound at —10 and 10 GPa validates the thermodynamic stability of
this compound.

3.2. Electronic properties

To understand the electronic nature of CdSes, their energy band
structure along the high symmetry directions of the Brillouin zone (BZ)
is calculated as shown in Fig. 2. The figure reflects a distinct semi-
conducting nature with an indirect band gap of 0.546 eV with the
valence band maximum at the I" point and the conduction band mini-
mum between R and I" point. Olsson et al. [5] also reported consistent
values of 0.575 eV, 0.508 eV, and 1.439 eV using the PBE, LDA, and GW
functional, respectively. Whereas, Jia et al. [23] have reported the en-
ergy band gap of 1.472 eV using the Heyd-Scuseria-Ernzerhof (HSE06)
method, whereas 0.588 eV using GGA functional. No experimental band
gap of CdSe; has been reported so far and since GGA underestimates the
band gap, we have also incorporated the computationally cheap but
highly accurate modified Becke-Johnson potential (mBJ) to yield the
energy band structure [24,25]. The overall band profile of mBJ esti-
mated bands is similar to GGA but the energy band gap of CdSe; in-
creases to 1.473 eV, comparable to reports of Jia et al. [23] and Olsson
et al. [5]. The infusion of mBJ shifts the conduction bands to the higher
energy level leading to an increase in the energy band gap. This is
because mBJ imposes semi-localization on the valence electrons of the
material. This as a result restricts the occupation number of electrons in
the valence orbital. So, an electron that is considered a valence under the
GGA scheme will be neglected under semi localization scheme of mBJ.
Therefore, the overall energy of atom decreases thereby shifting the
conduction band to the higher energy level or the valence bands to the
lower energy level.

The dispersion of the conduction band (CB) of CdSe; is fairly flat
around /" and, in combination with the heavy holes (/-X) valence band,
may induce significant absorption coefficients. Fig. 2b shows the total
and partial density of states of CdSes, where the vicinity of the Fermi
energy region (Ep) mainly consists of contributions from the Cd-d and
Se-p states. The sharp peak contributed by the Se-p states at 1.47 eV can
be seen as flat bands in the band structure. At a higher energy range
(4-6 eV), we find states arising from the Cd-p states. In contrast, at the
energy range of 2-3 eV of the conduction bands, the states are mainly
composed of Cd-s states hybridized with Se-p states. At the lower energy
range (<-4eV) of valence bands, the bands constitute an equal mixture of
Cd-s and Se-p states. The low-lying Cd-4d states in this compound in-
fluence the DFT predicted band gap [26,27] through a p-d coupling [28].

We have also studied the application of pressure on the sample
material, where the pressure impacts the energy band gap of the mate-
rial. Fig. 3 displays the variation of the energy band gap with pressure.
The material sustains its semiconducting behaviour up to a pressure of 5
GPa and at 5.1 GPa, CdSe; transforms into a metallic phase. At 4 GPa,
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Fig. 3. Valence band maxima and conduction band minima under pressure.

the valence band maximum (VBM) is still positioned at I point, but the
conduction band minimum (CBM) position shifts from betweenR-I"to T’
point, making it a direct band gap semiconductor with an energy band
gap of 0.478 eV. The material sustains its semiconducting behaviour at
—2 GPa and with a further decrease in pressure that is at —2.1 GPa, the
material starts to behave like a metal. The applied pressure causes the
CBM to rise towards the Ep; hence the energy band gap decreases
monotonically with pressure till a semiconductor-metal transition oc-
curs at 5.1 GPa. With further increase in the pressure, the conduction
bands shift towards the valence bands leading to the overlap of two
bands. Here, applying pressure compresses the crystal’s size and in-
creases the existing interlayer interaction, leading to the metallic nature
of the system. Also, the valence band around the Eg is mainly contrib-
uted by the p-orbital of the Se, while the d-orbital of the Cd mainly
contributes to the conduction band near the Er. The energy splitting
between the Se-p and Cd-d decreases with increasing strain, leading to
semiconductor to metal transition at 6 GPa. Many previous experimental
and theoretical reports [29,30] of the analogous compounds have re-
ported similar variations of the energy band gap with pressure indi-
cating a higher electrical conductivity at high pressures. With the
infusion of mBJ, the semiconductor-metal transition occurs at 8.1 GPa,
so at 6 GPa, the materials still behave as a semiconductor when treated
with the mBJ functional. Hence, the compound sustains its semi-
conducting nature in —2 to 5 GPa when treated with GGA and in —6 to 8
GPa when treated with mBJ functional.

3.3. Optical properties

The electronic band structure of CdSey directly influences their op-
tical properties, which is an essential parameter for device applications.
Since the energy band gap value found by mBJ functional was better and
closer to other theoretical reports, we have retained the results obtained
by mBJ functional to further calculate the optical properties of CdSes.
The optical properties were deliberated based on the obtained results of
dielectric functions £(w), defined as e(®) = &1(0)+iea(w), where g1(w) is
the real part and e3(o) is the imaginary part of the dielectric constant;
eo(m) given as [31].

Ve* / /
iz [ PR ltnlpli k) 1~ (e, By — o)
®

The integral is taken over the first Brillouin zone, where p is the
momentum matrix element between n and n’ states,<kn| is the crystal
wave function with an eigen value E(kn) and f(kn) is the Fermi distri-
bution function. The real part of the dielectric function can be deter-
mined using the Kramers-Kronig relations,

5
2 f
n

0

The real part of dielectric function &;(®, P) at different hydrostatic
pressures is presented in Fig. 4. The real part increases gradually with
energy and attains maxima followed by a valley below zero amplitude
which is due to the damping of the electromagnetic wave. The zero
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imaginary parts of the dielectric function for

values also indicate the possibility of longitudinally polarized waves.
The peaks of the real and imaginary parts of the dielectric functions fall
at the same energy range of 0-2 eV, which implies the low oscillator
strength of interband transitions. Here, the effect of hydrostatic pressure
on the evolution of static dielectric function €1(0, P) in the limit of
0—0 is obtained and the values are intimidated in Table 1. The static
dielectric function changes with the application of pressure, where the
maximum static dielectric function is found at —8 GPa, which is 71.4,
and from there, the value gradually decreases under compression with
their value of 27.4, 13.7, and 9.04, for —6, —4 and —2 GPa pressure,
respectively. Thereafter, the further application of pressure increases the
static dielectric constant. These values give the threshold for direct op-
tical transitions between the valence band maximum and the conduction
band minimum. Beyond these points, the curve increases rapidly
because the number of points contributing towards e;(w) increases. In
addition, we can find several peaks for the imaginary part, which reflects
transitions between different orbitals. For the largest strain, the ampli-
tudes of both the real and imaginary parts are much higher, demon-
strating that many inter-band transitions occur at this energy,
corresponding to the concentrated bands near the Ep. One of the
remarkable features of eo(w, P) is that the amplitude of e2(®, P) moves to
the lower photon energy with increasing hydrostatic pressure, as shown
in Fig. 4, as the energy band gap of CdSe, decreases when hydrostatic
pressure increases.

The refractive index (), defined as the ratio of the speed of light in a
vacuum to the speed of light in a medium, measures the transparency of

Table 1
The static dielectric constant, static refraction coefficient, and static reflection
coefficient at different pressures.

Pressure Static Dielectric Static Refraction Static Reflection
(GPa) Constant Coefficient Coefficient
-8 71.4 8.7. 0.68
-6 27.4 5.2 0.46
-4 13.7 3.7 0.33
-2 9.04 3 0.25
2 9.76 3.1 0.26
4 11.0 3.3 0.28
6 12.2 3.5 0.31
14.4 3.8 0.34
10 321 5.7 0.51
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materials and hence plays a vital role in designing optical devices. In
terms of the real and imaginary parts, we can derive the refractive index
and extinction coefficient given by

Ve relte
p= 20 22 ! )

(e Ve + e —¢g

> ©

The static refraction coefficient is highest for —8 GPa and decreases
further with the removal of pressure. Thereafter, with the application of
pressure, the value of the static refraction coefficient tends to increase.
The application of pressure of less than —2 GPa and greater than 5 GPa,
leads to a transition of semiconducting to a metallic state; hence the
refractive index is higher at this range of pressure due to the interband
transitions of electrons. The curve of refractive index as a function of
energy increase to the maximum value of 8.7, 5.9, 4.5, 3.5, 3.9, 4.2, 4.4,
4.6, and 5.7 for the pressure of —8, —6, —4, —2, 2, 4, 6, 8 and 10 GPa,
respectively, in the energy range of 0-2 eV (Fig. 5). After attaining a
maximum value, the refractive index gradually decreases in a higher
energy range and becomes almost equal to unity, and the materials
behave as a vacuum. Olsson et al. [5] have reported the static refractive
index of CdSep, which is following the present report (Table 1).

The optical absorption coefficient can be expressed as,

a:Zw—k @
c

where o and c are the angular frequency and speed of light, respectively.
However, the change in the absorption coefficient is in contrast to the
refractive index, where the graph of absorption coefficient increases
gradually in the higher energy range, as shown in Fig. 6. We also find
maximum absorption for minimal dispersion of &;(®), which corre-
sponds to maximum conduction. In the visible energy range, the ab-
sorption coefficient is highest for —4 GPa which is found to be 0.4867 x
108 cm™L. For the pressure of 8 GPa, the absorption coefficient is found
to be 0.485099 x 10° cm ™! in the visible energy range. With the increase
in pressure, the peak value of the absorption coefficient of CdSe; also
increases.

10 GPa

Refractive index (n)

Extinction coefficient (k)

0 1 2 3 4
Energy (eV)

W

Fig. 5. Refractive index and extinction coefficient

different pressure.

of CdSe, for
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The reflectivity (R) describes how much light is reflected from the
material about an amount of light incident on the material and can be
written as,

2 2
R:(l—n)2+k ®

(I+n) —k?

Reflectivity spectra of CdSe, versus photon energy under selective
hydrostatic pressure are drawn in Fig. 7. The static value of reflection
continuously increases in the higher energy range for all the pressure
values. It is also worth noting that the maximum reflection can be seen
where the value of &;(®) is negative. The minimal value of the reflection
coefficient depicts less reflection of incident rays making the material
transparent in a particular energy range. The change in pressure from
—8 to —6 GPa leads to a value of reflection coefficient, which contradicts
each other, where at 4 eV, the reflection is maximum for —4 GPa,
whereas for —6 GPa, the reflection is minimum.

However, with the application of pressure, we notice an insignificant
change in the reflectivity spectra of the material. Another important
aspect is that increasing hydrostatic pressure also drives the peaks in the
R(w) shift towards lower photon energy levels. For the pressure of —8
GPa, the reflectance spectra in the energy range of 2 eV—4 eV are below
20%, making the material opaque in that particular range. This result is
further supported by the absorption curve (Fig. 6), where we find that
the absorption coefficient is significant for this specific range as more
absorption means less reflection. The increase of reflectivity under
positive pressure suggests the starting of the pressure-induced metalli-
zation in CdSe,.

4. Conclusion

In the present study, the electronic and optical properties of semi-
conducting CdSes under pressure have been presented. We find that the
semiconductor CdSe; transforms into metal at a pressure of 8.1 GPa. The
critical point of the frequency-dependent complex dielectric function
was investigated to analyze the optical transitions. The enhanced optical
response of material like reflectivity, conductivity, absorption, and
refraction spectra has been studied under pressure. Till now no such
experimental and theoretical reports for the variation of optical prop-
erties under pressure for the sample are available to the best of our
knowledge. The present report also shows that we can tune the
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properties of CdSes with the application pressure without the aid of any
dopant which is commercially cheap and also eliminates the complica-
tions of finding a suitable dopant and their perfect compositions.
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