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Abstract

First-principles calculations for CdSe and Cdle nanostructures were carried out to study their mechanical
properties and band structure under the uniaxial pressure range of 0 to 50 GPa. It was presumed that the CdSe
and CdTe nanostructures exist in the zinc-blende phase under high pressure. The mechanical properties, such
as elastic constants, bulk modulus, shear modulus and Young’s modulus, were explored. Furthermore, Cauchy
pressure, Poisson’s ratio and Pugh’s criterion were studied under high pressure for both CdSe and CdTe
nanostructures, and the results show that they exhibit ductile property. The band structure studies of CdSe and
CdTe were also investigated. The findings show that the mechanical properties and the band structures of CdSe

and CdTe can be tailored with high pressure.

Keywords: CdSe, CdTe, high pressure, band structure, elastic constant

I. Introduction

The metal chalcogenide compounds such as CdTe
and CdSe are currently under extensive research ow-
ing to their wide application in optoelectronics and
electronic devices [1]. Moreover, the tunable electronic
properties of CdTe and CdSe find their way to various
applications due to their fascinating properties, such as
direct and wide band gap, high absorption coefficient
etc. [2]. Benkhettou et al. [3] studied the structural prop-
erties and high-pressure stability of CdS and CdSe. Fur-
thermore, for CsCl type structure of CdSe, the thermo-
dynamic stability ranges were evaluated and the struc-
tural properties of different phases are presented. Za-
kharov et al. [4] estimated the structural and electronic
properties of CdSe under high pressure and the find-
ings show that CdSe exhibits CsCl type structure un-
der high pressure. Tolbert et al. [5] explored the sta-
bility of CdSe nanocrystal under high pressure derived
from both kinetics of the transformation and thermo-
dynamics, which are substantially dissimilar in its fi-
nite size. Besides, the theoretical and experimental band
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structures of CdS and CdSe under high pressure were
determined by Cervantes et al. [6]. Kong group [7]
investigated the crystal structure and structural phase
transitions for CdSe under high pressure. Additionally,
the conversion of spheroidal shaped arrays of CdSe
nanocrystal into 1D luminescent nanowire under high
pressure was reported by Li and coworkers [8]. Matsu-
ishi [9] investigated the structural and optical properties
of CdSe nanostructure by fabricating both nanoparticles
and nanosheets using organic molecules as a template.
Jacobs et al. [10] demonstrated that at ambient pressure,
metastable CdSe nanocrystals exist depending on the
physical size of the particle. Structural transformation
of CdSe nanorods under pressure was investigated by
Lee et al. [11]. Grant et al. [12] studied the photolumi-
nescence property of pressure-induced CdSe quantum
dot solids. Aliyu et al. [13] reported about the applica-
tion of CdTe in solar cells and the strategies to overcome
the shortcoming of CdTe in this technology. Seetawan et
al. [14] studied the mechanical properties of CdTe semi-
conductors with the rock salt structure in a temperature
range of 300-700K. Martinez et al. [15] investigated
the mechanical properties of CdTe alloyed with 2 and
5 at.% of Zn using density functional theory. The crystal
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structure of CdSe and CdTe exists in different types such
as rock salt, zinc-blende and wurtzite and these are de-
termined by their degrees of metallic bond, covalent and
ionic bond. Typically, II-VI semiconductors undergo the
pressure-induced transition from zinc-blende (ZB) to-
wards rock salt (RS) after which 8-Sn type phases are
obtained [16].

In the present framework, we investigate CdSe and
CdTe nanostructures in the zinc-blende structure in the
uniaxial pressure range from 0 to 50 GPa. It is well
known that zinc-blende structure is the natural phase
of CdTe, whereas apart from cubic CdSe, it also ex-
ists in the wurtzite structure. Besides, it was confirmed
that thin crystals of CdSe with the zinc-blende phase
can be prepared by molecular beam epitaxy technique
[17,18]. Although, the pressure induced elastic con-
stants of CdSe up to 30 GPa were already reported [2],
the band structure and the mechanical properties of
pressure-induced CdSe and CdTe nanostructures in the
zinc-blende phase have not been explored. Thus, our
goal is to present a systematic study on the mechanical
properties and the band structures of zinc blende CdSe
and CdTe nanostructures under high pressure by using
the first-principles study.

II. Computational details

We employed density functional theory (DFT)
through SIESTA package [19] to perform the first-
principles calculations on CdSe and CdTe nanostruc-
tures. The Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional within the framework of gen-
eralized gradient approximation (GGA) was used to
perform local structural relaxation, which was imple-
mented with SIESTA package [20,21]. To explore these
nanostructures, GGA/PBE functional remains the most
relevant one to perform the first-principles calculation.
The grid-mesh cut-off was adjusted to be 400 eV, and we
performed full structural relaxation with conjugate gra-
dient algorithm through double-zeta-polarization (DZP)
basis set [22,23] until the Hellmann-Feynman force was
met to 0.02eV/A. Besides, by employing SIESTA code,
the band structures and mechanical properties of CdSe
and CdTe were determined with the Brillouin zones
fragmented with 8 X 8 x 8k points using Monkhorst-
pack.

III. Results and discussion

3.1. Elastic constants

The examination of the elastic properties is crucial to
understand the chemical bonds, electronic and mechani-
cal properties and mechanical stability of materials [24].
To inspect an assortment of crucial solid-state phenom-
ena such as stability, ductility, brittleness and anisotropy
of CdSe and CdTe nanostructures, exploration of elas-
tic constants is essential to demonstrate its pressure-
induced mechanical properties. Figure 1 depicts the cu-

125

C

VW L Mﬂwﬂ\%ﬂ«“ﬂ;
ar NNk 7 ‘
FJ}'\ (’2 = P Wy\“ﬂ\?ﬁy\? o
SV v A AA AL

CdSe nanostructure CdTe nanostructure

Figure 1. Schematic diagram of cubic CdSe and CdTe
nanostructures

bic nanostructures of CdSe and CdTe. For a cubic struc-
ture, there are three separate elastic constants namely
C11, C12, and Cyy that can be determined through the lat-
tice deformation as reported by Deligoz et al. [2]. The
authors have successfully studied the electronic, elas-
tic and lattice dynamical properties of cadmium chalco-
genides using DFT studies. Based on the above report,
we have calculated all three elastic constants for CdSe
and CdTe cubic systems.

Initially, we perceived the elementary condition for
the cubic structure as given in Jamal ef al. [25]. Besides,
for the cubic structure, it is anticipated that the Born
stability criteria are contented:

Ci1—-C;2>0,C;1+2C12>0,Cy4>0

From Table 1, it is evident that both CdSe and CdTe
nanostructures are mechanically stable as the Born sta-
bility criteria are fulfilled. Moreover, it is noticed that
the obtained values are in compliance with the previ-
ously reported studies, thus ensuring the correctness of
our calculations for different pressure values.

3.2. Mechanical properties

Mechanical properties of CdSe and CdTe are de-
ciphered from the Voigt-Reuss-Hill (VRH) averaging
schemes, respectively. The Reuss and Voigt bulk and
shear modulus for the cubic system were given by the

Table 1. Pressure-induced elastic constants of cubic CdSe
and CdTe nanostructures

PEESIS,E oy Cn Cyy
CdSe
0 87.80 36.92 35.96
10 121.95 46.70 46.84
20 214.49 100.13  82.00
30 366.55 185.78 13891
40 485.57 257.44 187.76
50 602.11 328.48 231.42
CdTe
0 63.39 32.42 23.52
10 96.78 49.63 31.52
20 229.03 126.19 77.89
30 339.54 192.06 118.91
40 435.07 251.95 15041
50 515.10 304.19 174.52
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following equations [26]:

By = By = 122 (1)
Gy = C1|—C152+3C44 @)
5C44(C11 = Cr2)
K= 3Ca+aci-Cn) @
The Hill bulk and shear moduli are expressed as:
By = @ 4)
G = 2R )

Poisson’s ratio (v) and Young’s modulus (E) are re-
solved from the following relations:

9B-G

" 3B+G ©)
3B-2G

= 22 7

V= 2G6B+0) 7

Moreover, the pressure-induced measurement of the
volume detention is established by bulk modulus (B),
whereas the material’s impedance to reversible defor-
mation is given by shear modulus (G). The known fact
is that stiffness of any material is a measure of the bulk
modulus. Similarly, the hardness of any material com-
plies with its shear modulus. Besides, the ductility is de-
picted by Young’s modulus, which also yields stiffness
measurements in solids [27]. The pressure-induced val-
ues for shear modulus, Young’s modulus and bulk mod-
ulus of CdSe and CdTe nanostructures under the pres-
sure of up to 50 GPa are represented in Table 2 and 3.
It is ascertained that the magnitude of Young’s modulus
intensifies with the increase in pressure up to 50 GPa.
It can also be witnessed that the stiffness follows cor-

respondingly. Furthermore, up to 50 GPa, the upsurge
in the resistance to volume deformation given by bulk
modulus is observed. In addition, the shear modulus
also amplifies with the increase in pressure. For CdSe,
the trend in our calculated values up to 30 GPa is in good
agreement with the reported data [2].

Now we will turn the discussion to anisotropic index,
which is one of the important elastic properties for many
applications [28]. The anisotropic percentage (Ap and
Ag) and the universal anisotropic index (AY) are given
by the following equations:

By — Bg
Ap = ®)
BV + BR
A= Gy — Gg ©)
“ Gy + Gpg
5G B
AV=V L PV 650 (10)
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Figure 2. Uniaxial pressure versus universal anisotropy of
CdSe and CdTe nanostructures

Table 2. Pressure-induced bulk modulus (B), shear modulus (G) and Young’s modulus (E) of CdSe nanostructure in ZB phase

Unuaxial

pressure [GPa] Br By Bu Gr Gv Gu Er Ev En
0 53.89 53.89 53.89 30.86 31.75 31.31 65.95 65.95 65.95
10 71.78 7178 71778  42.66  43.16 42091 96.09 96.09  96.09
20 138.25 13825 13825 69.87 72.08 7097 150.76 150.76 150.76
30 246.66 246.87 246.77 11478 119.98 117.38 241.08 24248 244.26
40 333.49 33349 33349 149.20 158.28 153.74 307.17 307.17 307.17
50 419.69 419.69 419.69 181.28 193.57 187.42 370.21 370.21 370.21

Table 3. Pressure-induced bulk modulus (B), shear modulus (G) and Young’s modulus (E£) of CdTe nanostructure in ZB phase

Unuaxial

pressure [GPa] Bk By B Gr Gv G Ex Ev En
0 42775 42775 4275 19.48 20.31 19.89 4145 4145 41.45
10 65.35 6535 65.35 27.78 28.34 28.06 63.14 63.14 63.14
20 160.85 160.99 160.92 64.85 67.60 6623 139.07 139.89 141.11
30 24122 24122 241.22 9551 100.84 98.18 200.75 200.75 200.75
40 31299 31299 31299 119.65 126.87 123.26 250.28 250.28 250.28
50 37449 37449 37449 13829 146.89 14259 289.22 289.22 289.22
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Figure 3. Cauchy’s pressure versus uniaxial pressure (a) and Pugh’s criterion versus uniaxial pressure (b) for CdSe and CdTe
nanostructures

where Bg, By, Gy, G are the Reuss and Voigt bulk
and shear moduli, respectively [29]. The divergence of
AY from zero represents the anisotropic property. The
pressure-induced universal anisotropic index (AY) of
CdSe and CdTe nanostructures, depicted in Fig. 2, de-
creases initially from O to 10 GPa, and beyond 10 GPa
AV increases up to 50 GPa. The upsurge in AY can be
associated with the increase in pressure, leading to the
distortion of lattice parameters, which in turn imputes to
valence electrons being localized. It can be concluded
that both CdSe and CdTe possess anisotropy property in
the applied pressure range.

The Cauchy’s pressure (Cjp — Cy44), Pugh’s criterion
(B/G ratio) and Poisson’s ratio are necessary mechani-
cal characteristics in order to distinguish brittleness and
ductility. The ductile nature of the material is demon-
strated by the positive magnitude of Cauchy’s pressure
[30], whereas a negative value signifies brittleness and
nonmetallic in conjunction with directional bonding.
From Fig. 3a it can be observed that the intensity of
Cauchy’s pressure increases with the induced pressure.
Moreover, both CdSe and CdTe remain ductile in nature.

With respect to the Pugh’s criterion, the material pos-
sesses brittleness, if B/G is smaller than 1.75; otherwise
it is ductile in nature [31]. From Table 4 and Fig. 3b, it
is observed that the ductility of CdTe upsurges mono-
tonically with the increasing pressure. CdSe initially
downturns and becomes brittle at 10 GPa after which the
ductile nature intensifies with the escalating pressure.
The resolution of bonding between materials and their
plasticity is determined by Poisson’s ratio. The value
less than 0.1 suggests the brittle nature of the material,

whereas Poisson’s ratio greater than 0.26 demonstrates
ductility [32]. For CdSe it is observed (Fig. 4 and Ta-
ble 4) that, the Poisson’s ratio decreases initially with
an increase in pressure up to 10 GPa after which the
value increases thereby up to 50 GPa. Besides, the Pois-
son’s ratio for CdTe increases monotonically upon in-
tensifying pressure. However, it can be noticed that both
CdSe and CdTe exhibit ductility throughout the pressure
range. The ductile nature of CdSe and CdTe nanostruc-
tures is governed by the fact that, the material undergoes
significant plastic deformation as the valence electrons
act as a lubricant throughout the pressure range.
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Figure 4. Uniaxial pressure versus Poisson’s ratio for CdSe
and CdTe nanostructures

Table 4. Pressure-induced Pugh’s criterion, Poisson’s ratio and hardness for CdSe and CdTe nanostructures

Uniaxial Pugh’s Criterion (B/G) Poisson’s Ratio (v) Hardness [GPa]
pressure [GPa] CdSe CdTe CdSe CdTe CdSe CdTe
0 1.746 2.195 0.296 0.338 5.534  3.081

10 1.683 2.353 0.277 0.339 7.260  3.660

20 1.979 2.480 0.318 0.357 8.562  6.282

30 2.149 2.526 0.337 0.361 11.076  8.094

40 2.235 2.616 0.347 0.367 12.754 9.122

50 2.315 2.708 0.353 0.371 14.065 9.717
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Figure 5. Energy band structure of CdSe and CdTe nanostructures at 0 GPa

The impedance against deformation is established by
hardness Hy [33] expressed by the following equation
where K = G/B [29]:

HV - 0.92K1.137G0.708 (1 1)

From Table 4, it can be concluded that the hardness
intensifies with the increase in pressure for both CdSe
and CdTe nanostructures, respectively. This increase is
advocated due to the suppression of the motion of va-
lence electrons, which in turn uplifts the stiffness or oth-
erwise Young’s modulus (as witnessed by previous re-
sults) of the material. Thus, the impedance against exter-
nal force reveals the hardness in CdSe and CdTe nanos-

tructures.
Eg=1.13 eV 10 GPa
—ese
= % ]
&
& \/ i
5}
=
= Er

Energy (eV)

3.3. Band structures

A band gap of 0.59eV was observed along the
gamma point for CdSe nanostructure at 0 GPa (Fig. 5).
Moreover, it is noticed that the band gap is found to
be 1.87eV for CdTe (Fig. 5). The raise in the band
gap of CdTe with increasing pressure accounts to the
formation of higher atomic number tellurium than cad-
mium. Furthermore, this band gap increase is accredited
to the overlapping of [Kr] 4d'° 5% in cadmium with the
[Kr] 4d'° 55% 5p* of tellurium. It is observed from Table
5, that the estimated band gap magnitude at 0 GPa com-
plies with the previously reported theoretical and exper-
imental results respectively [37,38].

In the case of CdSe, it is witnessed that by intensi-
fying the pressure, the band gap increases to 1.13eV

Eg=1.46 ¢V 20 GPa
T T =
5,
4+ 4
— 3‘ -
T2l
B \
= 1
=
=0

Band structure
30 GPa

Band structure

Figure 6. Energy band structure of CdSe nanostructure at 10, 20 and 30 GPa

128



N. Kishore et al. / Processing and Application of Ceramics 13 [2] (2019) 124-131

Band structure

Band structure

Figure 7. Energy band structure of CdSe nanostructure at 40 and 50 GPa
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Figure 8. Energy band structure of CdTe nanostructure at 10, 20 and 30 GPa
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Figure 9. Energy band structure of CdTe nanostructure at 40 and 50 GPa
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Table 5. The calculated energy direct band gap of CdSe and
CdTe at 0 GPa along with the previously reported results

Nanostructure Bandgap (atT) Reference
[eV]
CdSe 0.59 Present work
0.76 [37]
CdTe 1.87 Present work
1.76 [37]
1.51 [38]

at pressure of 10GPa and this increase continues to
1.77eV until 50GPa. The band structure of CdSe
nanostructure in the uniaxial pressure, range from 0
to 50GPa, is shown in Figs. 6 and 7. Concurrently,
for CdTe nanostructure, the band gap is noticed to be
2.99eV at 10GPa and rises to 4.18eV at 50 GPa, as
shown in Figs. 8 and 9. The increase in the band gap
can be associated with the decrease in interatomic dis-
tances when uniaxial pressure is enforced. The reason
behind this is the pressure induced shrinking of lattice
parameters as depicted in Fig. 10.

Moreover, declining unit cell volume and parameters,
as shown in Figs. 10 and 11, are governed by the fact
that the increase in the pressure leads to distorted lattice
parameters, which shows a decreasing trend upon in-
crease in the pressure. Besides, the motion of electrons
also gets facilitated in CdSe and CdTe nanostructures
owing to increase in the pressure that leads to the duc-
tile nature of both CdSe and CdTe nanostructure under
induced pressure.

IV. Conclusions

By the first-principles study, the mechanical prop-
erties and the band structure studies of the pressure
induced CdSe and CdTe nanostructures were investi-
gated. The elastic constants were determined to estab-
lish different moduli. Moreover, the elastic constants
at 0GPa are found to be analogous with the previ-

—a— CdSe
—=— CdTe

26
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Unit cell parameters (A)

22 -

21

60
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Figure 10. Unit cell parameters against uniaxial pressure for
CdSe and CdTe nanostructures
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ously reported values, thus indicating the correctness of
our calculations. Besides, bulk modulus, shear modulus
and Young’s modulus were found to increase monotoni-
cally with the increasing pressure. The anisotropy factor
and hardness were also examined along with ductility.
Moreover, the band gap of CdSe and CdTe was found to
increase with the intensifying pressure. To our knowl-
edge, the mechanical properties of CdSe and CdTe in
7B phase for the uniaxial pressure, range of 0 to 50 GPa,
are reported for the first time. The findings suggest that
the band gap and mechanical properties such as ductility
can be fine-tuned upon the induced high pressure.
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