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Abstract.  Structural, mechanical and optoelectronic features of zinc-blende Cd,_,_,Zn,Hg,Se quaternary alloys as
well as allied binary compounds and ternary alloys have been investigated through first-principle calculations.
Computed elastic stiffness constants ensure that each specimen is mechanically stable, ductile, elastically anisotropic
and compressible. The covalent bonding plays a superior role over ionic bonding in each specimen. The phonon
dispersion spectra ensure that each binary compound is dynamically stable, while each ternary or quaternary alloy
exhibits dynamical instability. Each semiconductor alloy exhibits a direct (I'-I") bandgap. Electrons possess lower
effective mass compared to holes. Electrons excited from the Se-4p state of valence band to Zn-5s, Cd-6s and Hg-7s
states of conduction band contribute peaks in dielectric function spectra of the considered specimens. Computed
oscillator strength of quaternary alloys reveals availability of adequate number of electrons in respective conduction
bands. On the basis of computed optoelectronic properties, the alloys would be suitable to fabricate near-UV and UV

optoelectronic devices.
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1. Introduction

Tuning of physical properties of some elemental or
compound semiconductors through formation of alloys is
necessary in materials engineering to get the desired
properties for fabricating a specific device. Formation of
quaternary alloys of a set of more than two compounds is
treated as advanced procedure in such tuning process
compared to that of ternary alloys, where properties of only
a couple of compounds can be tuned. In the last couple of
decades, A,B,C,_,_,D quaternary alloys have been exten-
sively designed for diverse target-oriented applications.
They are enclosed with three systems A,B,C, A,C;_,D and
B,C,_,D of ternary alloys and synthesized with three binary
compounds AD, BD and CD, which should be selected
appropriately to achieve the desired goal.

The binary compounds under group IIB-VIA, the zinc-
blende (B3) diatomic cadmium, zinc and mercury selenides
CdSe, ZnSe and HgSe are treated as very important opto-
electronic materials [1]. Experiments on CdSe and ZnSe
reveal that they possesses wide and direct-bandgap (I'-T")
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semiconductor properties. In contrast, different experiments
have suggested that HgSe possess zero-gap [2], negative
bandgap [3] and marginally positive fundamental bandgap
[4]. Their mixed ternary and quaternary alloys, thin films
and miscellaneous nanostructures have diversified photo-
voltaic, optoelectronic, spintronic and luminescence appli-
cations [5-14].

In the past several decades, diverse properties of CdSe,
ZnSe and HgSe have been investigated experimentally
[15-26]. Such properties were also studied theoretically
through several first-principle calculations [27-45]. In

addition, thin films of CdZnSe ternary alloys [46],
Zn;_,Cd,Se/ZnSe heterostructures [47], quantum dots
[48,49], ZnCdSe/ZnSe single-quantum wells [50],

Zn,_,Cd,Se/MgSe multiple quantum wells [51], etc. were
prepared and their optoelectronic properties were charac-
terized experimentally. Gas source molecular beam epi-
taxial growth of wide-bandgap Zn,_,Hg,Se alloys [52] was
investigated. Band structure of Hg,_,Cd,Se mixed crystals
was also investigated from the inter-band magneto-
absorption experiment [53].
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On the theoretical side, several significant calculations on
Cd and Zn chalcogenides based on diverse clusters, mono-
layers and quantum-dots have been performed so far
[54-59]. Density-functional calculations of structural and
electronic properties of stoichiometric zinc-blende, wurtzite
and rocksalt CdSe clusters as well as nonstoichiometric
zinc-blende CdSe clusters [54] and later the structural,
electronic and optical properties of ligand-free Zn,,Se,
clusters [55] were performed. The effect of surface passi-
vation on structural, electronic and optical properties of
stoichiometric Zn,Se, clusters were studied theoretically
[56]. Self-consistent charge density-functional tight-binding
method was applied to explore tight-binding parameters for
Zn-X (X =7Zn, O, S, Se, Te, Cd, H, C and N) for large-scale
quantum-mechanical simulation of various zinc-chalco-
genides nanostructures [57]. Using quantum confinement,
controlling of biexciton recombination in quasi-type-I and
IT CdSe/CdS core/shell spherical quantum dots were studied
theoretically [58]. First-principle calculations were also
carried out to investigate stability and electronic structure of
two-dimensional CP3 monolayer to find the area of their
potential applications [59]. Moreover, optoelectronic fea-
tures of bulk CdZnSe [60], HgCdSe [61] and HgZnSe
[62,63] ternary specimens were also investigated from first-
principle calculations.

It is to be noted that none of the experimental or theo-
retical investigation is carried out on any of the said features
of Cd,_,_,ZnHg,Se quaternary alloys to search their
probable applications. Therefore, experimental or theoreti-
cal studies on structural, elastic and optoelectronic charac-
teristics of cubic Cd;_,_,ZnHg,Se quaternary specimens
would show a new horizon in their diversified mechanical
and optoelectronic applications. Motivated by these facts,
we have carried out the present calculations, which is the
introductory initiative for exploring the said characteristics
of zinc-blende Cd,_,_,Zn,Hg,Se quaternary specimens.
The same for the allied zinc-blende binary CdSe, ZnSe and
HgSe as well as CdZnSe, HgCdSe and HgZnSe ternary
specimens are also calculated. Change in structural,
mechanical, electronic and optical features in Cd;_,_,
Zn,Hg,Se triangular quaternary system within Zn concen-
tration (x) at each considered Hg concentration (y) and vice
versa are computed elaborately.

2. Method of calculations

All-electron density functional theory (DFT) [64,65] based
FP-LAPW [66] calculations is carried out with the
WIEN2K code [67]. The Phonopy code [68] is employed to
investigate dynamical stability/instability of the cubic
crystals with computation of respective phonon dispersion
spectra. The cubic-elastic code [69] is employed to calcu-
late elastic properties of the cubic crystals.

The PBE-GGA [70] is applied in structural and elastic
properties, while mBJ-GGA [71] and PBE+U [72,73]
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methods are applied in electronic and optical properties to
compute exchange-correlation (XC) potentials. Electronic
features with PBE-GGA are modified with Coulomb
repulsion between valence d-electrons of transition ele-
ments through Hubbard parameter U [74] in the PBE+U
approach. At U = 10.0, 8.0 and 6.0 eV, calculated bandgap
of ZnSe, CdSe, and HgSe and their respective experimen-
tally measured data are observed to be closest to each other
during the variation of respective calculated bandgaps with
U. We have selected them as U for 3d, 4d and 5d electrons
of zinc, cadmium and mercury atoms, respectively, in case
of calculations of electronic and optical features with
PBE+U.

On the basis of the muffin-tin (MT) model, the FP-LAPW
approach considers that atoms exist inside the MT spheres.
The wavefunction in this region is expanded with spherical
harmonics by selecting [,,x = 10 as the largest angular
momentum. Considering largest cut-off wave vector K ,x =
8.0/Rvt and magnitude of largest vector Gpax = 16 Ry"?in
the Fourier expansion of the charge density, the plane wave
basis is used to expand the wavefunction in the interstitial
region. The selected MT-sphere radius holding cadmium,
zinc, mercury and selenium atoms as 2.4,2.3,2.5and 2.3 a.u.,
respectively, ensures non-overlapping atomic spheres as well
as preventing any charge leakage from the respective core.
The optimum k-mesh is selected as 10 x 10 x 10 by varying
total energy as a function of the number of k-points. The core
states are separated from valence states with a core-cut-off
energy —6.0 Ry. The fully relativistic approximation for core,
but scalar relativistic approximation for valence electrons is
employed. Total energy convergence is acquired through
self-consistent-field approximation. In such an approxima-
tion, the total energy difference 10~ Ry between two con-
secutive steps is selected to be the threshold for the
termination of iterations.

The designing processes of diverse unit cells of the
specimens under the Cd;_,_,Zn,Hg,Se system have been
described in the Section-I of the supplementary materials.
For visualization of designed crystal structures, the gra-
phic code XCrySDen [75] is used. Optimized zinc-blende
crystal structures of Cdgs0ZngosHgoos5e, CdgosZng s
Hgys0Se and Cdgzs5ZngsoHgo25Se quaternary alloys are
presented as supplementary figure Sla—c, respectively, in
the supplementary materials.

3. Results and discussions

3.1 Structural properties

3.1a Lattice constant and bulk modulus a, and Bj: The
optimized lattice constant (ag) and bulk modulus (B) for
each designed unit cell are evaluated from fitting of self-
consistently computed respective energy—volume curve to
Murnagran’s equation of state [76]. Computed a, and B are
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presented in table 1. In the case of diatomic specimens,
excellent closeness between computed ay, and B, and
respective experimental data are observed [1,17]. They also
agree fairly well with a few respective earlier theoretically
calculated data [27-30,35,39,62]. Structural data for any
type of alloy does not exist in the literature.

3.1b Concentration dependence of lattice constant and bulk
modulus: Figure la displays the variations of computed a
as function of Hg-concentration (y) at each Zn-concentra-
tion (x) and vice-versa, while figure 1b displays the same of
computed By in the Cd,_,_,Zn,Hg,Se triangular quaternary
system. Here, g, increases almost linearly in figure la,
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while B decreases nonlinearly in figure 1b with increasing
y at any particular x. We have observed a completely
reverse picture with increasing x at any particular
y. Repeated replacement of cadmium atom(s) of lower
diameter (0.322 nm) with mercury atom(s) of relatively
bigger diameter (0.342 nm) causes the increase in ay in the
former. In contrast, successive replacement of cadmium
atom(s) of bigger diameter (0.322 nm) with zinc atom(s) of
relatively smaller diameter (0.284 nm) reduces a; in the
latter.

Figure 1c shows decrease in ag with increasing x in the

Zn,Cd;_,Se system and with increasing x or reducing
y (= 1=x) in the Zn,Hg,Se/ZnHg,_,Se system due to

Table 1. Calculated ag, By (with energy—volume curve), Cyy, Ciz, Cyq, C', Gy, Gg and Gy for all the specimens.

B, (GPa)
(from E— Cus c Gy Gr Gu

X y Specimen do (A) V curve) Ci1 (GPa) Cy, (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

00 0.0 CdSe 6.198 56.52 77.85 47.41 32.68 1522 2570 2240  24.05

6.05"" 53.0" 88.1° 53.6° 27.4° 13.6™
6.035" 66.5 55.4¢ 37.7¢ 18.9¢ 13.3¢
6.025° 65.12° 58.8° 48.9° 25.2° 11.3f
6.05° 45.164 81.2f 47 .8f 22.9f 13.6°

6.2164 86.2¢ 30.38 36.88
0.25 Cdy7sHgoosSe 6.211 55.44 75.74 46.64 30.61 1455 2419 2123 2271
0.50 Cdg soHgo s0Se 6.227 54.15 73.47 45.83 28.51 13.82 2263 2001 2132
0.75 Cdg,sHgo75Se 6.245 52.67 71.29 45.06 26.21 13.12 2097 1873 19.85
1.0  HgSe 6.263 51.35 69.14 44.27 23.92 1243 1933 1747  18.40
6.074* 57.6"" 60.8°" 44,65 22.3%" 2328 138% 230
6.194° 41.8* 61.0"" 44.0% 22.0% 18.5F
6.14" 56.36" 69.00°" 51.05°" 23.07°" 15.4P

6.11° 53.9' 62.2" 46.4™ 22.7%

745, 50.7 44.7

52.69% 37.99% 33.69%

50.7" 43.7" 30.3'

025 0.0 Cdg75ZngrsSe 6.105 59.30 79.70 48.27 34.63 1572 27.06 2338 2522
0.25 Cdgys0ZngosHgg 5S¢ 6.119 56.40 77.59 47.50 32.56 15.04 2555 2221 23.88
0.50 Cdg25Zng5Hgo s05¢ 6.140 55.19 75.32 46.69 30.46 1432 2400 2099 2250
0.75  Zng,sHgg 75Se 6.161 55.59 73.14 45.92 28.16 13.61 2234 1972 21.03

0.50 0.0  CdgsoZng.soSe 5.998 61.73 81.55 49.13 36.58 1621 2843 2434 2639
0.25 Cdg25Zng s0Hgo255¢ 6.019 60.65 79.44 48.36 34.51 1554 2692 23.19 25.06
0.50  Zng.soHgo s0Se 6.040 59.53 77.17 47.55 32.41 14.81 2537 2197 23.67

0.75 0.0 Cdg»sZngss Se 5.878 64.01 83.40 49.99 38.53 1671 29.80 2531 27.55
0.25 Zng7sHgo2sSe 5.902 63.01 81.29 49.22 36.46 16.03 2829 24.15 2622

1.0 00 ZnSe 5.738 66.34 85.25 50.85 40.48 1720 31.17 2626 28.72

5.67" 62.5%" 85.9°" 50.6° 40.6*
5.667°" 64.7°" 81.0%" 48.88" 44.18"
5.591° 83.3% 94.0™ 61.0™ 64.0™
5.588° 75.68" 95.9" 53.6" 48.9"
5.65" 71.82™ 82.45° 42.71° 35.5°
5.624™

Experimental data: “"[1], ®"[17], <"[16], *"[15], €"[18], T'[19], £"[20], ™"[21].

Previous theoretical data: *[27], °[28], [29], 9[30], °[31], T[32], &[33], "[62],

11351, /1361, X[371, '[38], ™[39], "[40], °[41], P[34].
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Figure 1. (a) Hg-composition (y) dependence curves of com-
puted ao for the compounds under Cd;_,_,ZnHg,Se quaternary
system. (b) Hg-composition (y) dependence curves of computed
B, for the compounds under Cd, _,_,Zn,Hg,Se quaternary system.
(¢) Composition (x/y) dependence curves of computed aq for the
ternary alloys. (d) Composition (x/y) dependence curves of
computed By for the ternary alloys.

replacement of larger cadmium and mercury, respectively,
with smaller zinc atom(s). Also, aq enhances with increas-
ing y in the Hg,Cd,_,Se system due to the replacement of
smaller cadmium with larger mercury atom(s). The com-
positional variation of ag is opposite to that of B, in any of
the aforesaid variations in figure 1d because change in By is
inversely proportional to that of equilibrium volume Vj, = ag
of any cubic cell.

Figure Ic and d shows slight deviation of composition
dependence curves of aqy and By, respectively, from the
corresponding linear dependence curve [77] for the Zn,
Cd,_,Se, Hg,Cd,_,Se and Zn,Hg,_,Se systems. The fol-
lowing quadratic equations represent such marginal non-
linearity in ag(x) or ag(y) curve for each ternary system

af" e (x) = xad™e + (1 — x)a§® — x(1 — x)b%, case

(1)
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ag e (x) = xah® + (1 — x)a§ — x(1 — X)biigcase

@)
g% () = xag"™ o+ (1= x)ag™™ = x(1 = 0)Bfpgs.

(3)

Here, lattice constant of ZnSe, CdSe and HgSe is a%“se,

HgS:
agdSe gSe

3 a a
and a,"", respectively. Also, b7,c4se, Dfjocgse and

bZangse 1s the bowing parameter in composition dependence
curve of lattice constant for the Zn,Cd,_,Se, Hg,Cd,_,Se
and Zn,Hg,_,Se ternary system, respectively. Similar
quadratic equations also represent the marginal nonlineari-
ties in By(x) or By(y) curves for the three ternary systems. In
this case, b5, cyse» bﬁngSe and bganSe are treated as bowing
parameter in the composition dependence curve of bulk
modulus for Zn,Cd,_,Se, Hg,Cd,_,Se and Zn,Hg;_.Se
ternary system, respectively.

The ag vs. composition (x or y) curve for Zn,Cd,_,Se and
Zn,Hg,_,Se systems show marginally upward deviation,
while Hg,Cd;_,Se system shows marginally downward
deviation from respective linear variation as per Vegard’s
law [77]. In contrast, the compositional (x or y) variation of
the By curve in case of each of the Zn,Cd,_,Se,
Zn,Hg,_,Se and Hg,Cd;_,Se systems shows very small
upward deviation from the corresponding linear variation.
From quadratic fit of each of the ay(x) or ay(y) curve, cal-
culated lattice constant bowing parameter is found as
bycase= 01223 A, b% = ~0.1611 A and by cyq.=
0.0137 A for the Zn,Cd,_,Se, Zn,Hg,_,Se and Hg,Cd,_,Se
system, respectively. From the quadratic fit of the By(x) or
By(y) curve, the calculated bulk modulus bowing parameter
is bcase= —1.206 GPa, bfj,cqs.= —2.618 GPa and b .=
-0.7669 GPa for the Zn,Cd;_,Se, ZnHg;_,Se and
Hg,Cd;_,Se system, respectively.

3.2 Thermodynamic and dynamical stability/instability

3.2a Thermodynamic stability/instability: Thermodynamic
stability/instability of a crystalline alloy can be investigated
through calculation of its formation energy. The energy of
formation of A.B,_,C (i.e., Zn,Cd;_,Se, Zn,Hg,_,Se and
Hg,Cd,_,Se) ternary alloys and for Cd,_,_,Zn,Hg,Se (i.e.,
A,_._,B,C,D) quaternary alloys are calculated by the
relations, given below

Efim .y (x) = EgP=C — xE(C — (1 — x)EGC (4)
_+yB,C,D
EfQOlﬁI;ernary(xay) = Eg] i o= ngD — yEgD

— (1 —x—y)E” (5)
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Clearly, E‘g*B =€ indicates total energy of any of the said

ternary alloys in equation (4), while Eﬁ =B OP ¢ the total
energy of the Cd;_,_,Zn,Hg,Se quaternary specimens at
any composition pair (0.25, 0.25), (0.25, 0.50) and (0.50,
0.25) in equation (5). The E5€, EBC, EBP, ESP and EAP are
the total energy of any of the diatomic ZnSe, HgSe and
CdSe, involved in each ternary or quaternary system.
Computed formation energy vs. compositions (x, y) contour
plots for all the alloys of the Cd;_,_,Zn,Hg,Se system are
presented in figure 2. The formation of any thermodynam-
ically stable ternary alloy at each x or y = 0.25, 0.50, 0.75 as
well as quaternary alloy at (0.25, 0.25), (0.25, 0.50) and
(0.50, 0.25) composition pair is ensured with negative value
of formation energy, calculated using equations (4) and (5),
respectively.

3.2b Dynamical stability/instability: The dynamical stability
or instability of any specimen allied to the Cd;_,_,Zn,
Hg,Se system is investigated by calculating respective
phonon dispersion spectra. The computed phonon disper-
sion spectra for CdSe, ZnSe and HgSe in the W-L-I'-X-W-
K direction of high symmetry are presented in figure 3a—c,
respectively. The same for Cdgs0Zng,sHgo,55¢, Cdgos.
Zng »5sHgo s0Se and Cdg,sZng s0Hgp 5S¢ quaternary alloys
along the R-I'-X-M-I" direction are presented in figure
4a—c, respectively. For x or y = 0.25, 0.50 and 0.75, the
calculated phonon dispersion spectra for the ternary alloys
under the Zn,Cd,_,Se, Hg,Cd,_,Se and Zn,Hg,_,Se sys-
tems are presented as supplementary figures S2a—c, S3a—c
and S4a—c, respectively.

Clearly, the dynamical stability of zinc-blende CdSe,
ZnSe and HgSe under the ambient conditions are confirmed
because no imaginary/negative frequency is present in the

HgSe 1 0
05
4
0.75
2 A5
£
2
s 12
g 0.5
o
£ 125
o
Q
o -3
I
025 -
4
0 45
0 0.25 0.5 0.75 1
CdSe Zn composition (x) ZnSe

Figure 2. Computed formation energy vs. compositions contour
plot for the ternary and quaternary alloys under the Cd;_,_,Zn,
Hg,Se system.
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respective phonon dispersion spectra. In contrast, the pres-
ence of negative frequencies in the phonon dispersion
spectra of each ternary or quaternary alloy under the same
conditions 1is the signature of respective dynamical
instability.

3.3 Elastic properties

3.3a Elastic stiffness constants (Cy) of cubic specimens:
Generally, 36 independent elastic stiffness constants are
associated with any crystal. But the lattice symmetry due to
identical axes in a cubic crystal reduces the number to three
only. The Cy; is associated with elasticity along the length,
while both the C}, and Cy4 are associated with the elasticity
related to the shape of a cubic lattice.

In tables 1-3, calculated elastic stiffness constants (Cyy,
C;» and C44) and related mechanical features of all the
cubic specimens are available. Tables 1-3 also contain
experimentally measured and previously calculated data of
some of the parameters of binary compounds for compar-
ison, while any such data for ternary and quaternary alloys
do not exist in the literature. For each specimen, the
observed trend is C;; > C, > Cy44 in table 1, but it could be
validated only with experimental data for HgSe
[15,16,18,19] and ZnSe [17,20] as well as previous calcu-
lated data for CdSe [29-31]. Each specimen satisfies Born’s
mechanical stability criteria for a cubic crystal [69] and
hence exhibits mechanical stability. Inequality in C4y and
calculated shear constant C'= (C11—C12)/2 with Cyy > C'in
table 1 has established elastic anisotropy of each cubic
crystal [69]. Calculated constants C;;, C, and Cy4 reduce,
in figure 5a—c, respectively, in the Cd,_,_,ZnHg Se sys-
tem with increasing mercury concentration (y) at each
selected zinc concentration (x). Conversely, any of them
enhances with increasing zinc concentration (x) at each
selected mercury concentration (y). In the case of HgSe and
ZnSe, computed C;;, Cj, and Cy4 and the corresponding
experimentally observed data are extremely close to each
other [15-20]. The same for CdSe shows proximity to some
corresponding earlier calculated data [29-33].

3.3b Elastic moduli, constants and isotropy/anisotropy:
Directly or indirectly in terms of C;;, Cy, and Cy44, we have
computed shear modulus (G) proposed by Voigt (Gy),
Reuss (Ggr) and Hill (Gy) along with bulk modulus (By) and
Young’s modulus (Y) of each cubic crystal. Larger value of
each of them of a material is a signature of its superior
rigidity and vice versa [69]. Calculated diverse shear
modulus for all the considered specimens are also included
in table 1, but By and Y are included in table 2. In the case of
our considered specimens, the minimum stiffness is shown
by HgSe and maximum by ZnSe. Again, C; > By > C, for
each specimen in tables 1 and 2 is indicating respective
mechanical stability [69]. Computed B, of each specimen
from the energy—volume curve and that with corresponding
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Figure 3. Computed phonon dispersion spectra of zinc-blende
binary: (a) CdSe, (b) ZnSe and (c) HgSe.
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Hg,Se quaternary system.
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C1; and Cy, are nearly equal. Any of the calculated Gv, Gg,
Gu, By and Y in the Cd,_,_,Zn,Hg,Se system reduces, as
shown in supplementary figure SS5a—c, respectively, with
growing mercury concentration (y) at each selected zinc
concentration (x). Conversely, each of them enhances with
growing zinc concentration (x) at each selected mercury
concentration (y).

The ratio By/Cy44 calculates the plastic behaviour [78],
while both Cauchy’s pressure (C// = C,—C44) and Pugh’s
ratio (Bo/Gy) calculate the ductile or brittle behaviour of
a material [79]. The calculated By/Ca4, By/Gy and C” for
each specimen are presented in table 2. The Bo/Cyy >1.5
indicate that all the specimens are plastic. The computed
Bo/Gy > 2.1 and the positive sign of C" indicate their
ductility [69]. In supplementary figure S6, the correlation
between C” and By/Gy again confirms ductility of all the
specimens.

The Poisson’s ratio (o) is calculated with Gy and B, of
a material [69]. For a cubic specimen, Kleinman param-
eter (£) of a cubic crystal is evaluated by C;; and C;,
[69]. In table 2, calculated ¢ in the range 0.300-0.343
ensures that each specimen is highly compressible, duc-
tile, plastic and contains a central type of inter-atomic
bonding force [69]. The calculated ¢ in the range
0.704-0.739 ensure that bending plays major role over
stretching in chemical bonds in all the specimens [69]. In

Table 2. Calculated By, (by Cy; and Cy»), Y, Bo/Cau, Bo/Gu, 0, &, C”, Az and C,1/C, for all the specimens.

By (GPa)
(by Cpy
and Y c’
X y Specimen Cn) (GPa) By/Cys  By/Gy o 14 (GPa) Az C/Ca
00 00  CdSe 57.56 63.33 1761 2393  0.317 0715 1473  2.147 1.642
36.8%, 3.92* 0383  0.883° 5.091°
61.20° 0.345° 1.59°
45.8°
0.25  Cdg-sHgg»sSe 56.34 60.06 1.840 2481  0.322 0.720  16.03 2.104 1.624
0.50  CdysoHgg s0Se 55.04 56.65 1.931 2582  0.328 0726  17.32  2.062 1.603
0.75  CdgosHgg75Se 53.80 53.03 2053 2710 0.336 0.733  18.85  1.998 1.582
1.0 HgSe 52.56 49.42 2.197 2.857  0.343 0.739 2035 1.924 1.562
61.89, >1.75¢  0.337¢ 5.25¢ 1.35%
48.52° 232°  0311°
025 0.0  CdysZngosSe 58.75 66.19 1.696 2329  0.312 0712 13.64 2204 1.651
0.25  Cdy.s0Zng.2sHgosSe 57.53 62.94 1.767 2409 0318 0717 1494 2.164 1.633
0.50  Cdg»5Zng.sHgg soSe 56.23 59.55 1.846 2500  0.324 0.723 1623 2127 1.613
0.75  ZngsHgo75Se 54.99 55.96 1953 2615  0.330 0730  17.76  2.069 1.593
050 0.0  CdgsoZngsoSe 59.94 69.03 1.639 2271  0.308 0.709 1255 2257 1.660
0.25  CdgssZng soHgg 255¢e 58.72 65.81 1701 2344  0.313 0714  13.85 2221 1.643
0.50  Zng.soHgo s0Se 57.42 62.43 1772 2426 0319 0.720  15.14  2.188 1.623
075 0.0  CdgasZngss Se 61.13 71.86 1.586 2219  0.304 0.707 1146 2307 1.668
0.25  Zng7sHgosSe 59.91 68.65 1.643 2285  0.309 0712 1276 2274 1.652
1.0 00  ZnSe 62.32 74.68 1.539 2170  0.300 0.704 1037 2354 1.676

Experimental data: *"[18].

Previous theoretical data: 2[31], °[29], €[32], ¢[36], ¢[37].
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terms of C;, Cj» and Cyy, computed Zener anisotropy
factor (A7) with Ay # 1 stands for a varying mode of
anisotropy, while Az = 1 stands for total isotropy of a
crystal [69]. The computed Az > 1.9 for all the consid-
ered specimens in table 2 is a clear indication of elasti-
cally anisotropic nature with the largest inflexibility along
the <111> diagonal of the cubic crystal [69].

3.3c Bonding characteristics: The C;;/Cy, having values
1.0, 2.0, and in between them indicate totally ionic, totally
covalent and a mixture of covalent and ionic bonding,
respectively, in a zinc-blende crystal [80]. Computed
C11/Cy, in between 1.562 and 1.676, presented in table 2, is
indicating mixture of covalent and ionic bonding with the
supremacy of the former in any specimen. The Phillips
ionicity (f;) for all the zinc-blende crystals is calculated in
terms of respective C;; and C;, [79] and presented in
table 3. They are found in the range 0.632-0.685. For CdSe,
HgSe and ZnSe, computed f; is extremely close to the
corresponding experimentally measured f; for CdSe [22],
HgSe [23] and ZnSe [22].

3.3d Acoustic phonon velocities and thermal properties: In
a crystal, velocities of longitudinal (v;) and transverse (v,)
acoustic phonon waves are calculated with Gy and By, of the
crystal, while that for mean acoustic phonon wave (v,,) is
calculated with v; and v, [79]. The Debye temperature (®p)
differentiates the quantum and classical characteristics of
phonons in a solid. Since acoustic phonon vibrations result
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in their vibrational excitations at low temperatures, the Op
is computed in terms of v, at 7<®p [79]. In the thermal
transport phenomenon, the Debye frequency (wp) of a solid
is the uppermost boundary of frequency of phonon vibration
and it is calculated as a function of ®@p [81]. The minimum
thermal conductivity of a material (K,;,) is calculated with
mean acoustic phonon wave velocity (v,,) using an empir-
ical relationship [82]. Another empirical formula has been
suggested to calculate the melting temperature (7,,) of a
cubic material in terms of its C;; [83]. Table 3 includes
computed v|, v, Vin, Op, wp, Knin and T, for all the con-
sidered specimens. The computed v, and v, for HgSe show
fair closeness to the respective earlier calculated data
[37,42]. The calculated ®p, for HgSe shows fair closeness to
the corresponding experimental data [16]. Table 3 again
indicates that calculated K,;, for HgSe exists within the
experimentally investigated range [16]. The computed T,
for HgSe exhibits fair closeness to the corresponding
experimentally investigated data [16]. In the Cd,_,_,Zn,
Hg,Se system, supplementary figure S7a-d, displays
reduction in computed Op, wp, Ky, and Ty, respectively,
with growing Hg concentration (y) at any particular Zn
concentration (x). In contrast, each of them shows
enhancement with growing Zn concentration (x) at any
particular Hg concentration (y).

In most of the cases, we have observed that if a crystal
system shows dynamical stability, it also shows mechanical
stability. If a crystal system exhibits both mechanical and

Table 3. Calculated f;, v, v}, Vin, Op, ®p, Knin and Ty, for all the specimens.

Vi Vm ®D Wp Kmin Tm
X y Specimen fi mshH @msH @msh (K) (THz) (W mlK™ (K)
00 00 CdSe 0.647 2123 4098 2376 362.4 7.551  0.861 1013
0.699*" 167¢
0.25  Cdg7sHgoosSe 0.656 1959 3827 2195 334.1 6.961  0.792 1001
0.50  Cdg.soHgo.s05e 0.665 1814 3590 2034 308.8 6.435  0.730 987
0.75  CdgsHgg-5Se 0.675 1682 3383 1888 285.7 5952  0.673 974
1.0 HgSe 0.685 1560 3194 1753 264.5 5512 0.622 962
0.68°" 15694 2998¢ 151" 242" 0.1-3.59" 1072%
0.62% 0.76°  1635° 231° 264.30¢
025 0.0  Cdg-sZngosSe 0.643 2193 4198 2454 380.0 7917 0916 1024
0.25  CdgsoZnoosHgpasSe  0.651 2021 3910 2263 349.6 7.285  0.841 1012
0.50  CdgrsZngosHgosoSe  0.661 1872 3665 2098 323.0 6729 0.774 998
0.75  Zng,sHgo75Se 0.670 1736 3449 1947 298.7 6224 0714 985
050 0.0  CdgsoZngsoSe 0.639 2260 4291 2527 398.3 8299  0.977 1035
0.25  CdgrsZngsoHgosSe  0.647 2081 3991 2329 365.8 7.621  0.894 1022
0.50  ZngsoHgo s0Se 0.656 1925 3732 2155 337.4 7.029  0.822 1009
075 0.0  CdgasZngqs Se 0.636 2323 4379 2596 417.6 8.701  1.046 1046
025  ZngsHgg»sSe 0.643 2135 4060 2387 382.4 7.967  0.954 1033
1.0 0.0  ZnSe 0.632 2379 4453 2657 437.8 9.122  1.123 1057
0.676*"

Experimental data: *"[22], *[23], <"[18], 9"[16].
Previous theoretical data: *[36], °[38], °[31], 9[37], °[42].
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dynamical stability in a particular crystallographic phase,
then it is the stable phase of that crystal. But in a particular
phase, if a crystal system shows both mechanical and
dynamical instability then it is the unstable phase of that
crystal and those systems are insignificant to study.

On the other hand, if a crystal system is mechanically
stable but dynamically unstable and vice-versa in a partic-
ular phase, then it can be treated as a possible meta-
stable phase of the crystal. In our case, all the ternary and
quaternary specimens investigated are mechanically
stable but dynamically unstable so that zinc-blende is their
meta-stable phase.

Dynamical instability takes place at a non-zero critical
frequency and involves all the mechanical problems in
which the time is included. In the equilibrium state, this is
subjected to a dynamic loading on structural-mechanical
systems either by sudden shock and impact loading or
hydro-elastic forces or pulsating parametric forces. In this
case, the sudden instabilities of periodic motions can occur
when a structural system is loaded by periodic excitation,
such as vibration of atoms in crystals, etc. So, it is basically
a highly multidisciplinary problem, which has an immense
impact on diverse fields of materials science and structural
engineering. Therefore, though our ternary alloys are
dynamically unstable but mechanically stable, we have
studied the electronic and optical properties of these meta-
stable zinc-blende ternary and quaternary alloys.

3.4 Electronic properties

3.4a Band structure and bandgap: In case of the quaternary
system Cd;_,_,Zn,Hg,Se, though mBJ-GGA caters band
structure profile of any alloy with direct bandgap (I'-T')
qualitatively similar to those with PBE4+U scheme, the
former provides larger bandgap compared to the latter.
Since atomic orbitals of all the constituent atoms contribute
to the band structure of only the Cdjs0Zng2sHgo2s5Se,
Cdy.25Zng.25Hgo 50Se and Cdg2sZng s0Hgo.255e quaternary
alloys, their mBJ-GGA oriented band structures are pre-
sented as supplementary figure S8a—c, respectively. With
both the potential schemes, calculated minimum bandgap
(Eg) of each specimen is given in table 4.

Calculations show direct bandgap semiconductor (I'-I")
features of CdSe and ZnSe irrespective of employed
potential scheme and it is in concordance with respective
experimental observations [1,24]. Though the computed
fundamental bandgap (E,) of CdSe and ZnSe with mBJ-
GGA is almost identical to the respective experimental data
[1,24], the same with PBE4-U is smaller than the respective
experimental data [1,24]. The HgSe under the mBJ-GGA
scheme exhibits semiconductor character with narrow and
direct bandgap (I'-I'). In contrast, the HgSe under the
PBE+U scheme shows its metallic nature with coinciding
valence band maximum and conduction band minimum
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along the high symmetry line (I'-I'). Though the former
character of HgSe is supported by an experiment [4] and the
latter one by another [3], calculations could not establish its
experimentally observed semi-metal character with zero
bandgap [2]. The discrepancy between mBJ-GGA based
positive E, and the corresponding experimental data is
0.363 eV [4], while the same between PBE+U based
computed negative E, and corresponding experimental data
is nearly —-0.12 eV [1,25].

From the aforesaid discussion, it is clear that though
mBJ-GGA induced band structure and bandgap of CdSe and
ZnSe are extremely close to the respective experimental
observations, the same for the HgSe completely contradicts
the corresponding experimental observation and its bandgap
is found to be marginally positive. On the other hand, the
PBE+U scheme is able to incorporate the interactions
between localized d-electrons of transition metal elements
and hence improve the accuracy of calculated electronic
properties. In the present study, the PBE+U is successfully
able to provide correct band structure and accurate bandgap
of all the binary specimens. The PBE+U induced bandgaps
of CdSe and ZnSe are only 0.132 and 0.197 eV, respec-
tively, smaller than the corresponding mBJ-GGA induced
data. The PBE+4U also possesses a negative fundamental
bandgap of HgSe, which agrees excellently well with the
corresponding experimental observation. Moreover, though
the qualitative nature of band structures of each ternary/
quaternary alloy with both the potential schemes are almost
identical, we have observed marginal discrepancy between
the PBE+U and mBJ-GGA based computed bandgap data
for each alloy. Therefore, the PBE+U potentials are able to
show better performance compared to mBJ-GGA scheme in
describing electronic properties of all the specimens within
the Cd;_,_,Zn,Hg,Se system.

3.4b Density of states: Calculations of density of states
(DOS) for each quaternary alloy, especially the total
(TDOS) for an alloy and the partial (PDOS) for its con-
stituent atoms help us to achieve information regarding
involvement of atomic orbitals constituting diverse elec-
tronic levels in different energy segments of respective band
profile. Since calculated total and partial DOS profiles for
mBJ-GGA and PBE+U become identical, the same for
Cdo.50Zng.25sHgo25Se,  Cdg2sZngsoHgo2sSe  and  Cdg s
Zng ,5sHg s0Se quaternary alloys with the former potential
scheme are presented as supplementary figure S9a-c,
respectively. Electronic excitations between diverse elec-
tronic levels of valence and conduction band adjacent to
Fermi level of band structure of a material are responsible
for its different optical features. Therefore, the analyses of
TDOS and hence PDOS of these regions have utmost
importance. Close to the Fermi level, valence electronic
states in the region from -2.5 to 0.0 eV comprises mostly
Se-4p and marginally of Zn-3p, 3d; Cd-4p, 4d; Hg-5p, 5d
states. The same in the conduction band region from
0.0 to 5.0 eV comprises mostly of Hg-7s, Zn-5s, Cd-6s and
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Figure 6. (a) Hg-composition (y) dependence curves of mBJ-
GGA based computed E, for the compounds under Cd;_,_,Zn,
Hg,Se quaternary system. (b) Hg-composition (y) dependence
curves of PBE+U based computed E, for the compounds under
Cd,_,._yZn,Hg,Se quaternary system. (¢) Composition (x or
y) dependence curves of mBJ-GGA based computed E, for the
ternary alloys. (d) Composition (x or y) dependence curves of
PBE+U based computed E, for the ternary alloys.

Se-4p, Ss, 4d states. Therefore, diverse optical features of
considered compounds and alloys are resulting from highly
probable electronic excitations from the filled Se-4p valence
state to vacant Hg-7s, Cd-6s and Zn-5s states of conduction
band nearest to the Fermi level.

3.4c Concentration dependence of bandgap: In the case of
Cd;_,_,Zn,Hg,Se system and with mBJ-GGA and
PBE+U, reduction in calculated E, with growing mercury
concentration (y) at each considered zinc concentration
(x) are displayed in figure 6a and b, respectively. But, cal-
culated E, with both the potential schemes enhances with
growing zinc concentration (x) at any particular mercury
concentration (y). Calculated E, nonlinearly increases with
growing zinc concentration (x) in Zn,Cd;_,Se and Zn,
Hg,_,Se ternary systems, but reduces in the Hg,Cd;_,Se
ternary system with growing mercury composition (y). For
mBJ-GGA and PBE+U schemes, such variations in the
ternary systems are presented in figure 6¢ and d, respec-
tively. In case of these ternary systems, the following
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quadratic equations express the nonlinear variation in E,
(x) or Ey(y) curve

EénCdSe(x) _ xEénSe + (1 o x)EgdSe o x(l o x)bgnCdSe
(6)

EgHngSe(x) _ nggSe + (1 o x)EgdSe o x(l o x)bgngSe
(7)

E?anSe(x) _ ngnSe 4 (l _ X)EggSe _ X(l _ x)bganSe
(3)

In the Zn,Cd; _,Se system, the Eq(x) curve shows marginal
downward deviation from its ideal linear variation and cal-
culated bandgap bowing parameter is bg“Cdse = 0.1554 eV
with mBJ-GGA and 0.0709 eV with PBE4U scheme. In
contrast, marginal upward deviation from ideal linear variation
with any XC potential is observed in the E4(y) curve of the
Hg,Cd;_,Se as well as in the E,(x) curve of the ZnHg,_,Se
system. Our calculated mBJ-GGA based bandgap bowing
parameter for Hg,Cd,_,Se and ZnMHg,_,Se system is
by E%°=— 0.2286 eV and H2"'¢%= — (.3497 eV, respectively,

while the same with the PBE+U potentials is blg:lngSe:
- 0.1029 eV and bé“Hgse= — 0.1760 eV, respectively.

3.4d Effective mass of charged particles: The mass (m") of
an accelerated charged particle due to periodically varying
potential is called its effective mass. Therefore, free-particle
mass (mg) and effective mass (m*) of a particle are com-
pletely different from each other. It provides information
regarding the nature of dominant carriers (electron or hole)
accountable for transport properties exhibited by a semi-
conductor. Table 5 contains computed effective mass of
electrons (m}/my), heavy-hole (mj, /my), and light hole
(mj};,/mg) of each specimen (in the unit of mp). We have
observed m”(mBJ-GGA)>m"(PBE+U) in the case of each
specimen. Clearly, m], /mo and mj, /my of any sample is
larger than the corresponding m /my. Therefore, the trans-
port phenomenon in any considered specimen is due to the
predominant role of electrons compared to the holes. In the
Cd,_,_,ZnHg,Se system, m}/mo, my,/mo and myjy, /mo
reduces with growing mercury concentration (y) at each
considered zinc concentration (x). On the other hand, each
of them enhances with growing zinc concentration (x) at
any particular mercury concentration (y). We have dis-
played such variations with mBJ-GGA as supplementary
figure S10a—c and the same with PBE+U as supplementary
figure S10d-f, respectively.

3.5 Optical properties

3.5a Frequency dependence of diverse optical parameters:
Optical characteristics of each specimen allied to the
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Table 5. Effective mass of electron (m}), heavy hole () and light hole (i) in unit free electron mass (my) for all the specimens with

mBJ-GGA and PBE+U functional.

Electron effective mass (m;/my)

Hole effective mass

Heavy hole (mj,, /mp) Light hole (mj, /mo)

Compounds mBJ-GGA PBE+U mBJ-GGA PBE+U mBJ-GGA PBE+U
CdSe 0.272 0.231 1.254 1.121 0.444 0.366
Cdy 75sHgo25Se 0.265 0.229 1.219 1.108 0.433 0.358
Cdy s0Hgo 505¢ 0.257 0.225 1.193 1.086 0.421 0.347
CdysHgo.75Se 0.251 0.221 1.149 1.072 0.407 0.342
HgSe 0.243 0.215 1.111 1.045 0.395 0.330
Cdy75Zng25S¢e 0.301 0.251 1.344 1.171 0.529 0.438
Cdy s0Zno»5Hgp 255¢e 0.291 0.249 1.306 1.154 0.515 0.419
Cdg25Zng2sHgo s05¢ 0.281 0.245 1.275 1.133 0.495 0.407
Zng »sHgp 755¢ 0.275 0.238 1.233 1.109 0.472 0.395
Cdy s0Zng 50Se 0.328 0.272 1.441 1.221 0.608 0.495
Cdg 25Zng 50Hgo.255¢ 0.319 0.268 1.407 1.205 0.586 0.481
Zng soHgo s05¢ 0.311 0.262 1.363 1.181 0.559 0.468
Cdy5Zng 75 Se 0.355 0.293 1.527 1.265 0.671 0.566
Zn 75sHgp 255¢ 0.347 0.285 1.479 1.239 0.646 0.544
ZnSe 0.392 0.315 1.628 1.311 0.758 0.643

Cd;_,_,Zn,Hg,Se system are analysed by calculating mBJ-
GGA and PBE+U based frequency response spectra of
different optical parameters up to 30.0 eV of incident
photon energy. The optical properties of any material are
analysed mainly in terms of its complex dielectric function
¢(w) and it provides complete behaviour of any compound
during its interaction with the incident electromagnetic
radiation. The expressions for real part of dielectric function
&1(w), imaginary part of dielectric function &(w), refractive
index n(w), extinction coefficient k(w), normal incidence
reflectivity R(w), optical conductivity a(w), optical
absorption coefficient o(w), electron energy loss function
L(w) and optical transmission coefficient 7(w), used in the
present study, are provided in Section-II of supplementary
materials.

The real part & (w) describes the dispersion and the
imaginary part & (w) describes the energy absorption of the
incident electromagnetic radiation by the material. A
material behaves as an optically rarer medium when its
refractive index is greater than unity. It behaves as fully
transparent material when the refractive index becomes
unity. The negative value of refractive index makes a
material optically denser and hence behaves as an opaque
material. A material having higher extinction or attenuation
coefficient offers higher resistance to the incident photons
to penetrate through the material and vice versa. For cal-
culation of reflection losses from optical instruments, it is
necessary to calculate the reflectivity at normal incidence.
The normal incidence reflectivity depends upon refractive
indices of two mediums. Optical conductivity is the prop-
erty of a material that gives the relationship between the

induced current density in the material and the magnitude of
the inducing electric field for arbitrary frequencies. There-
fore, significantly high optical conductivity of a material
implies its metallic behaviour and vice versa. The optical
absorption coefficient a(w) is the measurement of the
length penetrated by an incident photon inside a semi-
conductor material before its complete absorption when
its associated energy is greater than roughly the elec-
tronic bandgap of the material. Electron energy loss
function of a material is useful in calculating energy loss
due to inelastic scattering of electrons by atoms in a
lattice and its frequency response is opposite to the & (m)
of that material. Optical transmission refers to the pro-
portion of light that is transmitted through an optically
clear medium. Applications such as fibre-optic commu-
nications, optoelectronic sensors and photonics require
the highest levels of transmission.

For  Cdys0Zng2sHgoosSe,  CdoasZngsHgpsoSe  and
Cdg.25Zng 50Hgp»5S¢ quaternary alloys, the variation of
e1(w), &(w), n(w), k(w), with frequency of the incident
radiation under the mBJ-GGA are displayed as figure 7a—d
and with PBE+U as figure 7e-h, respectively. On the other
hand, variation of R(w), a(w), o(w), L(w) with frequency of
the incident radiation under the mBJ-GGA are displayed as
figure 8a—d and with PBE+4U as figure 8e—h, respectively.
Moreover, dependence of each optical parameter on
wavelength (/) of the incident photon energy is displayed as
inset in the corresponding frequency dependence spectra.
They exhibit contributions of these optical parameters in the
UV-Vis and IR regions. Mutual frequency dependence of
transmission coefficient 7(w) and absorption edge o(w) in
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Figure 7. Computed frequency response spectra of (a) &;(®), (b) &(®), (¢) n(®w), (d) k(w) with mBJ-GGA and
(e) &1(m), (f) ex(w), (g) n(w), (h) k(w) with PBE+4-U for the quaternary alloys. The variation of each optical parameter
with wavelength is displayed as inset.

case of quaternary alloys under mBJ-GGA and PBE+U are  Though frequency dependence of any optical feature of a
displayed in figure 9a and b, respectively. Diverse optical  specimen is qualitatively similar to that with PBE+U, they
constants of each specimen are calculated and presented. cater quantitatively to different optical constants.
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Figure 8. Computed frequency response spectra of (a) R(w), (b) o(®), (¢) w(w), (d) L(®w) with mBJ-GGA and
(e) R(w), (f) a(w), (g) «(w), (h) L(w) with PBE+U for the quaternary alloys. The variation of each optical parameter

with wavelength is displayed as inset.

The &;(w) spectra of each quaternary specimen show peaks
and hence prominent dispersion of incident radiation below
5.0 eV, while negative ¢;(w) ensures their metallic character

in 7.5-12.0 eV energy region. The &(w) spectra of each
quaternary specimen show peaks in the 3.0-9.0 eV energy
region and they originate as a result of collective effort of
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Figure 9. Mutual variation of computed frequency response
spectra of transmission coefficient 7(®w) and absorption edge o(®)
of the Cdgs0ZngasHgoasSe, CdoasZngsgHgo2sSe and Cdo s
ZngosHgps08e  quaternary alloys with (a) mBJ-GGA and
(b) PBE+U potentials.

electronic transitions from filled Se-4p valence state to empty
Hg-7s, Zn-5s, Cd-6s states of conduction band.

The n(w) spectra of each quaternary specimen show the
largest refractive index n(m)y.x in the incident photon
energy region below 8.0 eV. The n(w)max for Cdg 50Zng .25
Hgo25Se, CdoasZngasHgosoSe and  Cdo2sZngsoHgo.255€
quaternary alloy is calculated as 2.940, 3.109 and 2.978,
respectively, with mBJ-GGA, and 3.213, 3.318 and 3.229,
respectively, with PBE+U. Above 9.0 eV, the n(®) for each
specimen below unity (c¢/v<1) is a signature of opacity of
each material and it ensures larger group velocity of wave
packet through the semiconductor specimens v, = ¢/n than
the velocity of light (c) in free-space [84]. Significantly high
k(w) with peaks is observed in the k(w) spectra of the
quaternary alloys in the energy region 3.0-13.0 eV and the
peak value k. (w) for all the specimens is very close to
2.0. It indicated that extremely high resistance is offered by
these semiconductor specimens to those photons having
energy in the 3.0-13.0 eV compared to the photons having
energy beyond this range [84].

Considerably high reflectivity [R(w)>0.20] in the wide
energy range 0.0-15.0 eV is observed in the R(w) spectra of
each quaternary specimen. Few peaks exist in this energy
region with maximum reflectivity R, (@) > 0.40. We have
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observed a substantially high o(w) having a pair of peaks in
the narrow energy range 5.5-8.5 eV in the a(w) spectra of
the quaternary alloys and it ensures metallic character of
quaternary specimens in this energy region. Computed
Omax(®), i.e., largest optical conductivity for the Cdgsg
Zng 25Hgo2sSe,  CdoasZngasHgosoSe and  CdoasZng.so
Hgp25Se specimen with mBJ-GGA are 7290, 7242 and
7050 (Ohm cm) ™', respectively, and with PBE+U are 7000,
7036 and 6951 (Ohm cm)’l, respectively. The o(w) of each
quaternary specimen becomes substantially high with peaks
having significant intensity in the region 7.0-10.0 eV in the
respective  a(w) spectra. The o (), i.e., maximum
absorption of incident energy by the three quaternary
specimens exist in between 150 and 160 cm™.

Itis observed that the frequency responses of the electronic
energy loss function L(w) and é&y(w) of a specimen are
opposite in nature. Each quaternary specimen shows negli-
gibly small L(w) but significantly high &,(w) up to 10.0 eV of
energy. Conversely, L(w) of each specimen becomes signif-
icantly high with distinct peaks but &;(®) becomes negligibly
small in the energy region 12.0-26.0 eV. For each specimen,
plasma resonance frequency is the frequency corresponding
to the energy at which a peak with maximum intensity in the
corresponding L(w) spectrum occurs.

Figure 9a and b shows significantly high transmission
coefficient T(w) of any quaternary alloy with mBJ-GGA
and PBE-+U, respectively, in comparison with respective
reflection and absorption coefficients in the extremely low
energy region. Conversely, significantly, dominating
absorption compared to the reflection and transmission is
observed in the high-energy region. Nearly equally intense
absorption, transmission and reflection take place simulta-
neously in the 1.0-1.5 eV narrow energy region.

3.5b Optical constants: The static dielectric constant &;(0),
refractive index n(0) and reflectivity R(0) for each specimen
are calculated from the corresponding spectra and presented
in table 6. Each of them shows strong bandgap dependence.
In a semiconductor, the ¢;(0) changes approximately as a
function of bandgap according to the Penn model [85] in the
following way:

e1(0) ~ 1+ <@)2 9)

Eq

Moreover, static refractive index and static reflectivity of

a semiconductor are connected with its &(0) as n(0) =~
V/€1(0) and R(0) = [1 — n(0)]*/[1 + n(0)]*. Therefore, a
semiconductor with larger minimum bandgap (E,) pos-
sesses a smaller value of static optical constants and vice
versa. Calculated static optical constants of the specimens
increases according to table 6, while the corresponding E,
reduces in table 4 with growing mercury concentration
(v) at each considered zinc concentration (x). A completely
reverse picture is observed with growing zinc composition
(x) at each particular mercury composition (y). These
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Table 6. Calculated zero-frequency limits for all the specimens with mBJ-GGA and PBE+U functional.

Zero-frequency limit

€1(0) n(0) R(0)
x y Specimen mBJ-GGA PBE+U mBJ-GGA PBE+U mBJ-GGA PBE+U
0.0 0.0 CdSe 5.903 6.543 2.388 2.693 0.177 0.209
5.8%, 5.06°
025  Cdy7sHgoosSe 6.803 7.758 2.551 2918 0.192 0.231
0.50  Cdg.soHgo s0Se 7.938 9.092 2.734 3.146 0.212 0.257
0.75  CdgosHgo7sSe 9.441 10.541 2.925 3.398 0.236 0.285
1.0 HgSe 11.301 12.221 3.148 3.654 0.272 0.316
11.24%, 10.74°, 16.65° 3.27% 0.283% 0.284°
025 0.0 Cdy 75Zng 255¢e 5.838 6.454  2.356 2.646 0.170 0.200
0.50  CdgosZngosHgpsoSe  7.849 8.911 2.687 3.091 0.203 0.246
0.75  ZngsHgo75Se 9.305 10.341 2.877 3.345 0.227 0.273
0.50 0.0 Cdo.50Zno 50Se 5.774 6352 2321 2.598 0.164 0.191
025  CdgosZngsoHgposSe  6.633 7.455 2477 2.808 0.178 0.211
0.50  ZngsoHgo s0Se 7.759 8.708 2.642 3.037 0.195 0.235
075 00 Cdo25Zng 75 Se 5.747 6254 2279 2.546 0.156 0.183
025  Zng7sHgosSe 6.522 7.261 2.427 2.748 0.169 0.201
1.0 0.0 ZnSe 5.704 6.153 2.247 2.484 0.148 0.176
5.9% 2.34% 0.158*
5.51%, 5.39°

Experimental data: *"[26].
Previous theoretical data: 2[62], °[35], [45].

changes in mBJ-GGA based ¢,(0), n(0) and R(0) are pre-
sented as supplementary figure S11a—c and with PBE+U as
supplementary figure S11d-f, respectively. Moreover, each
of the PBE+U based computed optical constants of any
specimen is higher than the respective mBJ-GGA based
data, while the bandgap with the latter is higher than that
with the former. In case of CdSe and ZnSe, available
experimentally observed ¢;(0) [26] are extremely close to
the mBJ-GGA based corresponding calculated data.

In &(w), k(w), o(w) and a(w) spectrum, critical point
energy (E.) is the minimum incident energy needed to ini-
tiate interaction between these parameters and incident
radiation in a material. Our calculated E. for all the speci-
mens are presented in table 7 and each of them shows strong
bandgap dependence. Calculated E. in each of the & (w),
k(w), a(w) and a(w) spectra of the compounds in table 7 and
their calculated E, in table 4 decrease with growing mer-
cury concentration (y) at each considered zinc concentration
(x). A completely reverse picture is observed with growing
zinc composition (x) at each considered mercury composi-
tion (y). These type of variation in mBJ-GGA based com-
puted E. in the &(w), k(w), o(w) and a(w) spectra are
presented as supplementary figure S12a—d and with PBE+U
as supplementary figure S12e-h, respectively. Moreover,
the mBJ-GGA based calculated E, of a specimen and cal-
culated E. in its any of the said spectra is higher than the
PBE+U based respective data. The Kramers—Kronig

transformations between &;(w) and &(w), between n(w) and
k(w) as well as the relation a(w) = we(w)/4n and a(w) =
2wk(w)/c [84] authenticate the similarity in the composi-
tional variation of calculated bandgap E, and that of cal-
culated E. in the &(w), k(w), o(w) and a(w) spectra,
respectively, and vice versa.

3.5¢ Oscillator strength: For Cd s0Zng2sHgo25Se, Cdgos
Zn0,25Hg0VSOSe and CdO.ZSZHO.SOHgO.ZSSe quaternary alloys,
it is calculated with the effective number of electrons (N.¢r)
reaching their respective conduction band at the time of any
highest occupied molecular orbital-lowest unoccupied
molecular orbital optical transition. With mBJ-GGA, vari-
ation of oscillator strength (N.g) of each quaternary alloy
with incident energy is presented in figure 10. No electron is
able to reach the conduction band (N = 0) of any qua-
ternary alloy with incident energy smaller than the respec-
tive bandgap. However, electrons start reaching the
conduction band when incident energy is nearly close to the
bandgap of the material. The oscillator strength (N.g) for
each specimen sharply increases with increasing incident
energy. Beyond 26.0 eV of incident energy, we have
observed saturation in the oscillator strength. It is indicating
the maximum oscillator strength (Nes) shown by the
respective quaternary alloy during an optical excitation. We
have observed that at saturation, the available N g in the
conduction band is 40, 41 and 38 for Cd 50Zng»sHgp »55¢€,
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Table 7. Calculated critical points for all the specimens with mBJ-GGA and PBE+U functional.

Critical points (eV) in the spectra of

£(0)

k(o) a(®) o)

Specimen mBJ PBE+U

mBJ PBE+U mBJ PBE+U mBJ PBE+U

0.0 0.0
0.25
0.50
0.75
1.0
0.0
0.25
0.50
0.75
0.0
0.25
0.50
0.0
0.25
0.0

CdSe

Cdo.75Hgo.255¢
Cdo.s0Hgo.505€
Cdy.»5Hgo.755¢

HgSe

Cdy.75Zng 255¢€
Cdy.50Zng 25Hgo 255¢
Cdo.25Zng 25Hgo.505€
Zng 25Hgo 75Se
Cdy.50Zng 505€

Cdo 25Zng s50Hgo.255€¢
Zng s0Hgo 505€
Cdy25Zng 75 Se

Zng 75Hgo 255¢

ZnSe

1.781
1.312
0.884 0.629
0.467 0.259
0.039 —-0.108
2.135 1.681
1.656 1.261
1.189 0.875
0.739 0.493
2.397 1.932
1.955 1.526
1.491 1.181
2.822 2.182
2.298 1.791
3.281 2.432

1.411
1.015

0.25

0.50

0.75

1.0

1.986
1.517

1.321
0.925
1.089 0.539
0.672 0.169
0.244 -0.198
2.344 1.598
1.865 1.178
1.398 0.792
0.948 0.410
2.611 1.858
2.169 1.452
1.705 1.107
3.024 2.103
2514 1.712
3.479 2.362

1.631
1.162

1.361
0.965
0.734 0.579
0.317 0.209
-0.111 -0.158
1.982 1.629
1.503 1.209
1.036 0.823
0.586 0.441
2.246 1.882
1.804 1.476
1.340 1.131
2.667 2.134
2.143 1.740
3.132 2.387

1.870
1.401
0.973
0.556
0.128
2221
1.742
1.275
0.825
2.485
2.043
1.579
2911
2.387
3.371

1.476
1.080
0.694
0.324
-0.04
1.753
1.333
0.947
0.565
2.003
1.597
1.252
2.252
1.861
2.501
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Figure 10. Computed mBJ-GGA based oscillator strength (Ne¢r)
vs. incident energy curve for the CdgysoZng,sHgo2sSe, Cdgoas
Zng s0Hgo25Se and Cdg25Zng2s5Hgos0Se quaternary alloys. The
magnified view of variation of Ny with energy of the incident
photon is displayed as inset for low energy region 0.0-6.0 eV.

Cdo 25Zng 25sHgo 505¢ and Cdy »5Zng s0Hgo 25S€¢ quaternary
alloy, respectively.

4. Conclusion

The present first-principle calculations on cubic compounds
and alloys under the Cd;_,_,Zn,Hg,Se triangular quater-
nary system show that each of them exhibits thermody-
namic and mechanical stability, ductility, elastic anisotropy
and compressibility. Majority of covalent character over
ionic is observed in the chemical bonding of each specimen.
Bending in chemical bonds shows superiority over
stretching in each specimen. In each specimen, inter-atomic
forces are observed to be central in nature. Though zinc-
blende binary compounds are dynamically stable, ternary
and quaternary alloys in zinc-blende phase show dynamical
instability. Therefore, mechanical stability, but dynamical
instability is indicating zinc-blend as a meta-stable phase of
the ternary and quaternary alloys. Calculations of Debye
temperature, thermal conductivity and melting temperature
of each specimen are also a part of the present study.
Irrespective of nature of the employed XC potential scheme,
ZnSe, CdSe and any kind of alloy are direct (I'—I") fun-
damental bandgap semiconductor. Computations with
PBE+U confirm the metallic character of HgSe, while
mBJ-GGA reveals its semiconductor character with narrow
and direct (I'—I') bandgap. The mBJ-GGA scheme pro-
vides a comparatively larger bandgap of any specimen
compared to the PBE4+U. Transport phenomenon in any
considered specimen is due to the predominant role of
electrons having lower effective mass compared to the
holes. The peaks having significant intensity in the spectrum



Bull. Mater. Sci. (2022) 45:34

of dielectric function of any considered sample originate
from Se-4p to Zn-5s, Cd-6s and Hg-7s electronic transi-
tions. Semiconductors with superior bandgap possesses
lower static optical constants, while they require greater
threshold energies (E.) to initiate response in the &(w),
k(w), o(w) and a(w) spectra and vice versa. The availability
of sufficient amount of electrons in the conduction band of
any quaternary alloy during any optical excitation is
ensured beyond 26.0 eV of incident energy with respective
computed oscillator strength.

Based on calculated mechanical properties, e.g.,
strength/hardness, ductility, anisotropy, compressibility,
etc., the cubic specimens allied to the Cd,_,_,Zn,Hg,Se
system would be suitable for load deflection, thermo-
elastic stress, etc., related mechanical applications. Com-
puted thermal properties, e.g., thermal conductivity and
melting temperature reveal that they would be potential
materials for thermal resistant coating, thermal barrier and
thermal management-related applications.

Zinc-blende ternary and quaternary semiconductors of
the Cd,_,_,Zn,Hg,Se system possess direct fundamental
bandgap (I'-I'). Optical properties of these alloys are
regulated by their respective direct bandgap centred at I'-
point. Transport properties in these alloys are predomi-
nantly due to electrons and they exhibit high mobility.
Moreover, substantial variation of the fundamental optical
absorption edge of these alloys is observed over the near-
UV and UV ranges of the electromagnetic spectrum with
concentrations x and y. Such striking optoelectronic fea-
tures properties of these semiconductor alloys would lead
them as potential candidates in diverse near-UV and UV
optoelectronic applications.
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