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Within density functional theory based on the full potential-linearized augmented plane wave method, we carry

out the first-principles calculation of the structural, electronic, and optical properties of the zinc blende quaternary

alloy Znj—;BezSySe1 . The Perdew-Burke-Ernzerhof generalized gradient approximation based on the optimization

of total energy and the Engel-Vosko generalized gradient approximation based on the optimization of the corresponding

potential are used. Our investigation on the effect of the composition on lattice constants, bulk modulus, band gap,

optical dielectric constant, and refractive index shows a non-linear dependence. The energy gap Eg(z, y) has been

determined over the entire compositions x and y. In addition, the energy band gap of the technologically important

quaternary alloy Zni_.Be;Sy,Se1_, in conditions of being lattice matched to ZnS substrate has been investigated. It

is noteworthy that the present work is the first theoretical study of the quaternary alloy of interest.

Keywords: density functional theory, full potential-linearized augmented plane wave method, qua-

ternary alloy, lattice-matched substrate
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1. Introduction

The semiconductor alloys provide a natural means
of tuning the magnitude of the forbidden gap and
other material parameters so as to optimize semicon-
ductor devices and widen their application. Quater-
nary systems open new possibilities for material en-
gineering as they enable the control of three basic
parameters: the band gap, the lattice constant, and
the valence band offset. Consequently, the fabrica-
tion procedure is very important in optoelectronic en-
gineering.

Recently, practical applications of the semicon-
ductor alloys fabricated on the basis of II-VI com-
pounds have become very widespread. To develop
these alloys for use as optoelectronic devices, such
as short-wavelength lasers and ultraviolet detectors,
we need new and improved materials with a wider
range of band gap as well as a higher stacking fault
energy than that obtained from elemental or com-
pound semiconductors.!') Additionally, long standing
problems such as the achievement of stable and low-
resistivity p-type doping, high-longevity Ohmic con-
tact, and low defect density for the ternary and qua-
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ternary alloys should be solved.!?!

Beryllium (Be) chalcogenide semiconductor alloys
have recently been proposed for improving the perfor-
mance of ZnSe-based blue-green lasers.l?] According
to the theoretical calculation and subsequent experi-
mental verification, the II-VI compounds containing
Be have been found to possess an enhanced ability
to significantly reduce the defect propagation due to
stronger covalent bondings and lattice hardening. 4!
The strong covalent bonding in Be-based II-VI com-
pounds supports a considerable lattice hardening,
which avoids the multiplication of defects during the
operation of II-VI semiconductor laser devices.:6

Recently, the technological importance of the
group (Zn, Be) (S, Se) particularly for optoelectronic
devices has stimulated the study of their quaternary
alloy Zn;_,Be;S,Se;_,. This system has a special
importance in that it will provide a higher band
To the best of

our knowledge, there are no theoretical and exper-

gap for detecting ultraviolet rays.

imental reports about the Zn;_,Be.;S,Se;_, alloy.
Hence, to provide a basis for understanding the fu-

ture device concepts and applications, we have com-
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puted the structural, electronic, and optical prop-
erties of Zn;_,Be;S,Se;_, quaternary alloy using
the full potential-linearized augmented plane wave
(FP-LAPW) method within density functional theory
(DFT).

In the present work, we focus our attention on
the variation of lattice constant, bulk modulus, band
gap, and refractive index of composition (z, y). Then,
the gap energy of Zn;_,Be,S,Se;_, at the lattice con-
stant of ZnS has been calculated. The organization of
this paper is as follows: we present the computational
method called FP-LAPW in Section 2.
3, we report and discuss the calculated structural and

In Section

electronic properties of the investigated quaternary al-
loys and their related binary compounds and ternary
alloys. Finally, conclusions are given in Section 4.

2. Theoretical aspect and compu-

tational method

In this work, we have used the self consistent FP-
LAPW method within the DFT to solve the Khon—
Sham equations as implanted in the WIEN2K code.[”!
In this program , space is divided into two regions, and
spherical muffin-tins (MTs) surround the nuclei. The
radial solutions of the Schrédinger equation and their
energy derivatives are used as basis functions. There
is an interstitial region between the MTs, where the
basis set consists of plane waves. There is no pseudo-
potential approximation and core states are calculated
self-consistently in the crystal potential. The core
states are fully relativistic, while the valence and semi-
core states are treated semi-relativistically (i.e. ignor-
ing spin-orbit coupling). In this method, an energy
bound separating of —6 Ry between the valence elec-
trons and the core states was chosen. The exchange
correlation potential for the structural properties was
calculated using the Perdew—Burke-Ernzerhof gener-
alized gradient approximation (PBE-GGA),!8 while
the Engel-Vosko generalized gradient approximation
(EV-GGA)P! was applied for the electronic properties.

In our calculations, we ensure that Ryt Kmax =
8, which determines the matrix size (R is the small-
est of all atomic sphere radii, K.y is the cutoff of the
interstitial plane wave). Values of Ryt were assumed
to be 2.1, 1.8, 2, and 2.2 a.u. for Zn, Be, S, and Se
atoms, respectively. A mesh of 55 special k points
for binary compounds and 27 special k points for the
alloys were taken in the irreducible wedge of the Bril-
louin zone for the energy calculation.

3. Results and discussion

3.1. Binary compounds

The quaternary compounds Zn;_,Be;S,Sei_y
are bordered by the ternary alloys Zn;_,Be,S,
Zn;_,Be,Se, ZnS,Se;_,, and BeS,;Se;_,, which are
bounded, in turn, by four binary compounds of ZnS,
ZnSe, BeS, and BeSe. A schematic diagram describ-
ing the calculation models is presented in Fig. 1. As
the starting point, we have computed the structural
and electronic properties of the binary compounds
that crystallize in the two-atom unit cell zinc blende
lattice structure. Fitting the Murnaghan equation
of states!'® to the total energy versus many differ-
ent volumes yields the equilibrium lattice parame-
ters and bulk modulus. These results are tabulated
in Table 1, along with the other experimental and
theoretical values available. Considering the general
trend that the GGA wusually overestimates the lat-
tice parameters,?223 our GGA results of binary com-
pounds are in reasonable agreement with the experi-

mental and other calculated values.

ZnS LZnSe BeS BeSe

BeS,Se;_ .

Zn,_,Be,S

7Zn,_,Be,Se

ZnS,Sei_,

Zn;_,Be,S,Se;_,

Fig. 1. Schematic diagram of the calculation models.

The computed band structures of the binary com-
pounds using both GGA and EV-GGA schemes indi-
cate a direct band gap I" — I for ZnS and ZnSe and
an indirect band gap I"' — X for BeS and BeSe. The
results of the band gaps are given in Table 1. As ex-
pected, the band gap values given by the EV-GGA
are in better agreement with available experimental
results in comparison with the values calculated by
GGA. In fact, it is well known that GGA underes-
timates the energy gap.(2425] This is mainly due to
the fact that the functionals within this approxima-
tion have simple forms that are not flexible enough
to accurately reproduce both exchange-correlation en-
ergy and its charge derivative. It is noticeable that
the Engel-Vosko scheme, which is based on poten-
tial optimization, is capable of giving a more reliable
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band structure. However, for standard GGA, since

the exchange-correlation energy is optimized, in gen-

eral the structural properties can be reproduced more
accurately.

Table 1. Calculated lattice parameter, bulk modulus, and band gap energy (Eg) for the binary compounds in the

zinc blende structure at equilibrium volume.

Lattice constant a/A Bulk modulus B/GPa Eg/eV
Present work  Exp. Other work Present work  Exp. Other work  Present work Exp. Other work
GGA EV EV
ZnS 5.455 5.409%)  5.458°), 5.436%) 70.04 75.009  69.30°), 77.4D  1.969 2.812 3.68%) 2.823¢)
ZnSe 5.741 5.668%) 5.7438), 4.747°) 56.96 64.70) 56.828), 6.77%9) 1.111 1.848 2.69%) 1.863°)
BeS 4.883 4.870P) 4.883M) 4.839) 92.45 105.0) 91.60M), 102.8) 3.148 4.247 > 5.50) 4.268)
BeSe 5.184 5.1379  5.178%), 5.137Y 75.19 92.209  79.66"), 82.20) 2672 3.634 4-4.50 3.648)

a)Ref. [11], P Ref. [12], 9 Ref. [13], DRef. [14],)Ref. [15],)) Ref. [16], &) Ref. [17],2) Ref. [18],DRef. [19] ) Ref. [20], X Ref. [21].

3.2. Ternary alloys

The second step of our simulation was to
study the ternary alloys: Zn;_,Be;S, Zn;_,Be,Se,
7nS;Se;_,, and BeS,;Se;_,. We have used ordered
structures described in terms of supercells with eight
atoms per unit cell, for the compositions x = 0.25, 0.5,
0.75. For the considered structures, we performed the
structural optimization by minimizing the total energy
with respect to the cell parameters and the atomic po-

sitions.

Our calculated lattice constants of different com-
positions of ZnS,Se;_, and BeS;Se;_, alloys, as
shown in Fig. 2, were found to vary almost linearly
with concentration following the Vegard’s law (i.e., a
linear variation of the lattice constant of alloys ver-
sus composition x[%]) with marginal upward bow-
ing parameters of —0.034 (—0.027 A in Ref. [15])
and —0.036 A, respectively. While, a large devia-
tion from the Vegard’s law was found for Zn;_,Be,S
and Zn;_,Be,Se alloys with upward bowing param-
eters of —0.197 (—0.16651 A in Ref. [17], —0.16 A
in Ref. [27]) and —0.213 A (—0.1678 A in Ref. [17],
—0.1314 A in Ref. [27]).

Vegard’s law in semiconductor alloys have been re-

However, deviations from

ported both experimentally?®! and theoretically.*8!
The physical origin of this deviation should be mainly
due to the large mismatch of the lattice constants of

the relevant binary compounds.
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Fig. 2. (colour online) Composition dependence of the
calculated lattice constant (a) and bulk modulus (b) for
the four pseudo-binary alloys using PBE-GGA.

A deviation of the bulk modulus from the lin-
ear concentration dependence (LCD) (see Fig. 2) with
downward bowings of 3.824 (Ref. [15]: 2.12 GPa),
3.017, 0.978 (Ref. [17]: 0.8573 GPa), and 0.238 GPa
(Ref. [17]: 0.8573 GPa) for ZnS,Se;_,, BeS,Se;_,,
Zmn;_,Be,;S, and Zn;_,Be,Se alloys was observed. A
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more precise comparison of the behaviours of these
ternary alloys (see Fig. 2) shows that the decrease of
the lattice constant is accompanied by the increase of
the bulk modulus. It represents bond strengthening
or weakening effects induced by changing the compo-
sition.

Figure 3 displays the variations of the direct and
indirect band gap energies as functions of the com-
position x for the ternary alloys. Note that all band
gap energies exhibit non-linear behaviour with respect

to x with different rates of variation. Particular at-

tention has been devoted to the crossover point, at
which the I and X valley minima have the same en-
ergy. Thus, for Zn;_,Be;S and Zn;_,Be,Se alloys,
the band gap undergoes a crossover from direct to
indirect at a certain value of z. For this purpose,
we have calculated the direct and indirect band gaps
for the alloys at various concentrations. The direct-
to-indirect (I'-I" — I'-X) band gap crossovers have
been located by using the EV-GGA scheme at concen-
trations of 0.81 (Ref. [17]: 0.76) and 0.80 (Ref. [17]:

0.79), respectively.

6.5 5.5
[ ——T—T (EV-GGA) (a) » | ——I—I(EV-GCA)
[ ——I'— X(EV-GGA) —e—I'— X(EV-GGA) ]
55 L e ] 45
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?v ; /-/—/ ) ;
~ L
% 35f /. /_/ 2.5
& i
]
= [ u - ]
o 25— ‘ A : : ‘ —] 15
g 44l " T —=—I'—T (EV-GGA) (d) 16.0
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Fig. 3. (colour online) Energy band gap as functions of the composition z for the ternary alloys: (a) Zni—,BezS,

(b) Zni_5BegSe, (¢) ZnSzSe1—z, (d) BeSzSe1—_g.

The band gap energies increase nonlinearly with
increasing concentration x, providing a positive gap
bowing. Indeed, it is a general trend for the band
gap of an alloy A,B;_,C in terms of the pure com-
pound energy gaps Fac and Epc following the semi-

empirical formula:
Eg =zxFEarc + (1 — J?)EBC — 3;‘(1 — x)bE, (1)

where the curvature by is commonly known as a gap
bowing parameter. Based on the EV-GGA scheme,
the calculated bowing parameters of ZnS,Sej_,,
BeS,Se;_;, Zn;_,Be,S, and Zn;_,Be,Se alloys are
equal to 0.275 (Ref. [11]: 0.68), 3.845, 1.93, and 2.02
(Ref. [29]: 0.97) eV for EL (at I' point), respectively.

3.3. Quaternary Zn;_,Be,S,Se,_, alloys

In order to compute the lattice parameter, bulk
modulus, energy band gap, and refractive index of the
quaternary alloys Zn;_,Be;S,Se;_,, we adopted the
special quasi-random structures (SQS) approach. The
supercells used in our calculations were thus obtained
via a simulated-annealing procedure. Among 64 atom
simple cubic structures, the ones that minimize the to-
tal energy with respect to the cell parameters and the
atomic positions were searched. The results concern-
ing the lattice constant and bulk modulus are depicted
in Figs. 4 and 5, respectively. A marginal deviation
of the lattice constant from the Vegard’s law as well
as that of the bulk modulus from the LCD can be
observed.
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The formation energy Frorm(x,y) of quaternary
alloys at different concentrations was calculated using
the following formula:

EForm ($7 y) = EZnBeSSe(x7 ZU) - xyEBeS
+ (]- - x)yEZnS + .’E(]. - y)EBeSe
+ (1 - iU)(l - y)EZnSea (2)

where Eges, Ezns, FBese, and Ez,s. are the total en-
ergies of the corresponding binary compounds, and
E7,Besse is the total energy of the quaternary alloy at
relevant concentrations. Figure 5 shows the results in
a contour plot form, the darker part of the graph cor-
responds to more stable alloy. It is apparent that the
least stable alloys are those with concentration near
50% for Be and 70% for S.

We have also investigated the electronic struc-
tures of these alloys. The alloy wave functions at the
top of the valance and the bottom of the conduction
The largest direct band
gap EV-GGA value calculated for the quaternary al-

bands have a I' character.

loys is 3.9 eV at composition x = y = 0.75. In view
of Fig. 4, one can note that the band gap energies
depend nonlinearly on the compositions, especially at
high concentration of z and y.

1.0

o o
o ®©

Sulfur composition y
o
I

0.2

: 1
0 . . 0.8
Beryllium composition z

Fig. 4. Contour map of the calculated lattice constant in
A (solid lines) and direct-indirect minimum energy band
gap in eV (dashed lines) versus the compositions z and y
for Zn1_,BesSySe1—y quaternary alloys.

Table 2. Calculated lattice parameter, bulk modulus, and band gap energy (Eg) for the Znj_,;BezSySe1_y

quaternary alloys.

. A Eg/ev
T y Lattice constant a/ Bulk modulus B/GPa GGA EV
0.25 0.25 5.573 65.48 1.819 2.630
0.25 0.5 5.502 67.59 2.036 2.872
0.25 0.75 5.427 71.55 2.292 3.155
0.5 0.25 5.454 69.47 2.463 3.003
0.5 0.5 5.373 72.52 2.891 3.552
0.5 0.75 5.297 76.24 2.971 3.890
0.75 0.25 5.299 73.89 2.731 3.676
0.75 0.5 5.224 77.73 2.824 3.789
0.75 0.75 5.148 82.74 2.994 3.991
%HOS BeS Figure 4 can be very useful for engineering of
- 000'0029 semiconductor alloys because it enables us to select
0.0018 .0052
.08 alloys with desirable optical properties on any given
£ substrate by looking for concentration at which the
Z 0.6 system has the required lattice constant and band gap.
i
@ The optical properties of a solid are usually de-
=]
S 0.4 scribed in terms of the complex dielectric function
—-
£ 0o e(w) = e1(w) + iea(w). The imaginary part of the
= .
n dielectric function in the long wavelength limit can be
0 obtained directly from the electronic structure calcu-
0 0.2 0.4 0.6 0.8 1.0 . . L. .
7nSe BeSe lation, using the joint density of states and the op-

Beryllium concentration =

Fig. 5. Contour map of the calculated bulk modulus in
GPa (dashed lines) and formation energy contour lines (Ry
per cell) (solid lines and shadings) versus the compositions
z and y for Zni_,Be;SySe1_y quaternary alloys.

tical matrix elements. The real part of the dielectric
function can be derived from the imaginary part using
the Kramers—Kronig relationship. The acquirement of
both real and imaginary parts of the dielectric func-
tion allows the calculation of important optical func-
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tions. The refractive index is given by

o) — |21 | VED @)
2

At low frequency (w = 0), we obtain the following

relation:

n(0) = £'/2(0). (4)
The refractive index of semiconductors represents a
fundamental physical aspect that characterizes their

The knowledge
of the refractive index is essential for devices such

optical and electronic properties.

as photonic crystals, wave guides, solar cells and
detectors.[3%

Figure 6 displays the contour map of the calcu-
lated refractive index versus the compositions = and y
for Zn; _,Be;S,Se; _, quaternary alloys. One can note
that the refractive index decreases with increasing z
and y, and depends nonlinearly on the compositions.

ZnS BeS

1.0 \@

0.8 \
2.5

>
=]
2
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S 0.4 \
=
= 2.5
)
0 0.2 \2 6
2.6
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
ZnSe BeSe

Beryllium concentration x

Fig. 6. Contour map of the calculated refractive index
versus the compositions 2 and y for Znj_;BezSySe;
quaternary alloys.

1.0 =3
= 0.8
8
b
£ 06
g
Q
o
8 .
S 04f
&
=]
I 6.4
B o 6.6
6.
0 0.2 0.4 0.6 0.8 1.0
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Fig. 7. Contour map of the calculated dielectric function
versus the compositions « and y for Zni_,Be;SySe1_y
quaternary alloys.

The dielectric function has been estimated ac-
cording to Eq. (4).
Qualitatively, the composition dependence of the di-

The results are given in Fig. 7.

electric function of the alloy has the same trend as
that of the refractive index. This is not surprising be-
cause the dielectric function is directly calculated by
using Eq. (4).

Finally, in order to understand the interfaces
of our investigated alloys and the proximity effects
of substrates on them, we present the properties of
Zn;_,Be;S,Se;_, alloys with lattice matched to ZnS
semiconductor substrate. For this purpose, we used
the following relationship between the compositions x
and y for lattice matched to quaternary alloys:

a(:r,y) = TYaBes + (]- - x)yaZnS + LC(]. - y)aBeSe
+ (1 —2z)(1 — y)aznSe, (5)

where apes, @BeSe, Znse, and az,s are the lattice con-
stants of the binary compounds. By equalizing a(x,y)
and the lattice constant of ZnS, the corresponding
concentration for lattice matched to quaternary alloy
Zny_,Be,S,Se1_, is obtained as follows:

~0.286 — 0.557x

R — < x<0.5).
Y= 0286 1 0.015a° (0= =05) (6)

The above expression, specifies a (z, y) relation-
ship in which the corresponding alloy have the same
lattice constant value as for ZnS. We considered
five different concentrations along the line of lattice
matched to ZnS: (z, y)=(0/32, 32/32), (7/32, 19/32),
(10/32,13/32), (13/32,7/32), (16/32, 1/32).

Figure 8 displays the energy gaps as functions of
BeS compositions along the ZnS matching lines of the

e
3.2F /
_ @
o
L N
>
L 28l o
o
[
bo -
%
254
& "
- I/.
l/
2.0} /

1 1
0 0.1 0.2 0.3 0.4 0.5

Composition =

Fig. 8. (colour online) Energy band gaps of Zni_;BezSySe1_y
quaternary alloy lattice matched to ZnS as functions of compo-
sition z using EV-GGA (solid circles) and GGA (solid squares)
schemes.
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composition plane, which is obtained from a calcula-
tion performed by GGA and EV-GGA schemes. The
visible nonlinear behaviour of the band gap versus
concentration = leads to the gap bowing parameter
of 0.494 eV within the EV-GGA.

The results show that by tuning the concentra-
tions in quaternary alloys, a broad range of band gaps
(covering the ultraviolet window) and therefore opti-
cal properties are accessible for alloys grown on ZnS
substrate. Within the EV-GGA, the calculated band
gap of Zn; _,Be,SySe; _y lattice matched to ZnS varies
from 2.812 to 3.286 eV. From our results, we find that
the studied quaternary alloys can be useful in the de-
sign of new blue—green laser diodes and laser-emitting
diodes.

4. Conclusion

In summary, we have investigated the structural,
electronic, and optical properties of Zn; _,Be;S,Se1_
quaternary alloys as functions of the compositions x
and y using the FP-LAPW method within the DFT.
A nonlinear behaviour of the lattice constants, bulk
modulus, band gap, dielectric function, and refractive
index with respect to x and y has been observed. The
calculations of formation energy shows that the least
stable alloys are around 50% and 70% concentrations
of Be and S atoms, respectively. The gap bowing of
quaternary alloys is strong at high composition . The
direct band gap of the ZnBeSSe lattice matched to ZnS
for the range of the composition x from 0 to 0.5 has
been calculated, the results indicate that the band gap
increases with the composition x.
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