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A theoretical investigation on structural and elastic properties of zinc sulfide semiconductor under
high pressure is performed by employing the first-principles method based on the density functional
theory. The calculated results show that the transition pressure 7 for the structural phase transition
from the B3 structure to the B1 structure is 17.04 GPa. The calculated values are generally speaking
in good agreement with experiments and with similar theoretical calculations.
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1. Introduction

Zinc sulfide (ZnS), an important direct band gap
(3.66 €V at 300 K) II- VI compound semiconductor, is
of great interest because of its wide range of techno-
logical applications in electroluminescent devices, in-
frared windows, sensors, and lasers, etc [1]. The struc-
tural properties and phase stabilities of ZnS semicon-
ductors are of considerable importance, particularly
in high-pressure science. High pressure experiments
on ZnS provide valuable data, which help to formu-
late fundamental concepts on the physical properties
of semiconductor materials. A fascinating problem is
the structural change and its phase transitions as a re-
action on the external pressure. With the rapid devel-
opment of high pressure techniques, extensive experi-
mental works have been done to address the high pres-
sure behaviour of ZnS in the past few years [2-8].
The pressure induced phase transitions of ZnS from the
zincblende (ZB) structure to the rocksalt (RS) structure
was first reported as 24.0 GPa by Samara and Drick-
amer [3]. Baars and Brandt presented X-ray diffrac-
tion structural measurements on the ZnS semiconduc-
tor and investigated the structural phase transitions in
ZnS between 20 and 1200 °C [4]. On the basis of the
X-ray diffraction through a diamond anvil cell, Zhou

et al. measured the equation of state and optical proper-
ties for the high pressure phase of ZnS at room temper-
ature. They reported that the structural phase transition
pressure value was 15 GPa [5].

Theoretically, the investigations of the high pressure
behaviour of ZnS have made remarkable progress by
using the ab initio method [9—11]. Chen et al. investi-
gated the phase transition of ZnS from the ZB struc-
ture to the RS structure by the ab initio plane-wave
pseudopotential density functional theory method and
found that the pressures for the transition from the
ZB structure to the RS structure are 17.5 GPa from
total energy—volume data and 15.4 GPa from equal
enthalpies [9]. Gupta et al. performed a theoretical
study of the structural phase transformation of ZnS
under high pressure using first principle plane wave
pseudopotential (PW-PP) and full potential linear aug-
mented plane wave (FPLAPW) method [11]. Bilge
et al. calculated the B3—B1 phase transition and me-
chanical properties of ZnS and predicted that the phase
transition from the B3 structure to the B1 structure oc-
curs at a pressure of 18.5 GPa [10]. However, compar-
ing with the availability of precise experimental date,
an adequate analysis of the microscopic physical origin
of ZnS under high pressure is still lacking, especially
for the elastic properties of both phases.
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In this paper, we describe a systematical investi-
gation of the high pressure behaviour and structural
phase transition of ZnS by first-principles quantum-
mechanical calculations. Our original motivation for
this work is threefold. Firstly, it is to give a comprehen-
sive and complementary investigation of the structural
and elastic properties of ZnS in ZB and RS structure
under high pressure. Our second intention is to provide
a reasonable interpretation about the structural phase
transition between B1 phase and B3 phase of ZnS. We
are motivated, thirdly, by the hope that such an inves-
tigation might contribute some further understanding
of the thermodynamic properties of ZnS and its related
semiconductor materials.

2. Theory

The thermodynamic state of a solid system is usu-
ally defined by pressure, volume, and temperature,
linked by the equation of state. Generally, the simplest
isothermal equation of state for solids is given by the
definition of the bulk modulus B [12],

dP
B=— . 1
dinV M

This simple equation of state is obviously not suitable
for high pressures since it does not take into account
the fact that it is more and more difficult to compress
the solid, i.e. that the bulk modulus increases with pres-
sure. In this work, the third-order Birch—-Murnaghan
equation of state has been used for fitting the the-
oretical data since it is most often used in experi-
mental studies of solids at high pressure. The third-
order Birch-Murnaghan equation of state can be writ-

ten as [12]
Vo 7/3_ Vo3
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3, Vo3
~{1+4(BO—4) (VO) —1]}.

For a cubic crystal, there are three independent elastic
constants (C;1, Ci2, and C44) which are believed to be
related to the second-order change in the internal en-
ergy of a crystal under deformation. Hence, to investi-
gate the stability of ZnS semiconductors, we have cal-
culated the elastic constants under hydrostatic pressure
by a direct method. In this method, the elastic constants
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are defined by means of a Taylor expansion of the total
energy E(V,0) for the system with respect to a small
strain § of the lattice primitive cell volume V. The en-
ergy of a strained system can be expressed as [13—17]

E(V,8) =E(V,0) 3)
1
+Vo| Y Ti&idi+ 5 2.Ci16:8;6
i ij

where E(Vp,0) is the energy of the unstrained system
with equilibrium volume Vj, 7; is an element in the
stress tensor, and &; is a factor to take care of the Voigt
index. For the calculations of the elastic constants,
we consider three independent volume-non-conserving
strains [14 —16]
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where &1, &, and &; are the matrixes for the calculation
of C11, C12, and Cy4, respectively. The elastic constants
C11, C12, and Cy4 can be defined as
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Under hydrostatic compression, in order to compare
with experimental results, the elastic constants C;;
must be transformed into the observable elastic con-
stants ¢;; defined with respect to the finite strain
variables. The three non-independent elastic constants
(c11,¢12, and c44) can be transform into the three in-
dependent elastic constants (Ci;, Ci2, and Caq) as fol-
lows:
P

ci1 =Cr1, ci2=C2+P, C44=C44—§~ (®)

For a ZnS semiconductor, the stiffness and compliance
constants are related by [17]
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3. Details of the Calculations

The first-principles calculations are performed us-
ing the pseudopotential plane-wave method, as imple-
mented in the Cambridge serial total energy package
(CASTEP) program [18, 19], which has been shown
to yield reliable results for the electronic and struc-
tural properties of various solids. For structural prop-
erty calculations, the exchange correlation potential
is described in the generalized gradient approxima-
tion (GGA) using the Perdew—Burke—Ernzerhof (PBE)
functional [20, 21]. The electronic wave functions are
expanded in a plane-wave basis set with a cutoff en-
ergy of 650 eV for ZnS at zero and high pressure stud-
ies. Coulomb potential energy caused by electron—ion
interaction is described in which orbital of Zn 34'° 45>
and S 3s% 3p* are treated as valence electrons. The spe-
cial points sampling integration over the Brillouin zone
are carried out using the Monkhorst—Pack method with
a 20 x 20 x 20 special k-point mesh. The tolerances for
geometry optimization are set as the difference in to-
tal energy being within 1076 eV /atom. The accuracy
of the total energies obtained within the framework of
density functional theory is in many cases sufficient to
predict which structure at a given pressure has lowest
free energy.

4. Results and Discussions

For both B1 and B3 phases of ZnS crystals, the first
step in calculating the structural properties has been
to find the equation of state. In order to establish the
validity of the parameters used in the present inves-
tigation, we calculated the total energy of both B1-
type and B3-type ZnS for a set of volumes. From the
ground-state volume, we can find that the bulk modu-
lus is a function of the volume (Fig. 1). From Figure 1,
we can also confirm that the bulk modulus decrease
rapidly with increasing volume. In order to fully ex-
ploit simple semiconductor materials, it is necessary
to obtain a good understanding of ZnS, and in partic-
ular, its high pressure structural phase transition. The
structural phase transition from the B3 phase to the
B1 phase of ZnS is investigated at 0 K because of the
simplicity of the calculations and because these phase
changes are experimentally known to exhibit very little
temperature dependence. In general, the free energy G
can be expressed as [12]

G=E+PV-TS, (10)
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Fig. 1 (colour online). Dependence of bulk modulus on the
cell volume of ZnS semiconductor.

where E is the internal energy, S the vibrational en-
tropy, P the pressure, and V the volume. At 7 = 0K,
the Gibb’s free energy G becomes equal to the en-
thalpy H [12]:

H=E+PV. (11)

Under compression, the calculation shows that ZnS
will undergo a structural phase transition from the B3
phase to the B1 phase by increasing the pressure, as
shown in Figure 2. We calculated the total energy of
ZnS in both the B3 structure and the B1 structure as
a function of pressure from 0 to 100 GPa. The transi-
tion pressure P for the structural phase transitions is
determined by the usual condition of equal enthalpies
in the both phases, i.e. Hg(P;) = Hpy(P;). The varia-
tions of the enthalpy versus the pressure are presented
in Figure 3. It is worth pointing out that the intersec-

S Zn
P
B3 Phase Bl Phase
Fig. 2 (colour online). Crystal structures of ZnS in the two

phase; left figure shows the zincblende (ZB) structure; right
figure shows the rocksalt (RS) structure.




D. Wei et al. - Phase Transition and Elastic Properties of Zinc Sulfide Under High Pressure

659

-1970
. |
— B ./
-1972 |-
e [ e B2 /u/
/. ./
-1974 |- n s
./ P
- / /.
1976 | - .
-1978 |-
s R
% 1980 s
2 _ = S
] Q
£ . B
u S
—-1982 -— f/
-1984 |- ‘Ijé- ]
| 1987.0
M ]
_1986 | A 19875 :
i ,I7. -1988.0 L . AT04GPa =
3 6 9 12 15 18 21 24 27
— L
1988 An Pressure(GPa)
v
L/
—1990 L | . 1 N 1 N 1 | L | L | L | N | L
0 10 20 30 40 50 60 70 80 90 100

Pressure(GPa)

Fig. 3 (colour online). Enthalpy as a function of pressure for the B3 and B1 phases of ZnS.

tion of the two enthalpy curves implies that the B3 —B1
phase transition in ZnS occurs at 17.04 GPa. This re-
sult is in good agreement with experimental data [5]
and theoretical work [9, 10].

Valuable information about the structural properties
is very important for understanding the solid proper-
ties from a microscopic point of view. The reason is
that the structural properties can provide highly de-
tailed information about the nature of interatomic bind-
ing forces in solids. Using the first-principles calcula-
tions, we have calculated the structural properties for
both B3-type and B1-type ZnS. The calculated lattice
constant a, the primitive cell volume Vj, the bulk mod-
ulus By for B1 and B3 phases are listed in Table 1, to-
gether with the available experimental and theoretical
work for comparison. From Table 1, we can see that
the calculated lattice constant a agree well with the ex-
perimental data. The overestimation of lattice constant
a parameters is about 0.8% for B1 phase and 0.5% for

Table 1. Calculated and experimental lattice constant [A],
primitive cell volume [A3], bulk modulus [GPa] of ZnS at
Zero pressure.

Structure a Vo By
Present work 5.440 40.239  69.533
Experiment [6] 5.410 76.900

B3 Experiment [7] 78.000
Theory [9] 5.404 71.220
Theory [10] 5.449 70.020
Present work 5.099 33.148  86.380
Experiment [5] 5.130 85.000

Bl Experiment [8] 5.060 103.60
Theory [9] 5.070 89.540
Theory [10] 5.107 85.107

B3 phase. The good agreement between them shows
the accuracy of the present electronic structure calcu-
lations. To gain further insight into the mechanical sta-
bility of ZnS crystals, we have calculated the elastic
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Table 2. Calculated and experimental elastic stiffness constants C;; [GPa] and elastic compliance constants S;; [1/GPa] for

ZnS at zero pressure.

Structure Ci Ci2 Cyq S11 S12 Sa4
Present work 96.9 48.3 55.8 0.0178067 —0.0065064 0.0206949
Theory [9] 99.6 57.0 50.5
B3 Theory [10] 972 56.4 64.1
Experiment [7] 104.0 65.0 46.2
Present work 123.5 49.1 67.8 0.0132328 —0.0046869 0.0203684
B1 Theory [9] 136.1 65.0 54.1
Theory [10] 133.1 61.1 47.1

constants using the ab initio stress—strain relations. The
theoretical results are given in Table 2.

5. Conclusions

Using the pseudopotential plane-waves method
based on the density functional theory, within the gen-
eralized gradient approximation, we studied the struc-
tural and elastic properties of ZnS semiconductor un-
der high pressure. From the theoretical calculation, the
structural phase transition of ZnS from the B3 phase to
the B1 phase is determined. The calculated results are
found to be in good agreement with the available ex-
perimental data and theoretical values. Unfortunately,
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