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Phase transformation of cadmium sulfide under
high temperature and high pressure conditions
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Cadmium sulfide (CdS) is one of the most significant wide band gap semiconductors, and knowledge of
the phase transformation of CdS under high temperature and pressure is especially important for its
applications. The pressure—temperature phase diagram and the phase transformation pathways of CdS
have been investigated by using density functional theory combined with quasiharmonic approximation.
Our results indicated that under ambient conditions, wz-CdS is a stable phase, while under high
temperature and pressure, rs-CdS becomes the stable phase. It is also found that zb-CdS is an
intermediate phase in transforming from rs-CdS to wz-CdS. Therefore, although there are no zb-CdS
phase regions in the CdS pressure—temperature phase diagram, zb-CdS can be found in some prepared
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|. Introduction

Cadmium sulfide (CdS) is one of the most significant wide
band gap (~2.4 eV) semiconductors with excellent optoelec-
tronic properties. It has been widely used in the fields of
infrared materials, photovoltaic cells, sensors, energy storage
materials and photocatalysts."™ CdS exists in three phases,
including the wurtzite structure (wz-CdS) with a direct band
gap of ~2.4 eV,"*” the zinc-blende structure (zb-CdS) with a
band gap of ~2.55 eV,® and a high pressure rocksalt structure
(rs-CdS) with an indirect band gap of ~1.5 eV.””? To maintain
excellent optoelectronic properties, CdS must remain in the
wurtzite structure for practical applications. Therefore, the
structural phase transformation in CdS crystals becomes an
important issue, and it has attracted many theoretical and
experimental studies. By comparing the enthalpy of wz-CdS,
zb-CdS and rs-CdS, Tan et al. found that wz-CdS and zb-CdS
can be transformed into rs-CdS under high pressure condi-
tions, and the critical transformation pressures are 2.6 and
2.57 GPa, respectively.” Similar results have been obtained
by first principles calculations,’ optical-absorption experi-
ments,” Raman scattering,’™* and X-ray diffraction.'® In
reality, temperature plays an important role in the structural
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phase transformation processes,"* thus the influence of tem-
perature on the structural phase transformation of CdS
crystals cannot be ignored. Although many experimental
methods have already been developed to study the high
temperature and high pressure (HTHP) phase transformation
of materials, it is still difficult and expensive to perform
HTHP phase transformation experiments on materials due
to the complexity of sample preparation and the need to
maintain the sample under HTHP conditions. Hence, no
HTHP structural phase transformations and pressure and
temperature (P-T) phase diagrams of CdS crystals have been
studied systematically in previous works."***® With ready avail-
ability of computing power, computational methods become an
important alternative tool to study HTHP phase transformations
of materials. Recently, density functional theory combined with
quasiharmonic approximation theory (DFT-QHA)" has been devel-
oped for studying the structures and properties of crystals under
HTHP conditions,'® and it has been successfully used in many
different crystal structures.””™® This method provides an effective
tool for the study of structural phase transformation under HTHP
conditions and further allows the construction of the P-T phase
diagram of CdS crystals.

In this work, the structural phase transformation under
HTHP conditions and the P-T phase diagram of CdS crystals
have been studied by using DFT-QHA theory. Furthermore,
the phase transformation pathways among these CdS crystals
have also been investigated. Our results indicated that under
ambient conditions, the wz-CdS is a stable phase; while under
HTHP conditions, rs-CdS becomes the stable phase, and zb-CdS
is the intermediate phase in the transformation from rs-CdS
to wz-Cds.
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lI. Computational methods

According to the DFT-QHA method,"” the Gibbs free energy at
different pressures and temperatures G(7,P) can be calculated
by the following equation:

G(T,P) = F(T,V) + PV, 1)

where F(T,V) represents the Helmholtz free energy of the
crystal. It is expressed as follows:

F(T,V) = E(V) + th(T,V). (2)

In this equation, E(V) denotes the total energy, and Fyy, is the
phonon vibration energy at a given volume V. Hence, G(T,P) can
be expressed as:

G(T,P) = E(V) + PV + Fy(T,V). 3)

The total energy is obtained by using density functional theory
(DFT) based on the plane-wave pseudopotential technique as
implemented in the VASP package.” The exchange and correlation
interactions have been described in the local density approxi-
mation (LDA-CAPZ).>' The kinetic cutoff energy for plane waves
was set as 600 eV. The k point separation in the Brillouin zone was
9 x 9 x 9 for zb-CdS and rs-CdS, and 13 x 13 x 5 for wz-CdS. The
convergence energy and force are set to 1 x 10~ ° eV per atom and
1 x 1073 ev A™* with respect to electronic, ionic and unit cell
degrees of freedom. The LDA method has been used in this work,
since it can give reasonable lattice constants of wz-CdS and rs-CdS
in comparison with GGA." In addition, our benchmark calcula-
tions are conducted for the rs-CdS phase; the calculated lattice
constant a = 5.355 A agrees well with the experimental value of
a = 5.44 A** Meanwhile, the lattice parameters for wz-CdS are
a = 4.088 A and ¢ = 6.662 A; they are in good agreement with the
experimental values of a = 4.136 A and ¢ = 6.714 A.>® These results
confirmed that our present computational scheme is reliable.

The phonon vibration energy F,,(T,V) can be described by
the following equation:

00
Fou(T,V) =Kz TJ g(w) In[2sin(fiw/2kg T')]dw, (4)
0
where w = w(V) represents the volume dependent phonon
frequencies and g(w) is the phonon density of state in a fixed
volume. The phonon frequencies and the phonon density of
state for a fixed volume are calculated by using the PHONOPY
program.”* This program used the force constants calculated
from the optimized supercell, and the size of the supercell for
the phonon calculations was set at 2 x 2 x 2, which contains 32,
64 and 64 atoms for wz-CdS, zb-CdS and rs-CdS, respectively.

[1l. Results and discussion

A. Structural properties and phonon dispersion of wz-CdsS,
zb-CdS and rs-CdS

Three CdS polytypes (wz-CdS, zb-CdS and rs-CdS) have been built
by using crystallographic data in ref. 5, and their cell parameters
and atomic positions have been optimized under the pressure
range of —6 to 6 GPa. As a result, the corresponding total
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Fig. 1 The calculated total energy E(V) of wz-CdS, zb-CdS and rs-CdS. The
inset figure shows an enlarged section of the E(V) curves of wz-CdS and zb-CdS.

energies E(V) have been obtained, and are plotted in Fig. 1.
The lattice constants, atom positions and the cohesive energy
Econ (fitted by using Murnaghan’s equation of state structure®”)
of three CdS polytypes at 0 GPa along with experimental and
previous theoretical data are summarized in Table 1. The
optimized lattice parameters agree well with the previous theo-
retical and experimental results.>”*>**?%>” There is one type of
bond for zb-CdS and rs-CdS, and the corresponding bond
lengths are 2.501 and 2.677 A, respectively. The bond length of
rs-CdS is larger than that of zb-CdS, but the mass density of
rs-CdS is larger than that of zb-CdS because the coordination
number of rs-CdS (6) is larger than that of zb-CdS (4). The mass
densities of wz-CdS and zb-CdS are similar due to their analo-
gous bond lengths and coordination numbers. wz-CdS, with the
lowest cohesive energy E.,, (—3.712 eV per atom), is the most
stable phase at 0 GPa, and it also has the lowest total energy E(V).
The cohesive energy E.p, (—3.71 eV per atom) and total energy E(V)
values of zb-CdS are much closer to those of wz-CdS.

To study the dynamical stability of CdS phases, the phonon
band structure along the high symmetry directions of the
Brillouin zone and the phonon densities of state (DOS) for all
three CdS phases have been calculated, and they are shown in
Fig. 2. As can be seen, no imaginary frequencies exist at the
vibration frequencies of rs-CdS, wz-CdS and zb-CdS at 0 GPa.
Therefore, rs-CdS, wz-CdS and zb-CdS are dynamically stable
phases at 0 GPa. It is noteworthy that wz-CdS has four atoms in
its primitive unit cell, and there are twelve phonon branches in
its phonon band structure (shown in Fig. 2a). Also, wz-CdS
belongs to the Cq,* space group, and there exist A1 and E1
infrared modes at the Gamma point.*® Furthermore, at the
Gamma point these modes split into longitudinal and trans-
verse (LO and TO) components due to the ionic character of the
crystal,>*® and the LO-TO splitting causes the frequency of
the LO optical mode to be higher than that of the TO optical
mode. But for zb-CdS and rs-CdS, there are two atoms in their
respective primitive unit cells, thus six phonon modes exist in
their phonon band structures. The distinction is that a gap
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Table 1 Optimized crystallographic data, bond length, mass density (D), and the cohesive energies E.p, for different cadmium sulfide polytypes at a

pressure of 0 GPa

Phase  Space group Lattice parameters (A) Atom position Bond length (A) Coordinated D (g cm ™) Econ (eV per atom) Ref.
zb-CdS Fi3m (216) a=5.777 cd (00 0) 2.501 4 4.98 —3.71 This work
a=5.776 S (1/4 1/4 1/4) 5
a = 5.808 26
a=5.87 27
a=5.818 Expt. 23
wz-CdS  P6mc (186) a = 4.088, ¢ = 6.662 cd (1/32/30)  2.505 4 4.98 —3.712 This work
a =4.086, ¢ = 6.667 S(1/32/33/8) 2.5 5
a=4.18,c¢=6.76 7
a=4.19, c=6.66 27
a=4.136,c=6.714 Expt. 23
rs-CdS  Fm3m (225) a=5.355 Cd (000) 2.677 6 6.25 —3.656 This work
a=5358 S(001/2) 5
a = 5.3527 26
a=5.45 7
a=5.44 Expt. 22
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Fig. 2 The phonon band structure and the density of states (DOS) for wz-CdS (a), zb-CdS (b), and rs-CdS (c) at 0 GPa.

exists between optical modes and acoustic modes in the
phonon dispersion of zb-CdS, but for rs-CdS, there is no such
gap in its phonon band structure. Similar to wz-CdS, the LO-TO
splitting at the Gamma point also exists in the phonon band
structures of zb-CdS and rs-CdS (shown in Fig. 2b and c). By
comparing the phonon data of wz-CdS and zb-CdS, we found
that both have peaks at frequencies of 9 THz, 8 THz, 4 THz and
1.6 THz. This result indicated that the phonon properties of
wz-CdS and zb-CdS are similar.

B. Phase diagram of cadmium sulfide

In this work, volume deformation was performed under con-
stant hydrostatic pressure conditions. Furthermore, the volume

This journal is © the Owner Societies 2014

thermal expansion of CdS crystals is not considered since the
thermal expansion of lattice constants is very small.>**° To
construct the P-T diagram of CdS, the phase with the lowest
Gibbs free energy among the three CdS phases needs to be
found under given pressure and temperature conditions. For
example, the relative Gibbs free energies of wz-CdS and zb-CdS
with respect to rs-CdS at a pressure of 0 GPa and temperatures
ranging from 0 to 2000 K are plotted in Fig. 3a. The results
indicated that the phase transformation temperatures are
1160 K from zb-CdS to rs-CdS, and 1235 K from wz-CdS to
rs-CdS. Therefore, the lowest Gibbs free energy phase at this
temperature and pressure can be found. In similar way, the
phase with the lowest Gibbs free energy among the three CdS

Phys. Chem. Chem. Phys., 2014, 16, 14899-14904 | 14901
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Fig. 3 (a) The relative Gibbs free energy vs. temperature for wz-CdS and
zb-CdS with respect to rs-CdS at a pressure of 0 GPa. (b) The calculated
P-T phase diagram for CdS compared with experimental points. A and B,
Raman spectra (ref. 11 and 12); C, X-ray diffraction (ref. 13); D, optical-
absorption experiment (ref. 9).

phases at different pressure and temperature conditions has
been calculated correspondingly, and the P-T phase diagram of
CdS is constructed, as presented in Fig. 3b. It reflects that at
lower temperature and pressure regions, wz-CdS is a stable
phase, while at higher temperature and pressure regions,
rs-CdS becomes the stable phase. Furthermore, the phase
transformation pressure is 2.4 GPa from wz-CdS to rs-CdS at
0 K, and the phase transformation temperature is 1235 K from
wz-CdS to rs-CdS at 0 GPa. The results of our investigations
agree well with the previous experimental and theoretical
data,">°"* even though the long wavelength phonons have
been ignored in the phonon frequencies computational process.'®
Owing to the similarity of phonon properties, the Gibbs free
energies of zb-CdS and wz-CdS are very close, but the Gibbs free
energy of zb-CdS is always higher than that of wz-CdS. There-
fore, there is no zb-CdS phase region in the CdS P-T phase
diagram. Nevertheless, under ambient conditions the zb-CdS
phase can be found experimentally. To further understand why
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zb-CdS can exist under ambient conditions, the phase transfor-
mation pathways among wz-CdS, zb-CdS and rs-CdS have been
investigated.

C. Phase transformation pathway among wz-CdS, zb-CdS and
rs-Cds

To determine the phase transformation pathways among wz-CdS,
zb-CdS and rs-CdS, a series of intermediate structures has been
built by finding the common subgroups of space groups of these
structures. This method has been successfully used to investigate
the phase transformations for many crystals.*’* The high-
symmetry common subgroups, for which the Wyckoff letter and
site symmetry match, are considered the phase transformation
pathway between reactant and product structures. It is known that
the space groups of wz-CdS, zb-CdS and rs-CdS are P6s;mc
(No. 186), F43m (No. 216), and Fm3m (No. 225), respectively. By
comparison, for the subgroups of these crystal structures, as listed
in the International Tables for Crystallography,** we found that
Pca2, (No. 29) may serve as the space group of the intermediate
structure in the structural phase transformation process from
wz-CdS to zb-CdS, and also from wz-CdS to rs-CdS. For the
structural phase transformation from zb-CdS to rs-CdS, the inter-
mediate structure’s space group is Imm2 (No. 44), and this space
group has also been used to study the structural phase trans-
formation from zinc-blende to rocksalt structures for other
compounds.*® Therefore, the intermediate structures in the trans-
formation from zb-CdS to rs-CdS have an orthorhombic lattice
with a space group of Immz2, and their unit cell includes two
atoms with fractional coordinates of Cd (0, 0, 0) and S (0, 0.5, 2),
respectively. From wz-CdS to zb-CdS, the intermediate structures
have an orthorhombic lattice with a space group of Pca2;, and
their unit cell includes four atoms with fractional coordinates of
S1 (—0.91667 — 0.333z, 0.125 — 0.5z, 0.5625), S2 (—0.41667 —
1.333z, 0.375 + 0.5z, 0.5625 + 2), Cd1 (—0.91667 — 1.333z, 0.125 —
0.5z, 0.9375 — z) and Cd2 (—0.41667 — 0.08333z, 0.375 + 0.125z,
0.9375), respectively. Similar to the phase transformation from
wz-CdS to zb-CdS, the space group of the intermediate structure
from wz-CdS to rs-CdS is also Pca2,, and its unit cell includes
four atoms with fractional coordinates of S1 (0.58333 — 0.1667z,
0.375 + 0.25z, 0.9375 — 0.245z), S2 (0.08333 + 0.333z, 0.125 —
0.25z, 0.9375 — 0.75z), Cd1 (0.58333 — 0.667z, 0.375 + 0.25z,
0.5625 + 0.505z,) and Cd2 (0.08333 — 0.1667z, 0.125 — 0.25z,
0.5625 + 0.005z). The z values ranging from 0 to 0.5 are regarded
as the intermediate parameters. For z = 0, 0.25 and 0.5 the
structures are wz-CdS, zb-CdS and rs-CdS, respectively. In this
work, each intermediate structure has been fully relaxed at 0 GPa
by fixing the fractional coordinates of atoms, and finally the
enthalpies have been obtained, and they are plotted in Fig. 4.
As can be seen from Fig. 4, the energy barrier from rs-CdS to
wz-CdS is about 3.4 eV per atom, and this energy barrier is so
high that the phase transformation cannot happen along this
transformation path under ambient conditions. But for the
structural phase transformation from rs-CdS to zb-CdS, the
energy barrier is about 0.1 eV per atom, and it is about 0.87 eV
per atom from zb-CdS to wz-CdS. Therefore, the direct trans-
formation from rs-CdS to wz-CdS is far less favorable than the

This journal is © the Owner Societies 2014
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Fig. 4 Energy path from wz-CdS to rs-CdS, from zb-CdS to rs-CdS, and
from wz-CdS to zb-CdS. The energy barrier is shown in the inset table.

indirect transformation with zb-CdS as the intermediate phase.
These results suggested that zb-CdS may be an intermediate
phase in the transformation from rs-CdsS to wz-CdS. To further
explore the possible intermediate phase from rs-CdS to wz-CdS,
a crystal structure search for the candidate structure of CdS has
been performed using the inorganic crystal structure database
(ICSD).*® In fact, this method has been widely used to deter-
mine the structures of different materials.>”*®* These found
structures of CdS have been optimized, and their relative
energies with respected to zb-CdS have been summarized in
Table 2. The results indicated that under ambient conditions,
the energy of the cubic F43m (zb-CdS) structure is higher than
that of the hexagonal P6;mc (wz-CdS) structure, and lower than
that of the cubic Fm3m (rs-CdS) structure. Besides, the energy of
other candidate structures of CdS is above the energy of rs-CdS.

Table 2 Energy of considered candidate structures of CdS with different
space groups found from an ICSD search, given in eV per atoms, respected
to the zb-CdS

Structure Space group Energy (eV per atom)
zb-CdS F43m (216) 0
ZnS P63mc (186) —0.008
ZnS F43m (216) 0.0
NacCl Fm3m (225) 0.057
InCl Amaz2 (40) 0.327
InCl Ama2 (40) 0.433
InCl Cmem (63) 0.374
InCI Cmc2, (36) 0.402
InBi P4A/nmm (129) 0.430
TaN P62m (189) 0.17
GaTe C2/m (12) 0.697
GaPt Pnma (62) 0.333
InSe R3m (160) 0.459
NS P24/c (14) 0.52
N4S4 P24/c (14) 1.008
PtSi Pnma (62) 0.308
P4S4 c2/m (12) 0.617
PdPu Pnma (62) 0.383
AILi Fd3m (227) 0.841
Aucl IAi/amd (141) 0.61
Cscl Pm3m (221) 0.617
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These results demonstrate that zb-CdS is the intermediate
phase in the structural phase transformation process from
rs-CdS to wz-CdS. Therefore, although there are no zb-CdS
phase regions in the CdS P-T phase diagram, zb-CdS or a
mixture of zb-CdS and wz-CdS can be found in some prepared

experiments.?>9*°

IV. Conclusion

By using density functional theory combined with a quasiharmonic
approximation method, the high temperature and high pressure
phase diagram and phase transformation pathways of cadmium
sulfide have been investigated. The results indicated that under
ambient conditions, wz-CdS is the stable phase, while under high
temperature and pressure conditions, rs-CdS becomes the stable
phase. By investigating phase transformation pathways among
wz-CdS, zb-CdS and rs-CdS, it has been found that zb-CdS is
an intermediate phase in the transformation from rs-CdS to
wz-CdS. Therefore, although there are no zb-CdS phase regions
in the CdS pressure-temperature phase diagram, zb-CdS can be
found in some prepared experiments.
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