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The electronic, optical and thermodynamic properties of ZnS in the zinc-blende (ZB) and wurtzite (WZ) structures

are investigated by using the plane-wave pseudopotential density functional theory (DFT). The results obtained are

consistent with other theoretical results and the available experimental data. When the pressures are above 20.5 and

27 GPa, the ZB-ZnS and the WZ-ZnS are converted into indirect gap semiconductors, respectively. The critical point

structure of the frequency-dependent complex dielectric function is investigated and analysed to identify the optical

transitions. Moreover, the values of heat capacity Cy and Debye temperature © at different pressures and different

temperatures are also obtained successfully.
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1. Introduction

Recently, research on Zn—VI based compound
semiconductors has gained considerable attention due
to their potential applications in the short-wavelength
light-emitting devices. Because of their high polarities
and large excitonic binding energies, Zn-based semi-
conductors are of great interest not only in practical
applications but also in fundamental science.!’2] Un-
der an ambient pressure, there are two types of struc-
tures in Zinc Sulfide (ZnS), i.e. the high tempera-
ture phase hexagonal wurtzite (WZ) structure and the
low temperature phase cubic zinc-blende (ZB) struc-
ture. [8] Nanoscience and nanomaterials carve out
a way for scientists to develop the unusual materi-
als for industrial applications. Through the technique
of phase controlled synthesis, nanoscale ZnS solids in
both ZB and WZ phases were successfully prepared.!*!
Fundamentally, the WZ-ZnS presents a different elec-
tronic structure from the ZB-ZnS. The band gaps of
the ZB-ZnS and the WZ-ZnS are 3.70 and 3.91eV,
respectively.’) Furthermore, Geng et al!® found that
the ZB-ZnS and the WZ-ZnS had wide band gaps of

3.5-3.7 and 3.7-3.8eV, respectively, when they syn-
thesized ZnS nanowires via a thermal evaporation
method.

In addition, Bellotti et all”l found that the WZ-
ZnS was more suitable for fabricating the electro-
luminescent devices because it exhibited a higher ion-
ization transition rate and therefore had a higher op-
tical gain. Even though a series of studies was de-
voted to clarifying the optical properties of the WZ-
ZnS early in the 1970s, their results always led one to
fall into confusion due to the mixture of the WZ and
the ZB phases.[®% To design the semiconductor de-
vices appropriately, basic researches on the fundamen-
tal physical properties, such as the electronic, optical
and thermodynamic properties, are needed. Thus, in
this work, we will make an investigation on the elec-
tronic, optical and thermodynamic properties of ZnS
in both ZB and WB structures by using first-principles
calculations. In Section 2, we give a brief description
of the theoretical computational method. The results
of structural, thermodynamic and electronic proper-
ties are presented and analysed in Section 3. Conclu-

sion is drawn in the last Section.

*Project supported by the National Natural Science Foundation of China (Grant No 10776022), the State Key Program of National
Natural Science of China (Grant No 60436010), and the Fund of Key Laboratory for Shockwave and Detonation Physics (Grant

No 9140C6711010805).
tCorresponding author. E-mail: xrchen@126.com

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



3868 Hu Cui-E et al

Vol. 17

2. Theoretical method

In our calculations, the electronic wave functions
are expanded in a plane-wave basis set with an en-
ergy cut-off of 500.00eV. Pseudo-atomic calculations
are performed for Zn 3p®3d'%4s? and S 3s23p*. As
for the Brillouin-zone k-point sampling, 10x10x6 and
10x10x10 Monkhorst-Pack meshes'® are employed
for the WZ-ZnS and the ZB-ZnS, respectively, where
the self-consistent convergence of the total energy is
at 107%eV/Atom. The plane-wave pseudopotential
density functional theory (DFT) method is applied,
together with the generalized gradient approximation
(GGA)M for exchange-correlation functional in the
scheme of Perdew-Wang (PW)[1? formula. All the
calculations are implemented through the Cambridge
Serial Total Energy Package (CASTEP) scheme.['?]

To account for the finite temperature properties
of a crystal, we here apply the quasi-harmonic De-
bye model,l' in which the non-equilibrium Gibbs
functionG* (x; P,T) can be written as

G*(z; P,T) = E(x) + PV (z) + Avip(z;T), (1)

where E(z) is the total energy of the crystal, which
can be determined from the electronic structure cal-
culations. The term PV corresponds to the con-
stant hydrostatic pressure condition. The term, A;ip,
is the vibrational Helmholtz free energy, including
both the vibrational contribution to the internal en-
ergy and the —T'S constant temperature condition
term. It is customary to introduce the quasi-harmonic

approximation/'?!

Avip(z;T) =/ [;hw + kT'In (1 — eh“’/kT)}
0
x g(x;w)dw, 2)

where g(x;w) is the phonon or vibrational density
of states (DOS). Using this model, we can obtain
the Debye temperature © and the heat capacity Cy .
The detailed descriptions were shown in our previous
work.[16-18]

3. Results and discussion

3.1. Electronic structures

The calculated equilibrium lattice constant a for
the ZB-ZnS is 5.440A (1A=0.1nm), and the lat-
tice parameters a and ¢ for the WZ-ZnS are 3.840

and 6.267 A, respectively. Compared with the exper-
imental data 5.413 A for the ZB-ZnS,'9! 3.822 A and
6.260 A for the WZ-ZnS, 2% our lattice parameters are
overestimated slightly (about 0.50% higher for the ZB-
ZnS and 0.47% higher for the WZ-ZnS), but they are
satisfactory.

The calculated band structures and total densi-
ties of state (DOSs) for the ZB-ZnS and the WZ-ZnS
at P=0GPa and T=0K are illustrated in Fig.1. In
the ZB and the WZ structures of ZnS, the valence
band maximum (VBM) and conduction band mini-
mum (CBM) occur at the I' point. The ZB-ZnS and
the WZ-ZnS have direct gaps (I, — I'y) of 2.08 eV and
2.19 eV, respectively, which are consistent with other
theoretical values 1.81eV,[2l 2.16eV,22 2.30eV[23
for the ZB-ZnS, and 2.06 V24 for the WZ-ZnS, while
they are smaller than the experimental data 3.7 eV %)
and 3.5-3.7eV [0 for the ZB-Zn$, 3.91 eV [°) and 3.7-
3.8V for the WZ-ZnS. The underestimation of the
band gaps is mainly due to the simple form of GGA.
It is important to note that the density functional for-
malism is limited in its validity®®! and the band
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Fig.1. Band structures and densities of state (DOSs) of
ZnS, where panel (a) is for the ZB structure, panel (b) is
for the WZ structure, and the letters ¢ and v represent
conduction bands and valence bands, respectively.
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structure derived from it cannot be used directly for
Despite of the short-
coming of the GGA, the pressure derivatives can be

comparison with experiment.

calculated accurately in GGA and do not depend on
the type or functional form of the exchange-correlation
potential.[26]

In this work, we have also investigated the effect
of the pressure on the energy band gaps of ZnS. To
achieve this, we have calculated the values of direct
and indirect gaps (Eg) at different values of pressure
P. By fitting the E; — P curves to the second poly-
nomials, we have obtained the linear and quadratic
pressure-coefficients, which are listed in Table 1. For
the ZB-ZnS, we can see that the direct energy gaps
show an increase with pressure. The negative linear
pressure coefficients indicate that the indirect band

gap (X.— I'y) decreases with pressure increasing. Our
linear pressure coefficients are relatively close to those
given by Khenata et all?? through using the full-
potential linear augmented plane-wave method and
the local orbital (FP-LAPW+lo) method. Similarly,
the indirect band gaps (M.—1I') and (K.—1I) also de-
crease with pressure increasing for the WZ-ZnS. The
change in direct energy gap is opposite to that in
indirect band gap for the WZ-ZnS. It is found from
Fig.2(a) that the cross point between the direct gap
(I'. — I'y) and the indirect gap (X. — I'y) curves oc-
curs at 20.5 GPa for the ZB-ZnS, indicating that when
P >20.5GPa, the ZB-ZnS becomes an indirect band
gap semiconductor. The cross point for the WZ-ZnS
occurs at 27.0 GPa shown in Fig.2(b), a little larger
than that for the ZB-ZnS.

3.8
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—O— indirect

Band gap/eV

2.2 20.5 GPa

3.8

—&— direct
—O— indirect

12 18 24
Pressure/GPa

Pressure/GPa

Fig.2. Direct and indirect band gaps versus pressure, where panel (a) is for Direct gap (I'c — I'v) and indirect
gap (Xc — I'v) for the ZB- ZnS and panel (b) is for Direct band gap (I'c — I'v) and indirect band gap (Mc — I'v)

for the WZ-ZnS.

Table 1. The band gaps for the ZB and the WZ structures of ZnS. Fg = Eg + aP + bP?, where a

isin eV 1072 GPa~!, and b is in eV 10~* GPa—2.

The pressure is in a range of 0-30 GPa.

Ie—1, X — Xy Le— Ly Xe—1TYy Le—1T
7ZB-ZnS Ey a b FEy a b Ey a b FEo a b FEo a b
2.08 543 -545 565 1.68 -1.42 4.25 4.12 -4.55 346 -2.84 229 328 231 -3.11
Ref.[22] 2.16 5.19 -9.18 558 1.60 -1.14 4.11 271 -1.22 3.01 -1.6 2.34 316 159 -3.25
Ie—1, M. — M, K. - K, M. — Ty K.—1Ty
WZ-ZnS Ey a b FEoy a b FEy a b FEo a b FEo a b
2.19 552 -533 451 085 -2.55 6.34 040 -1.00 3.67 -1.26 -0.32 4.39 -4.42 -4.20
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In Fig.3, we show the partial densities of state
(PDOSs) for the ZB and the WZ structures of ZnS at
0 GPa. Combining with total DOS in Fig.1, it is fur-
ther observed that the first structure in total DOS is
small but relatively protuberant at around —11.87 and
—11.90eV for the ZB-ZnS and the WZ-ZnS. The struc-
tures arise almost from the S 3s states and correspond
to the lowest lying band (in Fig.1). The next structure
is situated at about —5.87 and —5.95 eV below the zero
energy for ZnS. They consist predominantly of Zn 3d
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states with a little contribution of S 3p states. From
the band structures, the structures correspond to the
flat bands clustered at around —6.0eV. The structure
humps between —5.30 and 0eV in these compounds
which form the upper valence band corresponding to
the S 3p states partially mixed with Zn 4s states in
both of the two structures. Above the Fermi level, the
feature in the total DOS originates mainly from the
Zn 4s and 3p states partially mixed with little of S 3p

states.
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Fig.3. Partial densities of state of ZnS, where panel (a) is for the ZB structure and panel (b) is for the

WZ structure.

3.2. Optical properties

The optical properties of a solid are usually de-
scribed in terms of the complex dielectric function
e(w) = e1(w) + iea(w).
dielectric function e3(w) in the long wavelength limit

The imaginary part of the

is obtained directly from the electronic structure cal-
culation by jointly using the DOS and the optical ma-
trix elements. The real part of the dielectric function
¢1(w) can be derived from the imaginary part by using
the Kramers—Kronig relationship. The knowledge of
both the real and the imaginary parts of the dielectric
function allows the calculation of important optical
functions.

In Fig.4, we display the dielectric function e(w)

for the ZB and the WZ structures of ZnS at zero
pressure for a radiation up to 25eV. For the ZB-ZnS,
the imaginary part of the dielectric function includes
only one component: €s(w)=e9,(w)=e€2y(w)= €2.(w).
While, for the WZ-ZnS, the imaginary part of the
dielectric function are resolved into two components:
€ogy(w)=¢€9, (w)=e9y(w) (the average of the spectra for
polarizations along the x and y directions) and ea, (w)
(the polarization vector being parallel to the z direc-
tion). The averaged function eo(w)=(e24+€2y+€22)/3
is also included. The analysis of the e3(w) curves
shows that the first critical points of the dielectric
function occur at 2.08 and 2.19 eV for the ZB-ZnS and
the WZ-ZnS respectively. These points are I, — I
splitting, giving the thresholds for direct optical tran-
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sitions. This is known as the fundamental absorp-
tion edge. These critical points are followed by many
prominent peaks. For the ZB-ZnS, the three peaks
at about 4.31, 5.89 and 7.75eV are presented mainly
due to the interband transitions from I'i5c to e, K to
K, and Ls. to Ly, respectively. For the WZ-ZnS, the

prominent peaks are at about 3.41, 5.56 and 6.77eV,

20 T T T T

Energy/eV

corresponding to the transitions from Kj. to K., Ms.
to Ms, and L3 to L, respectively. Meanwhile, a peak
in imaginary part e2(w) does not correspond to a sin-
gle interband transition, for many direct or indirect
transitions can be found in the band structure with
an energy corresponding to the same peak.

Energy/eV
20 T T T T

Energy/eV

Fig.4. Dielectric functions for the ZB and the WZ structures of ZnS. For ZB-ZnS, e(w) = &z (w)=¢y(w)=
ez (w), and for WZ-ZnS, e, (w)=ey(w)#e: (w) and e(w)=(ez+ey+e-)/3. The numbers 1 and 2 represent real and

imaginary parts of the dielectric function, respectively.

For the real part €1 (w), the components are sim-
ilar to those for the imaginary part ez(w). From the
real part €1 (w), we can obtain the static electronic di-
electric constants £(0) easily, which is the value when
the energy (hw) equals zero. So for ZB-ZnS, £(0)=
£12(0)= £1,4(0)= €1.(0). For the WZ-ZnS, the compo-
nents of £(0) are given by

1(0) = (€12(0) +£14(0))/2,

and
€//(0) = €12(0). (3)

In this work, €(0) for the ZB-ZnS is 6.18, which is
smaller than the theoretical value 6.49.127) The £, (0)
and €//(0) for the WZ-ZnS are 6.06 and 6.08 respec-
tively, which is also a little smaller than the theo-
retical values 6.71 and 6.90 obtained from empirical

[27]

calculation.!*”] The increased pressure leads to a rapid

increase in electronic dielectric constant (0). By fit-
ting the £(0)—P points to second-order polynomials,
we obtain the relationships between £(0) and P

7B:

£(0) =6.18 + 1.46 x 107 *P +2.51 x 107*P?, (4)
WZ:
£1(0) =6.06+2.99 x 1073P +2.01 x 107*P? (5)
and
£//(0) =6.08 + 7.59 x 107°P 4+ 1.05 x 10"*P>. (6)

The electron energy-loss function L(w), which is the
imaginary part of the reciprocal of the complex di-
electric function, is displayed in Fig.5. It is an impor-
tant factor describing the energy loss of a fast electron

traversing in the material. This function is usually
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large at the plasmon energy position corresponding to
€1(w)=0, provided that e2(w) is reasonably smooth in
these regions.[?8] Therefore, the ZB-ZnS has a plas-
mon peak at 18eV and the WZ-ZnS has a plasmon
peak at 19eV at 0 GPa. With pressure increasing to
27 GPa, the plasmon peak transfers from 18 to 22eV
for the ZB-ZnS, and from 19 to 22 eV for the WZ-ZnS.
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Fig.5. Energy-loss functions for the ZB and the WZ struc-
tures of ZnS.

3.3. Thermodynamic properties

The values of Debye temperature © and the spe-
cific heat capacity Cy at different pressures and dif-

ferent temperatures are presented in Table 2. Using
the quasi-harmonic approximation rigid—ion model,
Talwar[??! acquired the Debye temperature ©=370K
for the ZB-ZnS at 0K and an ambient pressure.
And Cline et all®% obtained the Debye temperature
©=351K for the WZ-ZnS at 298 K by measuring
ultrasonic wave velocities. The heat capacity Cy
of the ZB-ZnS 44.27 J-mol~'K~! at constant vol-
ume has been reported by Benkabou et all*!l from
the molecular dynamics method. Kagayama and
Somal??l obtained the heat capacity Cy of the WZ-
ZnS, 44.6 J-mol~'-K~!, from the first-principles cal-
culation at T=300 K and an ambient pressure. Com-
pared with their results under the same condition, our
results are satisfactory. The obtained variations in
Debye temperature ((© — 6y)/6p) and heat capacity
((Cy—Cvg)/Cyyo) for the two structures of ZnS at var-
ious pressures and temperatures are plotted in Figs.6
and 7. It is shown that the values of Debye tempera-
ture for two structures ZnS increase with pressure but
decrease with temperature. We find a cross point at
T=1180K for the ZB and the WZ structures of ZnS.
This is corresponding to the ZB-WZ phase transition
temperature 1199 K.['8 On the other hand, the values
of heat capacity Cy for two structures decrease with
pressure but increase with temperature. At lower tem-
peratures, the value of heat capacity increases quickly,
and at higher temperatures, the trend of the increase
becomes mild, and close to the Dulong-Petit limit.
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Fig.6. Variations in Debye temperature (@ — ©g)/6Oy with pressure P under T=0K (a) and variations of Debye
temperature (@ — 6g)/ O with temperature T under P=0 GPa (b), where O is the value under zero pressure and zero

temperature.
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Fig.7. Variations in heat capacity (Cy — Cyg)/Cyo with pressure P under T=300K (a) and variations
of heat capacity (Cy — Cyg)/Cyo with temperature T under P=0GPa (b), where Cy is the value

under 0 GPa and 300 K.

Table 2. The heat capacity Cy (J-mol~!-K~!) and Debye temperature © (K) over a wide range of

temperatures and pressures.

Temperature/K

Pressure/GPa 0 300 600 900 1200 1500
Cy 0 46.29 49.03 49.54 49.71 49.79

ZB o 379.48 370.17 354.17 336.06 315.34 290.45

0 Cv 0 46.35 49.05 49.55 49.718 49.79
Wz 0 376.07 366.76 349.42 331.21 312.57 292.79

Cv 0 43.45 48.21 49.16 49.49 49.64

ZB o 510.96 506.34 497.81 488.61 487.97 468.81

15 Cv 0 43.42 48.21 49.16 49.49 49.65
Wz 6 512.55 507.58 498.17 488.20 477.95 467.18

Cv 0 41.26 47.55 48.85 49.31 49.53
ZB 6 599.44 596.66 590.89 584.29 577.52 570.55

30 Cy 0 41.16 47.53 48.84 49.31 49.53
wz o 601.30 600.60 593.87 586.64 579.23 571.74

4. Conclusion

We have applied the GGA within the framework
of plane-wave pseudopotential DFT method to investi-
gate the electronic, optical and thermodynamic prop-
erties of the ZB and the WZ structures of ZnS under
pressures. The results obtained are consistent well
with other theoretical results and the available experi-

mental data. It is found that the two structures of ZnS

have similar direct energy band gaps. When the pres-
sures are above 20.5 and 27 GPa, the ZB-ZnS and the
WZ-ZnS are converted into indirect gap semiconduc-
tors, respectively. The critical point structure of the
frequency dependent complex dielectric function has
been investigated and analysed to identify the optical
transitions. Moreover, the values of heat capacity Cy
and Debye temperature @ at different pressures and
different temperatures are also obtained successfully.
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