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Abstract To obtain comprehensive information regarding
the effect of size and geometric structure on the associated
atomistic properties of mercuric sulfide (HgS) nanocrystals,
the structural and optical properties of HgS semiconduc-
tor nanocrystals were explored numerically using atomistic
tight-binding theory. The optical bandgap, charge density,
density of states, electron—hole Coulomb energy, and optical
spectrum were evaluated for different sizes and geometric
structures. Size-dependent computations were realized by
changing the diameter of the HgS nanocrystals. In addition,
HgS nanocrystals with wurtzite and zincblende geomet-
ric structures were compared numerically. The theoretical
results highlight that control of the electronic structure and
optical properties of HgS nanocrystals can be achieved by
changing their size and geometric structure. The dependence
of the optical bandgap on the dimension of the HgS nanocrys-
tals is mainly determined by quantum confinement. Finally,
the optical properties of zincblende HgS nanocrystals are
more promising than those of wurtzite HgS nanocrystals.
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1 Introduction

Study of low-dimensional semiconductor structures is cur-

rently attracting great attention as an active field of research
because their properties differ significantly from correspond-
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ing bulk materials. HgS is a II-VI semiconductor material.
Because of its possible applications in acoustooptical mate-
rials [1], infrared sensing [2], and optoelectronic devices
[3-5], mercuric sulfide (HgS) has been widely utilized. How-
ever, few reports are available on the nanostructure of HgS;
For instance, Mahapatra and Dash [6] synthesized mercury
sulfide (HgS) nanocrystals by a wet chemical route, obtain-
ing nearly spherical HgS nanocrystals with average size of
9nm. Xu et al. [7] reported a simple method to synthesize
high-purity HgS nanoparticles without introducing surfac-
tants or toxic chemicals. In addition, Onwudiwe and Ajibade
[8] synthesized HgS nanoparticles by thermolysis of certain
group 12 metal complexes as precursors. The obtained HgS
nanoparticles clearly exhibited spherical shape. Ding and
Zhu [9] introduced a novel route to prepare HgS nanocrys-
tals in ethanol solvent in presence of sodium hydroxide using
a microwave heating method. They found average dimen-
sion of approximately 10 and 6nm. A systematic study
on phase-transfer-based synthesis of HgS nanocrystals was
reported by Han et al. [10], mainly presenting a pathway
for producing HgS nanocrystals with desirable properties
and analyzing the effect of their morphology. Although
considerable experimental work has been carried out, the-
oretical reports on HgS nanocrystals are scarce. Therefore,
in the present investigation, atomistic tight-binding theory
was used to determine the atomistic behaviors, including
the optical bandgap, charge density, density of states (DOS),
electron—hole Coulomb energy, and optical spectrum, to pro-
vide comprehensive information regarding the effects of the
dimension and geometric structure of HgS nanocrystals. The
size of the HgS nanocrystals was varied by changing their
diameter. Apart from the dimension, variation of the geo-
metric structure, namely wurtzite or zincblende, is also a
well-known approach to modify the natural properties of such
materials.
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To study the structural and optical properties of semicon-
ductor nanocrystals, computational methods including the
effective mass approximation (EMA) [11], atomistic empir-
ical models [12-15], and first-principle calculations [16—18]
have been implemented. The reason for using an atomistic
model is to preserve an accurate and realistic description
of the semiconductor nanocrystal material while retaining
atomistic details and reducing computational requirements.
For this reason, empirical tight-binding theory with sp3s*
orbitals [19] and first nearest neighbor interaction was used
in this study. Based on such detailed calculations based on
atomistic tight-binding theory, the effects of the size and geo-
metric structure on the natural behaviors of HgS nanocrystals
can be clearly revealed.

This study investigates the atomistic effects of size and
geometric structure on the structural and optical proper-
ties of HgS nanocrystals. The remainder of this paper is
organized as follows: In Sect. 2, the computational steps
are briefly described. The resulting calculations are dis-
cussed theoretically in Sect. 3. The main aim is to determine
the impact of size and geometric structure on the atom-
istic properties of HgS nanocrystals based on the resulting
data. Finally, a summary of the computations is presented in
Sect. 4.

2 Theory and methodology

The computational process consisted of three steps. In
the first step, the atomic positions for the wurtzite and
zincblende structure were defined. The atomic positions
of HgS nanocrystals were generated by cutting a spheri-
cal shape with desired diameter from bulk semiconductor
without any surface relaxation effects, thus obtaining an
unstrained nanocrystal [20]. To avoid gap states, dangling
bonds on the surface of HgS nanocrystals were passivated
using the technique described by Lee et al. [21]. In the
second step, single-particle spectra were computed using
atomistic tight-binding theory. This methodology has been
effectively applied to study structural and optical proper-
ties of single and core—shell semiconductor nanocrystals
[22-27]. The single-particle states are described as a linear
combination of atomistic orbitals « situated on each atom R
with Ny being the total number of atoms in the system, given
by
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The empirical tight-binding Hamiltonian [28] was modi-
fied to include the spin—orbit interaction, being given by

Table 1 Calculated bandgap of bulk zincblende HgS semiconductor

Method Bandgap (eV)
Atomistic tight-binding theory 0.20
QSGW [31] 0.61
h-QSGW [31] 0.37

Corrected local density approximation method [32] 0.30

Na 5
"
Hrg = E E €RaCRyCRa
R=1a=1
Nat Na 5

5
+ Z Z Z Z tRa,R’a’C;aCR/a/,

R=1R'=la=lao'=1

The operator c';m (cre) creates (annihilates) a particle
in orbital o of atom R. In this work, the sp3s* tight-
binding model [19] with first nearest neighbor interaction
was utilized for the computation. Using the parameterization
from [29], the on-site orbital energies er, and the hopping
matrix elements fgy go’ Were obtained numerically using
the Slater—Koster rules [30]. The single-particle energies and
states were obtained computationally by diagonalizing the
matrix of the empirical tight-binding Hamiltonian. In addi-
tion, we present a detailed comparison among the atomistic
tight-binding theory, the quasiparticle self-consistent GW
(QSGW) approximation [31], the hybrid QSGW scheme (h-
QSGW) [31], and the corrected local density approximation
method [32]. The bandgap calculated for bulk zincblende
HgS semiconductor is also listed in Table 1. The results
of these computations underline that the bandgaps calcu-
lated based on tight-binding theory are mainly consistent
with those obtained using the h-QSGW and corrected local
density approximation methods. After obtaining the single-
particle spectra for wurtzite and zincblende HgS nanocrystals
of several diameters, the exciton and optical properties
were investigated in the third step. The excitonic states and
energies were obtained by including the tight-binding single-
particle states and energies in the excitonic Hamiltonian. The
Hamiltonian of single excitonic states is defined as

i T h 7.7
H = ZEiei ei—l-ZEjhjhj - Z Vf]’-klhiejekhz.
i ] ikl

The first two terms here are the electron and hole single-
particle energies, respectively, while the last term describes
the electron—hole Coulomb interaction. The equation for the
excitonic states (Pex) is ) B; | llff(r)llfll?(r), with W£(r) and

ij
lI/;‘ (r) being the ith electron and jth hole single-particle
states, respectively. To analyze the optical properties of HgS
nanocrystals with different structures and diameters, the opti-
cal spectra between electron and hole levels were defined as
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Table 2 Number of atoms in wurtzite (WZ) and zincblende (ZB) HgS
nanocrystals as function of diameter (D)

Diameter (D) (nm) Waurtzite (WZ) Zincblende (ZB)

2.00 165 159
2.50 325 329
3.00 570 597
3.50 886 885
4.00 1340 1339
4.50 1876 1911
5.00 2607 2593

2w .= |2
I(E) =~ e.De,h‘ 5 (Ee — Eyp — E).

h e,h

(Ee—Ep—E)?
Here, 8 (Ee — En— E) = —1-e 27 ) with

o/ 21
o = 1.0 meV being the spectral line broadening. E. and E},

are the single-particle energies of electron and hole states,

respectively. e are the polarized vectors. De j, are the dipole
moments for interband transitions of electron and hole states.

3 Results and discussion

To determine the effects of the size and geometric structure
on the structural and optical properties of HgS nanocrystals,
an sp>s* empirical tight-binding description was numeri-
cally utilized for HgS nanocrystals with zincblende (ZB)
or wurtzite (WZ) crystal structure and spherical shape. The
atom located at the center of the nanocrystal was an anion.
HgS nanocrystals with diameter (D.) of 2.00, 2.50, 3.00,
3.50, 4.00, 4.50, and 5.00nm were employed as the struc-
tural candidates in the simulations. The number of atoms in
the HgS nanocrystals with different diameters and geomet-
ric structures is summarized in Table 2, clearly showing that
the number of atoms in the HgS nanocrystal increased with
increasing diameter. Meanwhile, the geometric structure did
not affect the tendency in the number of atoms.

We start with the dependence of the bandgap on the size
and geometric structure of the HgS nanocrystal; the cal-
culations with various diameters and geometric structures
are illustrated in Fig. 1. The energy difference between the
ground single-electron and single-hole states is defined as
the single-particle gap. The excitonic energies were obtained
numerically using the configuration interaction (CI) descrip-
tion. The number of conduction and valence states required
to achieve the desired convergence was typically 12 each. As
can be expected based on the quantum confinement hypoth-
esis, the optical bandgap was mainly sensitive to the total
number of atoms in the nanocrystal. The results show that the
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Fig. 1 Optical bandgap of wurtzite (WZ) and zincblende (ZB) HgS
nanocrystals as function of diameter (D¢)
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Fig. 2 First electron charge density of three selected wurtzite (WZ)
and zincblende (ZB) HgS nanocrystals
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Fig. 3 First hole charge density of three selected wurtzite (WZ) and
zincblende (ZB) HgS nanocrystals
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Fig. 4 Density of states (DOS)
of three selected wurtzite (WZ) wz /B
and zincblende (ZB) HgS
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Fig. 5 Ground electron—hole Coulomb energy of wurtzite (WZ) and
zincblende (ZB) HgS nanocrystals as function of diameter (Dc)

reduction in the bandgap with increasing diameter generally
corresponds to the increase in the number of atoms. Interest-
ingly, the optical bandgap of zincblende HgS nanocrystals
is greater than for wurtzite structure. This can be explained
based on the dependence of the optical bandgap on the struc-
tural phase transition. The optical bandgap is improved for
the zincblende rather than wurtzite structure. As a result, the
optical bandgap of the HgS nanocrystals can be appropri-
ately controlled by changing their dimension and geometric
structure to identify promising candidates for use in opto-
electronic applications. In addition, the charge density of

Fig. 6 Optical spectra of three
selected wurtzite (WZ) and

ground electron and hole states in wurtzite and zincblende
HgS nanocrystals is displayed in Figs. 2 and 3, respectively.
The dependence of the electron and hole charge density on
the dimension and geometric structure is clearly observed.
In terms of the ground electron state, the electron is local-
ized near the surface of the HgS nanocrystal. With increasing
diameter, the electron charge density spreads widely outward
to the surface. The electron charge density is more confined
close to the central region in the zincblende compared with
the wurtzite HgS nanocrystals. In terms of the ground hole
state, the hole is mostly localized around the center in the
zincblende and wurtzite HgS nanocrystals. Akin to the elec-
tron states, the hole charge density expands as the diameter
is increased.

The density of states (DOS) for three selected wurtzite and
zincblende HgS nanocrystals is plotted in Fig. 4. The partial
density of states (PDOS) for the contribution of anion and
cation atoms is also shown. The amplitudes and pattern of the
density of states (DOS) for the HgS nanocrystals are essen-
tially dependent on the diameter and geometric structure.
As the diameter increases, the conduction- and valence-
band edges decrease and increase, respectively. These results
also reveal that the main contribution to the conduction
and valence bands for both wurtzite and zincblende HgS
nanocrystals is due to cations and anions, respectively. In
terms of the geometric structure, the amplitude of the den-
sity of states (DOS) for the zincblende HgS nanocrystals
is more pronounced than for the wurtzite HgS nanocrys-
tals.

zincblende (ZB) HgS 1.0 1.5 2.0 1.0 1.5 2.0

nanocrystals r T T T T T ] C T T T T .

> D¢ =5.0nm ] T D, =5.0 nm
20 + e 20 + E
151 — 151 -
10+ - 10+ -
5F - 5k 4
o~ al )\ Ay A[\A A AMA 1 = L 1 A P M\ nl\. /l A 1
S C ] ] B 2
= 20 D, =4.0 nm ] g [ D, =4.0nm ]
?“’ 20 + - \g 20 + -
§ 15[ 3 *§ 15[ ]
& 10} - & 10f -
8 sl ] 8 s[ h ]
%. 1 AA " A\ |M\ all AAA a [ 1 N A 1 A A An 2]
& 28] D,=30nm] © ¢ D, =3.0 nm ]
20 | s 20 + E
15| - 15 |- 4
10} - 10} y
1 do
1 |AA Al ] L 1 1 A ]

1.0 1.5 2.0 1.0 1.5 2.0

Energy (eV)

@ Springer

Energy (eV)



J Comput Electron (2016) 15:756-762

761

The electron and hole confinement in the HgS nanocrys-
tals was analyzed as a function of their size and geometric
structure based on the electron—hole Coulomb interaction.
The ground-state Coulomb energy of the wurtzite and
zincblende HgS nanocrystals as a function of diameter is pre-
sented in Fig. 5. With increasing diameter, reduction in the
Coulomb energy is clearly observed. As a result, weak elec-
tron and hole confinement is demonstrated with increasing
dimension. Nevertheless, the electron—hole Coulomb inter-
action is not affected by the geometric structure of the HgS
nanocrystals.

Finally, the optical spectra of three selected wurtzite
and zincblende HgS nanocrystals are presented in Fig. 6.
The optical spectra clearly depend on the dimension and
geometric structure. As the size of the HgS nanocrystal
was increased, red-shift of the optical spectrum was obvi-
ously demonstrated. The optical intensity was enhanced with
increasing diameter. Regarding the geometric structure, the
intensity of the optical spectra for zincblende HgS nanocrys-
tals was much greater than for the wurtzite HgS nanocrystals.
It is expected that the optical properties of zincblende HgS
nanocrystals will be better compared with wurtzite HgS
nanocrystals. Such knowledge regarding control of the opti-
cal properties by variation of the dimension and geometric
structure could be used to identify materials with parameter
values suitable for use in optical applications.

4 Conclusions

The size-dependent structural and optical properties of
wurtzite and zincblende HgS nanocrystals were determined
using sp3s* empirical tight-binding (TB) theory. The results
of the atomistic computations prominently depend on the
size and geometric structure of the HgS nanocrystals. The
quantum confinement effect is indicated by a reduction in
the optical bandgap. As observed from the density of states
(DOS), the contributions to the conduction and valence bands
in HgS nanocrystals are primarily due to cation and anion
atoms, respectively. The atomistic electron-hole Coulomb
interaction indicates that electrons and holes are weakly con-
fined in bulk-sized HgS nanocrystals, but with no dependence
on the geometric structure. In addition, enhancement of the
optical properties is found for zincblende HgS nanocrystals.
Finally, manipulation of the structural and optical properties
of HgS nanocrystals by variation of their dimension and geo-
metric structure can offer dynamic guidelines for selection
of materials with parameters suitable for use in nanodevices
based on this material.
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