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The electronic structures and optical properties of B3 ZnO series of Zng X4y My(X =0, S, Se or Te; M = N,

Sb, Clor I; y = 0 or 1) are studied by first-principles calculations using a pseudopotential plane-wave method. The

results show that Zn d-X p orbital interactions play an important role in the p-type doping tendency in zinc-based

II-VI semiconductors. In ZnX, with increasing atomic number of X, Zn d-X p orbital interactions decrease and Zn

s-X p orbital interactions increase. Additionally, substituting group-V elements for X will reduce the Zn d-X p orbital

interactions while substituting group-VII elements for X will increase the Zn d-X p orbital interactions. The results

also show that group-V-doped ZnX and group-VII-doped ZnX exhibit different optical behaviours due to their different

orbital interaction effects.
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1. Introduction

Zinc-based II-VI wide-band-gap semiconductors
have been of great interest since at least twenty
years ago for their assorted physical properties such
as electro-optical, acousto-optical, and luminescence
characteristics. However, the production of zinc-based
II-VI devices has been hindered by difficulties in fab-
ricating p-(or n-)type materials. ZnO, ZnS, and ZnSe
are natural n-type semiconductors, which are easy to
be doped as n-type semiconductors but difficult to be
doped as p-type ones. On the contrary, ZnTe is a nat-
ural p-type semiconductor and is easy to be doped as
p-type semiconductors but difficult to be doped as n-
type ones.!!l Several mechanisms leading to the dop-
ing difficulty such as low solubility,[? compensation

Bl and structural bista-

by low-energy native defects,
bility are known as acceptor-excited (AX) center!*
in doped natural n-type materials and donor-excited
(DX) center!® in doped natural p-type materials. Re-
searchers have been trying to find a way to break the
bottleneck. For example, a latest work has reported

a co-doping method by theoretical calculations.[®l But

so far few experiments approve this prediction. This
makes the difficulties hang in the balance. The doping
properties actually behave via the electronic interac-
tions between orbitals so that a detailed investigation
of orbital interactions is necessary to understand the
doping properties of ZnX (X =0, S, Se, or Te).
Thus in the present work, we make a detailed
study on the electronic orbital interactions of ZnX
(X=0, S, Se or Te) to address the above problem.
For the most active electrons of Zn are s electrons, and
those of X are s and p electrons, in which p orbital is
unfully-filled, the electronic interaction in ZnX mainly
comes from Zn s and X p. However, Zn d electrons
also play an important role in the electronic proper-
ties of ZnXs.["8] Hence the interactions between Zn
s (d) and X p are considered together in this work.
In ZnXs, group-VII elements Cl and I as substitu-
tional element for X can be used as n-type dopants,”!
and group-V elements N and Sb as substitutional el-
ement for X can be used as p-type ones.*! As the
conductive characteristics that change from ZnO (n-
type) to ZnTe (p-type) are similar to those from ZnX
to Zny XsM (M=N or Sb) and opposite to those from
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ZnX to ZngX3sM (M=Cl or I), the electronic orbital
interactions between ZnX and ZnyXsM are compa-
rable. Thereby we also probe the electronic orbital
interactions in doped systems Zng X3 M (X=0, S, Se
or Te; M=N, Sb, Cl orI). Since Zn X s have drawn con-
siderable interest mainly due to their potential appli-
cations in optoelectronic devices, the optical spectra
have also been investigated. This paper is organized
in the following way: Section 2 describes the calcu-
lation in detail. Section 3 presents the results and

discussions. A brief summary is given in Section 4.

2. Computational method

All the calculations are performed by using
the first-principles ultrasoft pseudopotential method
based on the density functional theory as implemented
in the CASTEP package.!'” The pseudopotentials for
Zn, O, S, Se and Te atoms are generated according
to the scheme of generalized gradient approximation
(GGA) in the Perdew and Wang (1991) form.['") Tn
our calculations, Zn 4s, 4p, 3d orbitals and X outmost
s and p orbitals (i.e. 2s2p for O, 3s3p for S, 4s4p for Se
and 5sbp for Te) are included as part of the valence
states. The basis sets of the cutoff energy and the
k-point meshes are 380 eV and 6x6x6, respectively.
The iterative convergence is 5.0x1077 eV /atom.

The lattice parameters of ZnX at ground states
are obtained by full geometry optimizations of cell pa-
rameters. The procedure of the optimization is an an-
alytical equation of state expression according to the
third-order Birch-Murnaghan equation.['?) The calcu-
lations of Zny,X3M are performed by using the full
structural relaxations in 2x2x1 super-cell models.

Fundamentally, all the micro-optical spectra
could be derived from the spectra of the real and
imaginary parts of the dielectric function. Here, the
imaginary part e is calculated using the momentum
matrix elements for occupied (v) and unoccupied (c)

electronic states within the selection rules, 3!
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where e is the elementary charge, i is the vector defin-
ing the polarization of the incident, r is the position
operator, {2 is the volume of the unit cell, ¢¢ is the di-
electric constant, £} and Ef are energies of occupied
and empty electronic states, respectively. The matrix
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Here, P is the momentum operator, r is the position
operator, m is the electron mass, V,,; is the nonlocal
pseudopotential. The real part £; can be evaluated
from &5 by means of Kramer—Kronig transform. Then,
the optical properties, such as the loss function (L),
can be obtained using the following equation,

L(w) = e2/[e}(w) + €5 (w)]- 3)

3. Results and discussions

3.1. Electronic structures

The optimized unit cell volumes (in A3) are 24.09,
39.59, 45.67, and 56.95 for ZnO, ZnS, ZnSe, and
ZnTe, respectively, which are comparable to the val-
ues of 23.85, 39.59, 45.51, and 56.85 for those com-
pounds calculated from available theoretical®® or
experimental[lﬁ] parameters.

The calculated partial density of states (PDOS)
for ZnX is shown in Fig.1(a). Valence states of X s
are out of this figure in the range of about —20—12eV.
The orbital levels change as the atomic number of X
varies. As demonstrated in Fig.1(a), with the increase
of atomic number of X, the orbital energy difference
Eq4_p between Zn d and X p in the valence band re-
gion increases, as shown by the data of 0.2986, 1.6236,
1.7865, and 2.0605 eV for ZnO, ZnS, ZnSe and ZnTe,
respectively. Meanwhile, the Zn d-X p hybridization
decreases. This implies that with increasing atomic
number of X, the repulsion between Zn d and X p
increases, leading to the reduction of the Zn d-X p
interaction. Due to such reduced orbital interactions,
charge transfer from the cation to anion ion will be cut
down as reported in Ref.[17], where Znr, is a triple ac-
ceptor in ZnTe while Zng, is a double one in ZnSe. On
the contrary, also shown in Fig.1(a), with the increase
of atomic number of X, the orbital energy difference
between Zn s and X p in the valence band region al-
most keeps unchanged with only the enhancement of
s-p hybridization, and the value of the main peak of Zn
s increases from 0.2881 N, /eV in ZnO to 1.3346 N./eV
in ZnTe. These electronic orbital interaction changes
from natural n-type material ZnO to natural p-type
material ZnTe are in accordance with those from ZnX
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to group-V (n- type dopants) doped ZnX as well as
from group-VII (p-type dopants) doped ZnX to ZnX.
Taking ZnS as an example, when doping with group-
V element N or Sb, compared with the PDOS of ZnS
in Fig.1(a), Zn d-S p energy difference in ZnyS3N and
7Zn4S3Sb increases as their hybridization decreases, as
shown in Fig.1(b). While Zn d-S p energy difference
in group-VII-doped ZnyS3Cl and ZngSsl decreases as
their hybridizations increases in comparison with the
PDOS in ZnS. On the other hand, Zn s and X p hy-
bridization in both group-V (N and Sb)-doped and
group-VII (Cl and I)-doped systems decreases. Nev-

ertheless, the hybridization in CI and I-doped systems
reduces more than that in N and Sb-doped systems.
These results indicate that both Zn d-X p and Zn s-X
p electronic orbital interactions are important in the
conductive properties of ZnX, with the dominant ef-
fect of Zn d-X p electronic orbital interaction. From
this point of view, if we partially substitute Zn with
Mg in ZnO, the p-type doping tendency will increase
due to the reduction of Zn d states. This might be
the reason why some ZnMgO alloys can be doped as

p-type ones.!8]
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Fig.1. Partial density of states for ZnX (X=0, S, Se or Te) and ZnsS3M (M=N, Sb, Cl or I). The vertical dashed

lines represent the Fermi levels.

3.2. Optical properties

The optical spectra of ZnX show that with the
increase of atomic number of X, the main peaks of
both the real (¢;) and imaginary (e2) parts shift to

lower energy region. As demonstrated in Figs.2(a) and
2(b), the main peaks of both &1 and &5 of ZnS lie re-
spectively at about 3.8239 and 6.1071 eV, higher than
those of ZnTe’s, which are 2.5009 and 4.6228 eV. This
is similar to the results obtained by Ouyang et al in
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Ref.[19], where they showed similar shift of the dielec-
tric function for Zn;_,Co, X system. Since the optical
behaviours occur with electronic trapping between oc-
cupied (valence) and unoccupied (conduction) states
within hw = Ej; — E} and electronic dipole matching
(refer to the PDOS of ZnS and ZnTe in Fig.1(a)), the
corresponding electronic trappings in ZnS and ZnTe
are Zn s—S p and Zn s—Te p.

In Fig.2, ¢; and e, spectra of ZnsS4—, M, and
ZnsTey_y M, (M=N, Sb, Clor I, y = 0 or 1) are also
shown. Compared with the spectra of ZnS and ZnTe,
there are more peaks in ZnsS4—, M, and ZnyTey_y M,,
and almost all the spectral peaks shift to lower en-
ergy region, with only few exceptions, due to the ef-

fect of the dopant states on the electronic trappings.
As shown in Fig.2, there appears only one peak in
the spectrum of ZnS or ZnTe, but there are at least
two peaks in that of ZnySsM or ZnsTes M. The main
peak of the doped systems shifts to lower energy re-
gion compared with that of ZnS or ZnTe, with the
only exception of ZnyS3N. This identifies the different
influences of different dopants on the bulk electronic
structures. As shown in Fig.1, electronic trapping en-
ergy from S p state in the valence band to Zn s state
in the conduction band is about 6.1884 eV in ZnS,
which is larger than 5.9150 eV in ZnsSsN and smaller
than the values of 6.9491, 6.7545, and 6.7892 eV in
ZmyS3Sb, ZnyS3Cl, and ZnySs3l, respectively.
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Fig.2. Real and imaginary parts of spectra of the real and imaginary parts of the dielectric function for Zn4Ss_ M,

and ZngTeq_y My (M=N, Sb, Cl or I; y=0 or 1). Here €1 and e represent the real and imaginary parts of the

dielectric function.
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Fig.3. Spectra of energy loss functions for ZngSyq_ My
and ZngTeq_y My (M=N, Sb, Clor I; y =0 or 1).

The carrier types also determine the features of
the optical spectra for the doped and undoped sys-
tems, which could be clearly seen in L spectra. The
spectrum shapes of ZngSsN and ZnyS3Sb in Fig.3 are
similar to that of ZnS, while those of ZnsTesN and
Zn4TesSb are quite different from that of ZnTe. On
the contrary, the spectrum features of ZnysS3Cl and
Zn4S3l are much different from that of ZnS compared
with the L differences between ZnsTe3Cl (ZnyTesl)

and ZnTe. Moreover, with the increase of dopant

atomic number, the directions of spectrum shift of
group-V-doped and group-VII-doped systems are dif-
ferent. As shown in Fig.3, the peak of ZnsS3N lies
right to that of Zn,S3Sb, while the peak of Zn,S3Cl
is located on the left side of Zn,S3I’s.

4. summary

In summary, we have studied the electronic or-
bital interactions in Zny X4, M, (X=0, S, Se, or Te;
M=N, Sh, Cl, or I; y = 0 or 1) by means of first-
principles calculations using a pseudopotential plane-
wave method. The results show that Zn d-X p or-
bital interaction plays an important role in the p-type
conduction possibility. Reducing Zn d-X p orbital in-
teraction leads to the increase of the p-type conduc-
tion tendency. Analysis of the optical spectra indi-
cates that with the increase of atomic number of X,
the main peaks of the optical spectra shift to lower
energy region. Furthermore, different carrier-doped
compounds exhibit different characteristics. The spec-
tra of p- (n-) type-doped systems are similar to that of
the corresponding undoped natural n- (p-) type mate-
rials, but different from the spectra of the correspond-
ing undoped natural p- (n-) type pure ones.
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