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Abstract The geometric structures of perfect ZnTe, that
with Zn vacancy (ZnggssTe), and Cu-doped ZnTe
(Zng g75Cug 125Te) were optimized using the pseudopotential
plane wave (PP-PW) method based on the density functional
theory (DFT) within generalized gradient approximation
(GGA). The cohesive energy, band structure, density of states,
and Mulliken populations were calculated and discussed in
detail. On the other hand, an accurate calculation of linear
optical functions (the dielectric function, refraction index,
reflectivity, conductivity function, and energy-loss spectrum)
was performed. The results demonstrated that compared to the
perfect ZnTe, the lattice parameters of Zngg;sTe and
Zng g75Cug 1o5Te were changed and the cell volumes de-
creased to some extent due to the vacancy and introduction
of impurity. A vacancy acceptor level and an acceptor impu-
rity level were produced in Zngg75Te and Zng g75Cug 125Te,
respectively. By comparison, Cu doping in the ZnTe system is
relatively stable while the monovacancy system is not.

Keywords Electronic structure - First-principles -
Impurities - Optical properties - ZnTe

Introduction

Zinc telluride (ZnTe), an II-VI semiconductor material with
a band-gap of 2.26 ¢V at room temperature, can be well
codoped with transition metals such as Co, Mn, Fe and Ni
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[1-3]. Recently, researchers from domestic and overseas
have attached importance to ZnTe as it has high potential
and attraction for optoelectronic applications such as light
sensitive ceramics, piezoelectric devices and solar cells efc.
[4, 5]. In the recent ten years, considerable theoretical and
experimental efforts have been devoted to determine the
electronic and optical properties of ZnTe system materials
in order to design novel semiconductor materials. Recently,
Joshi KB et al. [6] have studied the electronic band structures
and electron momentum density distrubution of ZnTe, and
they also presented the band-by-band decomposition of
autocorrelaion functions as well as directional Compton pro-
files. The electronic structure and magnetic properties of
ZnTe thin film doped with 3d transition metals (TM = Cr
and Mn) have been studied by Zhou and the coworkers [7]
with ab initio calculations, whose careful analysis of the
electronic structure revealed that the hybridization between
Cr 3d (Mn 3d) and Te 5p was found to be responsible for the
ferromagnetic (FM). Identically by ab initio calculations,
Szwacki et al. [8] investigated the structural properties of
ZnTe, MnTe, and Mn;_,Zn, Te alloy with zinc-blende, NiAs,
and wurtzite phases, and predicted that the zinc-blende phase
is more stable than wurtzite for all compositions. Uspenskiia
et al. [9] calculated the electronic structure and magnetic
properties of Ga;_Mn,As, Ga;_ MnN, Zn;_ M0, and
Zn M, Te M=V,Cr, Mn, Fe, and Co) diluted magnetic
semiconductors (DMS) in the 64 atom supercell with another
calculation method known as the tight-binding LMTO meth-
od, the results showed that the stability of the ferro- and
antiferromagnetic (FM and AFM) states in DMS strongly
correlates with the occupation and energy position of 3d-
dopant bands. Tablero et al. [10] presented the total energy
calculations to analyze the electronic properties of the O-
doped ZnTe (ZnTe;_Oy) alloys. Besides, Boyer-Richard
et al. [11] have performed accurate tight binding simulations
to design type-II short-period CdSe/ZnTe superlattices suited
for photovoltaic applications.
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According to the efforts of the researchers, the dopants
remarkably affect the electronic and optical properties of ZnTe
system materials. Although experimenters have tried their best
to realize the high quality ZnTe conductivity via introducing
probable dopants, very few workers have researched the mi-
crocosmic structures and properties of the optimized ZnTe
with impurity Cu, and the origin of the doping difficulties
yet remains unclear. Recently, we performed density function-
al calculations on the zinc vacancy and Cu-doping ZnTe in
order to contribute to a better understanding of defect mecha-
nism. In the present article, based on the first-principles within
the DFT, we calculated and analyzed the electronic properties
such as band structure, density of states and Mulliken popula-
tions of the perfect zinc blend ZnTe, that with Zn vacancies
(Zng g75Te) and Cu impurity (Zng g75Cug 125Te). According to
the precisely calculated results, we also investigated the optical
properties including dielectric function, loss function, optical
conductivity, refractive index and reflectivity of the three
systems. Comparisons have been made wherever possible
with the experimental and previously reported theoretical data.

Computational details

Ideal ZnTe in cubic zinc-blende (ZB) structure belongs to F4
3m (No.216) space group, 7 symmetry system, and the
values of cell parameters a, b, ¢, «, (3, and +y are as follows:
a=b=c=6.101 A, a = 3=~=90°[12]. All configurations
were simulated within a ZnTe supercell, which is equivalent to
a 2x1x1 primitive cell and contains 16 atoms with periodic
boundary conditions applied. The Zn (0.5, 0.5, 0.5) atom was
substituted by Cu atom or removed when doping or creating
vacancy. In addition, as displayed in Fig. 1, depending on the
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atom location, we divided Zn atoms into four categories: Znl
(vertex atom), Znll (midpoint atom), ZnllII (centroid atom),
and ZnlV (the rest Zn atoms), and two groups for Te atoms:
Tel (the nearest Te atoms around the vacancy or impurity Cu
atom) and Tell (the remaining Te atoms).

All calculations were performed using a pseudopotential
plane wave (PP-PW) method as implemented in CASTEP
[13] code. We employed the Vanderbilt-type ultrasoft
pseudopotentials [14] to treat the interaction between va-
lence electrons and ions. The electronic exchange-
correlation function was treated within the GGA of Perdew,
Burke and Ernzerhof (GGA-PBE) [15]. Zn 3d'%4s’, Te
5575p?, and Cu 3d'%4s’ were treated as valence states in
consideration of their relatively high energies. The cutoff
energy was 400 eV and a 2x4x4 Monkhorst-Pack [16]
k-points grid was adopted for integration in the first Brillouin
zone (BZ). The Broyden-Fletcher-Goldfarb-Shanno (BFGS)
minimization technique [17], which provides a fast way of
finding the lowest energy structure, was used in the geometry
optimization. The tolerances for geometry optimization were
set as the difference in total energy being within 5.0x 107°-

eV-atom ', the maximum ionic Hellmann- Feynman force
within 0.01 eV+-A™!, the maximum ionic displacement with-
in 5.0x10° A, and the maximum stress within 0.02 GPa.

The calculation of optical properties usually requires a
dense mesh of uniformly distributed k-points. Thus, we em-
ploy BZ integration with a 20x20% 20 grid of Monkhorst-Pack
points for the calculation. Optical properties can be determined
using the complex dielectric function e(w)=¢(w)+ier(w) [18],
which is mainly connected with the electronic structures. The
imaginary part of the dielectric function e,(w) was calculated
from the momentum matrix elements between the occupied
and unoccupied wave functions [19] as follows:

o () 11 (8o (. - ), m

where e is the electron charge, m is the electron mass, Vis the
unit cell volume, w is the photon frequency, p is the momen-
tum operator, /w is the energy of the incident phonon, k£ # and
kn' are the conduction band (CB) and valence band (VB)
wave functions corresponding to the nth and »' th eigenvalue
with crystal momentum k, and f(k n) is the Fermi distribu-
tion function. The real part of the dielectric function €(w)
can be attracted from e,(w) by using the Kramers-Kronig
relationship [20]:

2 /w e (W )w'dw

e1(w) =1+ —p .

: (2)

where p is the principal value of the integral. The knowledge
of' both the imaginary and real parts of the dielectric function
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allows the calculation of the other optical properties such as
the conductivity function o(w), reflectivity R(w), refractive
index n(w), and energy-loss spectrum L(w) [21, 22].
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Fig. 1 2x1x1 supercell
structure of ZnTe with defect
(X = vacancy or impurity Cu
atom)
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Results and discussion
Structural properties

Firstly, the three periodic supercells of ZnTe were optimized
for testing the validity of the method. Table 1 summarizes the
equilibrium lattice constants of pure and defective ZnTe
systems. Our calculation for pure ZnTe is slightly beyond
the experimental value [12]. This overestimation of the lat-
tice constants based on GGA approximation is reasonable,
which is known to result from the discontinuity of the
exchange-correlation energy [23]. However, it is in good
agreement with other theoretical result [24]. Zng g75Te has a
smaller volume than pure ZnTe, which is derived from the
vacancy. As for Zng g75Cug 125Te, the volume reduction re-
sults from the minor difference in atomic radius between Cu
and Zn atoms, the local structure around the Cu dopant is
slightly suppressed as the Te atoms are drawn closer to the
Cu atom after geometry optimization, for which evidence
can be also found in Table 3.

The cohesive energy is a measure of the strength of the
forces which is calculated by using the Eq. (7):

Ecoh = (Etot_NaEa_NbEb_NcEc)/(Na +Nb +Nc)7 (7)

where E,,, is the total energy of the compound at the equi-
librium lattice constant, and E,,, E,, and E_ are the energies of
the isolated atoms a, b, and c in the freedom states, respec-
tively. N,, N,, and N, refer to the numbers of a, b, and ¢
atoms in each unit cell, respectively [25]. The computed
cohesive energies for the three structures are listed in Table 1.
Further analysis shows that Zn, g75Cug 1o5Te has the most
stable structure due to the highest absolute value of cohesive
energy and ZnTe has relatively weaker structure stability,
while the structure stability of Zn, g75Te is the worst due to
the lowest absolute value of cohesive energy. This also in-
dicates that Cu doping in the ZnTe system is relatively stable
while the monovacancy system is not.

Electronic structures

Figure 2(a—c) presents the calculated energy band structures
along the high symmetry directions in the first BZ for ZnTe,
Zn g75Te, and Zng g75Cuq 125Te, respectively. Basically, the
energy structure of compounds depends on the interactions
between orbitals in the lattice. It’s obvious that the valence
band maximum (VBM) and conduction band minimum
(CBM) occur at the same k-point (G) for all the three cells,
indicating that they are all direct band gap semiconductors.
The calculated band gaps are 1.054 eV, 1.319 eV, and
0.960 eV for ZnTe, Zng g75Te, and Zng g75Cuy 125Te, respec-
tively. It is clearly seen that the calculated band gap for ZnTe,
as expected, is underestimated in comparison with experi-
ment data (2.28 eV) [26], however, it agrees well with other

Table 1 Optimized geometric

lattice parameters of perfect and Present Expt.[12]  Other cal.[24]  E.on (eV/atom)
defective ZnTe systems
alA bIA A VIA® /A /A
ZnTe 12.387  6.194 6.194 475221 6.101 6.200 -2.88
Zng g75Te 12.155 6.086 6.086  450.252 —2.86
Zngg75Cug 1osTe 12317 6.151  6.151  465.983 -2.99
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Fig. 2 Calculated electronic

band structures for a perfect

ZnTe, b Zng g75Te, ¢ 3 _ N (a) /]
Zn0_875Cu0_125Te. The FCITIH i \ /
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theoretical results [22, 24]. This underestimation of the
band gaps is mainly due to the fact that the simple form
of GGA do not take into account the quasiparticle self-
energy correctly which make it not sufficiently flexible
to accurately reproduce both exchange correlation ener-
gy and its charge derivative [27].

In order to elucidate the major contribution of orbit in the
band structure, the total and atom-resolved density of states
(DOS) are calculated and plotted in Fig. 3. Likewise, a band
gap at the Fermi level can be observed for the three crystals.
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As shown in Fig. 3(a), the DOSs indicate that ZnTe CBs
originate mainly from the cooperative contributions of Zn
3d, Te 5s, and Te 5p orbitals, among which Zn atoms are
dominant. VBs between —11.5 eV and —10.0 eV are derived
from Te 5s orbital. This band is somewhat isolated and far
away from the other bands that we will pay little attention to
it. The major contributions to VBs between —7.0 eV and
—5.8 eV are mainly from the localized Zn 3d orbitals. The
upper VBs from —5.0 to 0.0 eV are predominantly composed
of Se 4p states.

Fig. 3 Calculated total and
partial densities of states for a 120 | (a) TDOS 120 |- (b) ——TDOS
perfect ZnTe, b Zn g75Te, and ¢ 60 g
. - 60 |-
Zng g75Cug 125Te. The vertical < %
line at zero point energy is o 60 L % 60 N
aligned at the Fermi level 2 Zns S I Zns
S a0} np 5 30 F Znp
® Znd o | Znd
3 0 ] _ k el w-—_V.N 3 0 — AN 1 L)
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Table 2 Mulliken atomic popu-
lation analysis of Zn, Te, and Cu lon Species S p d Total Charge
atoms
ZnTe Zn - 0.94 1.25 9.98 12.17 -0.17
Te - 1.51 432 0.00 5.83 0.17
Zng g75Te Zn Znl 0.89 1.26 9.98 12.13 -0.13
Znll 1.12 1.31 9.98 12.41 -0.41
Znlll 0.97 1.25 9.98 12.21 —-0.21
ZnlV 1.00 1.28 9.98 12.26 -0.26
Te Tel 1.55 4.21 0.00 5.76 0.24
Tell 1.52 4.27 0.00 5.79 0.21
Zng g75Cug 125Te Cu - 0.83 1.02 9.75 11.60 —-0.60
Zn Znl 0.93 1.26 9.98 12.17 -0.17
Znll 0.96 1.26 9.98 12.20 -0.20
ZnlIll 0.94 1.24 9.98 12.16 —-0.16
ZnlV 0.94 1.26 9.98 12.19 -0.19
Te Tel 1.46 4.24 0.00 5.17 0.29
Tell 1.53 4.29 0.00 5.82 0.18

As presented in Fig. 3(b), compared with those of perfect
ZnTe, Te 5s states of Zng g75Te shift to upper energy range
and the vacancy orbital appears in the vicinity of the Fermi
energy, which can be considered to be caused by the lone
unpaired valence electrons of Te atoms. And the differences
caused by electron deficiency will strongly affect the optical
properties. For which theoretical calculations have predicted
that the zinc vacancy in Zng g75Te may form shallow accep-
tor level and make them n-type conductivity. Had the VBM
consisted of anion orbitals alone, one would except roughly
similar band gaps in ZnTe and Zn g75Cug 125 Te, since the Cu
s-orbital energies are close to those of Zn. The band structure
and DOSs indicates that Zng g75Cug 125Te has a narrower
band gap (0.960 eV), and the energy of the VBM rises to
0.283 eV, as shown in Figs. 2(c) and 3(c). Then a deep
acceptor impurity level was produced in Zng g75Cug 125Te.
The appropriate explanation seems to be the p-d repulsion
effect [28], which can be described as that the Cu 3d orbitals
in Zng g75Cuy 125Te are considerably closer in energy to the
Te 5p orbitals than that of Zn 3d orbitals, thus leading to a far
more effective p-d repulsion. And hence with a remarkable

Table 3 Mulliken bond population analysis of Zn—Te and Cu—Te bonds

reduction in the band gap due to the fact that the Cu 3d
orbitals are also more delocalized than the Zn 3d or-
bitals, which lead to the formation of a larger coupling
matrix element in Zngg75Cugi25Te and a larger p-d
repulsion.

In addition, we also calculated Mulliken populations for
the materials of interest on the grounds that this helps to
understand bonding behavior, as listed in Tables 2 and 3. As
listed in Table 2, Mulliken atomic population analysis of all
the present atoms has been performed for further study of the
structural relaxation. The same atoms can have diverse
charge distributions because of their different sites. In
Zng g75Te, the Te atoms seemingly can not hold onto their
electrons tightly, as indicated by statistics showing increased
absolute values of charge for Te atoms, whether close to the
vacancy center or not, and it is noteworthy that Te(I) atoms
increased slightly more than others due to a lack of Zn atom.
For Zng g75Cuq 125Te, the Te(I) charge changes sharply, the
charge of Cu is negative(—0.60), indicating that the electro-
negativity of Cu is greater than Zn, consequently, it is more
difficult to lose electrons.

Znl—Tell Znlll—Tell ZnIV—Tell Znll—Tel ZnlV—Tel Cu—Tel
ZnTe Population 0.50 0.50 0.50 0.50 0.50
Length/A 2.682 2.682 2.682 2.682 2.682
Zn g75Te Population 0.39 0.37 0.26 0.15 0.32
Length/A 2.664 2.681 2.678 2.657 2.645
Zng g75Cug 125Te Population 0.47 0.38 0.43 0.14 0.30 0.57
Length/A 2.673 2.687 2.678 2.687 2.669 2.577
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Fig. 4 Electron density
difference map for a perfect
ZnTe, b Zng g75Te, and ¢
Zn0,875CuOA125Te plotted from
—0.08702 (red) to 0.1478 (blue)
erA”

Te

Te
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In addition to providing an objective criterion for bonding
between atoms, the overlap population may be used to assess
the covalent or ionic nature of a bond. A high value of the
bond population indicates a covalent bond, while a low value
indicates an ionic interaction. Positive and negative values
indicate bonding and antibonding states, respectively. A
value for the overlap population close to zero indicates that
there is no significant interaction between the electronic
populations of the two atoms [29]. As can be seen in Table 3,
a large proportion of Zn—Te bonds overlap population
values among the three systems, indicating a mixed ionic-
covalent character. As to Zn, g75Se, the overlap populations
as well as bond lengthes of the Zn—Te (I) decreased. It
suggests that Zn vacancy induced changes in the bonding
of the nearest neighbor Te atoms and there was decreased
covalency in the Zn—Te (I) bonds, which is in good agree-
ment with above atomic population analysis. The bond

population of Cu—Te (I) bond is higher than any other Zn—-
Te bonds in Zngyg75Cug 125Te, indicating that the covalent
interaction is strengthened. Moreover, it should be noted that
our calculate bond lengths for Zn—Te or Cu—Te essentially
agree with Pyykkd’s (i.e., 263.9 A for Zn—Te, 260.6 A for
Cu—Te) [30], who has found an extremely simple (if not
simplistic) way to estimate bond lengths in tetrahedrally
coordinated crystals.

The bonding picture can be more vividly illustrated by
plotting the charge density maps of specific crystallographic
planes. Their electron density distribution map is plotted in
the way of the electron density difference map, as presented
in Fig. 4. The electron density difference was determined as
Ap: {pcrystal_zpato}a where Perystal and Pato are the valence
electron densities for the studied compound and the corre-
sponding free atoms, respectively [31]. In general, many
isolated atoms are connected together through, i.e., chemical

Fig. 5 Calculated real parts C 315
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Table 4 Calculated refractive indices n and static dielectric constant .,

n €
ZnTe 2.532 6.41
Zn g75Te 3.506 12.30
Zn 375Cug 125Te 2.746 7.54

bond to form a solid and liquid. The electron density differ-
ence here denotes the difference in the electron density be-
tween the bonded atoms and the isolated atoms. This index
allows visualizing the electron redistribution of the atoms after
chemical bonding. Compare Fig. 4(b) and (c) to Fig. 4(a), it
can be seen that the charge density of those Te atoms closest to
Zn vacancy is significantly increased, and the charge density
of Cu atom is greater than Zn, which is coincided with the
Mulliken population analysis.

Optical properties

Optical property is a key quantity for semiconductors mate-
rials with potential applications in photoelectron devices and
the semiconductor industry. We already identify that the
calculated direct band gap is smaller than the measured
value, and the calculated dielectric function shifts toward
lower energy. Hence, we amended band gaps by using a
scissor operator (scissor: 1.226 eV).

The results of our calculated €;(w) are shown in Fig. 5(a).
The zero frequency limit of £;(w) is the electronic part of the
static optical dielectric constant £1(0), which is sometimes
denoted as ... The calculated e, are listed in Table 4. From
the table it is clear that ., decreases in going from Zn g75Te
to ZnTe. Figure 5(b) depicts the calculated ¢, (w) of perfect
ZnTe, Zng g75Te, and Zng g75Cuq 125 Te with prominent peaks
at the same position A (5.5 eV). These peaks mainly corre-
spond to the transitions from Te 4p VBs to the unoccupied
CBs as well as Te 4s orbitals to the Zn 3d or Te 4p VBs. As to
Zng g75Te, a new peak (B) occurs at 1.74 eV, which may
belong to the electron transition from CBs to vacancy accep-
tor level and cause emission of the red photoluminescence.
Similarly, the dielectric peak C (2.05 eV) of Zng g75Cug 125Te
is attributed to the electron transition from CBs to acceptor
impurity level near the top of VBs. The frequency dependent
optical conductivity is also calculated and is shown in
Fig. 5(c). Optical conduction starts responding to the applied
energy field from 2.09 eV, 0.69 eV, and 1.15 eV for ZnTe,
Zng g75Te, and Zn g75Cug 125 e, respectively. Maximum op-
tical conductivity of the investigative materials is at 5.58 eV of
magnitude 8.5 fs . Figure 5(f) shows the results of the reflec-
tivity function R(w) for the three materials. The maximum
reflectivity occurs in the energy region of [8.0, 13.0 eV], and

this is in the ultraviolet region. Thus, the present result sug-
gests that the three structures materials can serve in optical
devices such as shields for ultraviolet radiation. Besides, the
reflection rates of the three systems reached at 0.8, which is
close to 1 and indicates that the systems present metal reflec-
tion characteristic with the most incident light reflected. The
electron energy loss function L(w), which is an important
factor describing the energy loss of a fast electron traversing
in a material. Prominent peaks in L(w) spectra represent the
characteristics associated with the plasma oscillations and the
corresponding frequencies are the so-called screened plasma
frequencies wy,, which occurs where £,<1 and ¢, reaches zero
point [32]. Obviously, one may note from the Fig. 5(d) that the
main peaks of L(w) are located at about 13.38 eV, 13.58 eV,
and 13.72 eV for ZnTe, Zngg75Cug 125Te, and Zngg7sTe,
respectively, which correspond to the abrupt reduction of
R(w) and to the zero crossing of &(w).

The knowledge of the refractive indices of semiconduc-
tors is important in the design and analysis of heterostructure
lasers and other wave-guiding semiconductor devices. The
calculated refractive indices of studied compounds are in-
vestigated in Table 4. This is verified by the calculation of
the optical dielectric constant €,,, which depends on the n. It
manifests that within the limits of error the theoretical cal-
culated result for ZnTe were in satisfactory agreement with
available experimental value (n=2.71) [33], and also meet
the rule e,,~n”, mentioned in ref. [34].

Conclusions

We have applied the GGA within the framework of PP-
PW approach to investigate the electronic and optical
properties of pure and deficient ZB structures of ZnTe.
The choice of compounds was warranted by a great deal
of attention given to these semiconductors on account of
their large field of applications. The obtained results are
well consistent with other theoretical results and the
available experimental data.

The calculated results reveal that compared to the perfect
ZnTe, the lattice parameters of Zn, g75Te and Zng g75Cug 125Te
were changed and the cell volumes decreased to some extent
due to the vacancy and introduction of impurity. The bonding
properties of the two deficient systems are also changed,
resulting from the redistribution of electronic charges. A va-
cancy acceptor level and an acceptor impurity level were
produced in ZnggssTe and Zngg75Cug 125Te, respectively.
Compared with ZnTe, the elongated optical band gap of
Zngg7sTe is attributed to the moving toward high energy
section of Te 5s state. We observed few differences in band
gap between Zn g75Cuy 125Te and ZnTe, since the Cu s-orbital
energies are close to that of Zn.
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