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Abstract

The full regions of the electronic and optical properties of in-plane biaxial strained thin film ZnO are studied using pseudopotential plane-wave
method. The fundamental band gap at the Γ point increase linearly with the increase of tensile strains, but decreased with the compressive ones.
The strains affected the local tetrahedral symmetry, and so the splitting of crystal field energy. The band dispersion relation of the valence band
maximum changes with the strains, which means the residual strains have effects on the effective hole mass, thus the transportation properties of
the p-type ZnO. The changes tendency of optical properties up to full regions under strains have been shown and discussed.
© 2007 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide is an II–VI group wide band gap semiconductor
and an attractive multi-functional material because of its appli-
cations to short-wavelength emitting diodes, photo detectors,
UV nanolaser, and electroluminescence devices [1,2]. A great
deal of efforts has been made on ZnO epitaxy layers grown var-
ious substrates, such as α-Al2O3 [3], 6H-SiC [4], Si [5], GaAs
[6] and ScAlMgO4 [7], etc. The lattice mismatch between the
substrate and the deposited layer as well as the difference in
the thermal expansion coefficients between them always in-
duce residual strain in the heteroepitaxial layers, which has to
be taken into account in order to grow high quality thin ZnO
films. It is well known that the energy of the conduction band
minimum (CBM) and valence band maximum (VBM) of the
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wurtzite semiconductors can be altered via hydrostatic pres-
sures [8], or alloying [9] through changing their lattice con-
stants, so will do the residual strains. These strain effects have
been, for example, intensely investigated over the past ten years
in the case of GaN-based layers [10–14], which all revealed that
the residual strains had much effect on its electrical and opti-
cal properties. Recently such experimentally works have been
done on ZnO-based heterostructures [16,17]. However theoreti-
cal study is almost completely missing. In this work, we carried
out band-structure and optical properties calculations for ZnO
under varying degrees of in-plane biaxial strains, induced by
mismatch and defects.

2. Method

The ab initio calculations described here are performed with
the CASTEP code [18], based on density functional theory
(DFT) using pseudo-potentials to describe the electron–ion in-
teractions and a plane-wave to expand the waves functions.
We use the generalized gradient approximation (GGA) in the
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scheme of Perdew–Burke–Eruzerhof (PBE) to describe the ex-
change and correlation potential, since the GGA is relatively
more efficient to predict the energy gap of semiconductor than
the local-density approximation (LDA) [19], which is well
known to underestimate the fundamental band gap in semicon-
ductors and insulators by 30–60% [20], but the shape of the
bands is usually in agreement with results from band structure
calculations which go beyond the DFT-LDA. In the calcula-
tion of electronic properties, we used Vanderbilt-type ultrasoft
pseudopotential [21] which allows calculations to be performed
with the lowest possible cutoff energy for the plane-wave basis
set and used norm-conserving pseudopotentials [22] for optical
properties calculations. Brillouin zone integrations were per-
formed using a Monkhorst–Pack sampling scheme. We have
Zn 3d104s2 and O 2p6 as the valence electrons and carefully
investigated the dependences of the total energy on the cut-
off energy and the k-point set mesh so as to make our results
reasonable. Finally, the valence electron wave functions were
expanded in a plane-wave basis set up to a kinetic energy cutoff
of 700 eV. This converges total energy differences to better than
1 meV/atom. A 9×9×6 Monkhorst–Pack grid was used, lead-
ing to 36 k-points in the irreducible Brillouin zone for the high
symmetry structure, which make the separation of the recipro-
cal space to be less than 0.03 Å−1. In order to compensate the
GGA underestimation of the band gap, the calculated optical
spectra have been shifted by the scissors operator, which is a
rigid shift of the conduction bands with respect to the valence
bands in order to match the experimental band gap of ZnO.

When it comes to the in-plane strains, we applied the method
used in Ref. [23]. The space-group symmetry of the wurtzite
structure C4

6v is conserved, and strain and stress tensors take
diagonal form as

(1a)εxx = εyy = (a − a0)/a0 and

(1b)εzz = (c − c0)/c0.

Here, a0 (a) and c0 (c) denote the lattice constants of the
unstrained (strained) crystal, and the convention is used that
εxx < 0 (εxx > 0) for layers under compressive (tensile) in-
plane strain. In the limit of small deviations from the equilib-
rium, the corresponding stress tensor components follow ac-
cording to Hooke’s law,

(2a)σxx = (C11 + C12)εxx + C13εzz and

(2b)σzz = 2C13εxx + C33εzz.

Where the parameters Cij denote the elastic constants. In
Eqs. (2) four of the five independent constants Cij of the con-
sidered wurtzite crystal occurs. A homogeneous biaxial stress
in the plane perpendicular to the c axis of the wurtzite lattice is
described by constant forces in this plane, σxx = σyy , and the
forces along the c axis, σzz = 0. Then Eqs. (2) gives a relation-
ship between the strain components, εzz = −RBεxx , with the
coefficient RB = 2C13/C33, which means that the tensile biax-
ial strain in the ab plane results in compressive uniaxial strain
along the c-axis [15]. In order to determine the biaxial relax-
ation coefficient RB , we choose lattice constants a close to the
equilibrium one and, in each case, minimize the total energy of
the system with respect to the second lattice constant c and the
internal parameter u to obtain the relaxed value of c.

3. Results

3.1. The electronic properties under strains

The effects of biaxial strains are considered both on micro-
scopic scales, i.e., on the internal cell parameter u (= d/c),
where d refers to the Zn–O bond length along the c-axis, and
on a more macroscopic scale, i.e., on the lattice constant c, as
shown in Fig. 1. As expected, due to the Possion effect, we ob-
served the decreases of the c lattice constant with increasing in
plane biaxial tensile strain. From Fig. 1(a) we obtained the ratio
of the elastic constants (2C13/C + 33) to be 0.99684, which is
in good accordance with 1.0568 [24], 1.0165 [25], 1.0095 [26],
and 0.91837 [27], experimentally and theoretically. The internal
parameter u obviously shows a different strain behavior than
the lattice constant c, it changes in the opposite way to the ra-
tio of the lattice constants. The same behavior was also found
in GaN and AlN under biaxial, uniaxial strains and hydrosta-
tic pressure, which were related to the tendency of the wurtzite
lattice to be resistant to changes of its bond length [28].
Fig. 1. The lattice constant c (a) and the internal parameter u (b) under in-plane biaxial strains.
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Fig. 2. Band structures of ZnO under strains of (a) +3% tensions and (b) −3% compressions compared with the unstrained one. The stone lines in both (a) and (b)

represent the unstrained results.
The band structures are shown along high symmetry lines
in hexagonal Brillion zone. Similar to the most binary semi-
conductors, the lowest conduction-band edge of ZnO originated
from 4s states of atom Zn, whereas the states at the VBM from
the 2p states of atom O. Both the VBM and the CBM occur
at the Γ point k = 0 indicating that ZnO is a direct band gap
semiconductor. We focused mainly on the uppermost of valence
band as it is related to the holes in semiconductors. As spin-
orbit coupling and spin degrees of freedom are neglected in our
calculation, at the VBM the hexagonal crystal field Δcf splits
the threefold-degenerate p level into a nondegenerate state and
a doubly degenerate state in the standard notation denoted as Γ1
and Γ6, separated by 81 meV higher than the value 39.1 meV
obtained by W.J. Fan et al., using EPM [29]. The fundamental
band gap (E(Γ1c)–E(Γ1v)) is largely underestimated in GGA
calculations, which has recently been overcome by the intro-
duction of so-called self-interaction-corrected pseudopotentials
[30]. We note that our calculation has overestimated the Δcf, it
might be because of the underestimate of the fundamental gap
increases the repulsive coupling between the Γ1v valence and
Γ1c conduction band states. The residual strains influence both
the energy gap Eg and the crystal-field splitting Δcf by the for-
mulas described in Ref. [23]. Fig. 2 shows the band structures
of ZnO under 3% in-plane tensile strain (a) and compressive
strain (b), compared with the unstrained one (stone lines). We
observed that for the compressed ZnO, the increased overlap
between the orbital in the basal plane led to an overall broad-
ening of the bands in the upper of the conduction bands and
lower of the valence bands, but the bands near to the Fermi
level come closer, thus provided a narrower band gap at the
Γ point; on the contrary, the stretched strain resulted in the
widening of the band gap. In Ref. [14], however, it showed
that the band gap increases under both tensile and compres-
sive strains, in contrast to the present results. These variations
of Eg with strains are shown in Fig. 3. The energy gap varies
nearly linearly with strains. This tendency is identical with the
PL experiments of D.G. Zhao et al. [31] of the exciton spectra
of wurtzite ZnO epilayers growing on various substrates. Addi-
tionally, the splitting energy of the crystal field Δcf decreases
with the magnitude of the tensile strain, but increases with the
Fig. 3. The energy gap at Γ point of ZnO as the function of the in-plane biaxial
strain.

compressive one, as shown in Fig. 4. Our results differ from
GaN band structure calculation based on the sp3d5–sp3 empir-
ical tight-binding model of B. Jogai [15], which showed that the
|Γ1v − Γ5v| increased with the magnitude of the strain regard-
less of whether the strain is tensile or compressive. From the
band structures, we observed the conduction- and valence-band
minima remains at the Γ point that is the strained ZnO is still a
direct band gap semiconductor, in contrast to the results that the
tensile strains turned α-GaN into an indirect band gap structure
[14]. Quantitative comparisons with the PR data would require
the inclusion of the spin–orbit interaction and its coupling with
both the crystal field and the strain. These effects have not yet
been included in the present work.

The spin–orbit interaction has not been included in our cal-
culation, therefore we could not see the removal of the degen-
eracy of Γ6 and other spin degenerated states. However we still
find that the strained VBM are flatter than the unstrained one,
indicating that they have larger effective hole masses, which
would affect the transportation properties the p-type ZnO, as
we know, misfit of lattice constants and thermal expansion co-
efficients, as well as defects including dopants would induce
strains in the thin film.



Y.Q. Gai et al. / Physics Letters A 372 (2007) 72–76 75
3.2. Optical properties under strains

The optical properties of matters can be described by means
of the transverse dielectric function ε(ω). The imaginary part
ε2(ω) could be calculated from the momentum matrix elements
between the occupied and unoccupied wave functions within
the selection rules, and the real part ε1(ω) can be evaluated
from imaginary part ε2(ω) by Kramer–Kronig relationship. All
the other optical constants, such as reflectivity R(ω), absorption
coefficient a(ω), refractive index n(ω), and energy-loss spec-
trum L(ω) can be derived from ε1(ω) and ε2(ω) [8].

Fig. 5 showed the imaginary part of the dielectric function
ε2(ω) of strained ZnO with the polarization along (a) and nor-
mal to (b) the c-axis, compared with the unstrained ZnO, the
insets are the experimental results of unstrained ones [32]. As
can be seen in these figures there is a close match between our
calculated results and the experiment ones in the higher energy
region (5–30 eV), and the compressive strains make the high en-
ergy peaks shift towards higher energy, which is the same with

Fig. 4. The crystal field splitting energy Δcf as a of biaxial strains in the plane
perpendi-cular to the hexagonal c-axis.
ZnO under hydrostatic pressures [8]. For lower energies con-
sidering the absorption edge of the spectra, the locations of the
edge do not coincide. Therefore, we have shifted the edge up-
wards by a scissor of 2.37 eV; our calculated results give a good
reproduction of spectra in the low energy region. Fig. 5(a) and
(b) showed the anisotropy of the optical properties, and in-plane
strain affected case (a) much apparently. The tensile strain push
the peak around 13.5 eV higher, which mainly corresponded to
the transition between the Zn 3d and O 2s states. The compres-
sive strain shifted the peak around 8 eV upwards and made the
appearance of the peak located at about 11 eV. The results for
the dispersive part of the dielectric function ε1(ω) of the ZnO
polycrystalline are given in Fig. 6, the inset is the experimen-
tal results [33]. The main features in our calculated unstrained
ZnO are: a peak at around 3 eV; another two lower peaks lo-
cated at about 7 and 11 eV; a rather steep decrease between 11
and 17 eV, inside of which ε1(ω) decreased toward zero then
becomes negative finally reached a minimum; and then again a

Fig. 6. The real part of dielectric function ε1(ω) of the ZnO polycrystalline
under strains. The inset is the experimental result.
Fig. 5. The imaginary part of the dielectric function ε(ω) of the wurtzite ZnO thin film (a) polarization alone the c-axis (b) polarization in the ab plane. The inserts
are the results of the experiments.
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slow increase toward zero at higher energies. The strains make
both the shape and the position of the main peaks of ε1(ω) vary
successively.

4. Conclusions

In conclusion, the electronic and optical properties of thin
ZnO film under various residual in-plane biaxial strains were
investigated by ab initio ultrasoft pseudopotential density func-
tional method in details. From the strained band structures com-
pared with unstrained one, we draw a conclusion that residual
strains do affect the carrier transportation properties of p-type
ZnO. The results of optical properties indicated that the residual
strains affected the optical properties ZnO anisotropy and have
remarkable characters at the high-energy regions. Therefore it
is of great importance for understanding the strain influence on
the properties of ZnO, especially the p-type one, as dopants in-
duced large strain around them.
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