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First-principles computation is used to examine lattice parameters, energy band gap and optical properties of

ZnO under uniaxial strain. The calculation is carried out in uniaxial (c-axis) strain changing in the range from −5%
to 5%. The simulations are based upon the Perdew–Burke–Ernzerhof form of generalize gradient approximation
within the density functional theory. There is linear variation of lattice constant and linear boarding of energy band
gap with uniaxial strain increment. Strain in the c-axis direction has prime contribution in the variation of energy
band of ZnO. Absorption coefficient, optical properties comprising dielectric function (real and imaginary) and
reflectivity of wurtzite ZnO are deduced. Diminishing of imaginary part of the dielectric function with the increase
of uniaxial strain at low energy is observed in calculated results but imaginary part of the dielectric function is
observed to increase with increasing uniaxial strain for energy greater than 5.0 eV and a blue shift is appeared in
graph. Strained band gap of ZnO is larger than that of unstrained ZnO, which provides the theoretical reference
value for the modulation of the band gap of ZnO.
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1. Introduction

Recently, zinc oxide (ZnO), a II–VI semiconductor
compound has attracted incredible attention for re-
searchers. It has high excitation binding energy of
60 meV and large energy band gap of 3.37 eV at nor-
mal temperature [1, 2]. ZnO based derivatives have been
used for many years for different applications, such as
LCD screens, solar cells, gas sensors, detectors, flat panel
displays and ultraviolet semiconductor laser beam. It is
nontoxic and has piezoelectric, ferroelectric, and ferro-
magnetic properties [3, 4]. There are three established
polymorphs of ZnO: (i) wurtzite (P63/mc space group),
(ii) zinc blende (F43m), and (iii) rocksalt (Fm/3m).
Wurtzite structure is thermodynamically steadier at en-
compassing conditions. Each sublattice incorporates four
atoms per unit cell in wurtzite structure of ZnO. Atom of
Zn (group II) is encompassed by 4 atoms of the O (group
VI), or the other way around [5].

Several methods were utilized to produce ZnO thin
films such as RF magnetron sputtering, chemical vapor
deposition, sol-gel, spray-pyrolysis and pulsed laser de-
position [6]. Stress–strain produced by lattice mismatch
between the film and substrate, and thermal mismatch
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created by various thermal expansion coefficients are un-
avoidably present in the thin films [7]. Quality of crys-
tal and optical execution of ZnO film are influenced by
this mismatch. Consequently, it is imperative to ex-
amine variation of lattice constant, band gap, and ab-
sorption coefficient of ZnO films under application of
strain for the arrangement of research study on epitax-
ial layers and hetero intersections. Recent analysis of
some physical properties of ZnO under uniaxial strain has
pulled in the broad enthusiasm of analysts. The Raman
spectroscopy, X-rays diffraction, and other spectroscopic
methods are utilized to quantify residual strain in films.
First-principles estimations are also reported to exam-
ine physical mechanism of ZnO under the application of
strain [8]. Alvaro et al. explored the structural and elec-
tronic and characteristics of nanoporous ZnO under biax-
ial stress, through first-principles methods based on total
energy ab initio calculations using spin-polarized density
functional theory. In comparison with bulk, remarkable
inverse pattern of tuning of energy band by the strain
was reported and surfaces states in the nanoporous are
answerable for a strange variation in the energy gap [9].
Shao et al. studied transport properties of n-type ZnO
nanowires utilizing the in situ scanning tunneling micro-
scope, transmission electron microscope technique and
found continuous decrease of ZnO nanowires resistance
with increasing compressive strain, but it increased un-
der increased tensile strain. They additionally announced
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varieties of bandgaps during the application of tensile
strain of individual ZnO nanowires via cathodolumines-
cence spectroscopy [10]. The first-principles hybrid den-
sity functional theory was used to investigate structural
and electronic properties of wurtzite ZnO under hydro-
static strain and uniaxial strain along c-axis by Wang et
al. Structural transformation of the wurtzite ZnO under
tensile hydrostatic strain and compressive uniaxial strain
is reported in this paper. They utilized generalized gra-
dient approximation (GGA) for this work, as their fo-
cus was on relative variation of the band gap and the
electronic effective mass in wurtzite ZnO under tensile
hydrostatic strain and compressive uniaxial strain [11].
In spite of the fact that some ground progress of ZnO
under stress–strain is studied, but execution of ZnO is
still seldom announced [12]. First principle computation
based on the density functional theory is also reported
for band gap calculation and the optical properties of
p-type ZnO under uniaxial strain [13, 14], which indi-
cated large band gap of ZnO under strain. Present work
investigates the optical properties of ZnO by optimiza-
tion of the geometry and computation of first-principles
approach. The band structure and optical properties of
ZnO are studied and strong anisotropy is revealed. Ad-
ditionally, energy band gap of ZnO is tuned continuously
under uniaxial strain (−5% to 5% interval). The elec-
tronic dispersions of these systems have been calculated
using the tight binding approximation. Evolutions of op-
tical properties, for example, dielectric constant, refrac-
tive index and absorption coefficient were carried out by
Green’s functions. The current work will be helpful for
encourage of experimental findings in near future. This
paper is sorted out as pursues. Initially the computa-
tional methodology, the band gap details and theory are
presented and secondly the key results of optical proper-
ties such as dielectric constant, absorption coefficient and
refractive index are explained in sequential manner in re-
sults and discussion section. At last the main outcomes
are compiled in conclusion section.

2. Computational details

Wurtzite structure of stable ZnO is a hexagonal with
the space group of P63/mc and C6v-4 symmetry. Unit
cell specifications for this structure are a = b = 3.249 Å,
c = 5.206 Å, α = β = 90◦, and γ = 120◦ [15]. The
calculations in the framework of density functional the-
ory (DFT) based on first-principles calculations (ab ini-
tio calculations) were implemented in Atomistix Toolkit
software (ATK). In this strategy, no shape estimates on
either potential or the electronic charge density are based
on the local density approximation of the DFT theory.
However, reproducing electronic structure correctly is
well known problem of DFT which occurs because of in-
correct electron counting in DFT [16]. Consideration of
ground state during the calculation in most of theories is
one of big problem. Therefore, the effects of final state,
configuration interactions, and variety of finite temper-

ature effects etc. are normally not taken into consider-
ation by theory [17]. Further, due to complication in
many calculations, the 4f and 5fshells are considered as
shallow cores but experimentally these levels have band
structure. Hedin suggested GW approximation, which is
one of successful attempts to go beyond DFT/LDA [18].
There is estimate of the self-energy operator by utiliz-
ing Green’s function G for the electron system, in the
screened Coulomb field W . Accurate estimation of the
band gap can be executed by GW approximation but it
is time consuming because of its complexity. A new ver-
sion (PW91) of the generalized gradient approximation
(GGA) was introduced by Perdew and Wang in 1991 [19].
Improvements of LDA results for atoms, molecules, and
solid surfaces were successfully exhibited by PW91. The
latter value for the effective enhancement of the exchange
potential was explored by Perdew, Burke and Ernzerhof
(PBE) and has become the standard of GGA, and imple-
mented in most of the modern program packages. How-
ever, ground state properties of perovskite-type ABO3

materials were predicted accurately by first-principles
method based on DFT within local density approxima-
tion [20]. Conventional DFT-LDA approach is not able
to effectively describe the localization of strongly corre-
lated d and f electrons and it gets collapse for strongly
correlated transition material cases [21]. The hybrid
DFT-HF functional (such as BH&HLYP, B3LYP, and
B3PW91) [22], dynamic mean field theory (DMFT) [23],
and DFT-LDA+U functional [24] have successfully im-
proved the calculation of localization of strongly corre-
lated electrons in transition metal. Yaakob et al. [25]
have explored semiempirical LDA+U approach for treat-
ment of transition metal of Zn 3d electron with different
values of effective Hubbard U potential.

The Perdew–Burke–Ernzerhof (PBE) functional
method in the generalized gradient approximation
(GGA) was utilized for exchange-correlation func-
tional [26, 27], since the GGA has produced important
data about properties of material. However, a noted key
limitation is that the GGA make band gaps considerably
smaller than experiment [28]. Summations of band
structure and optical spectrum program parameter
calculations used in this work are based on DFT com-
bined with double zeta polarized states. The ATK-DFT
program can demonstrate the optical properties of
shut and open quantum systems with DFT models
utilizing numerical premise sets. Non-equilibrium Green
functions are used to calculate density matrix for open
systems. Similarly, for closed or periodic systems, self-
reliable densities can be determined by resulting iterative
diagonalization of the Kohm–Sham Hamiltonian, the
Fermi-population of the Kohn–Sham states. Electron
density can be characterized by density matrix, and the
electron density decides about an effective potential,
i.e. the Hartree and exchange-correlation potential.
The Kohn–Sham Hamiltonian equation acquired from
the effective potential in which the non-interacting
particles movement occurs. DFT quantum mechanical
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modeling considers electronic structure of the system as
one-electron Kohn–Sham Hamiltonian. Density mesh
cut-off about 400 eV, electron temperature 300 K at
k-point sampling (4 × 4 × 4) was used. In distinctive
characteristics of ZnO and its apllied materials, lattice
strains incite effective gauge fields on the electronic
carriers. Uniaxial strain ranging from −5% to 5% was
considered against band gap in this study.

Based on the first principle calculations using DFT,
the uniaxial strain effect on energy band structure was
studied. The energy band structure of simulation results
showed that tensile strain caused a slight reduction in
band gaps. At the same time small and large compressive
strain induces slight increase and decrease of band gaps of
electronic band structure which are reliant upon energy
levels of the constituent atomic orbital and the crystal
structure. The band structure graph includes data about
bonding interactions inside a molecule. However, under-
standing capability of band structure diagrams enables us
to separate profitable data about the material electronic
conductivity, optical properties, and the strength oxida-
tion or reduction of material. It is important to know
optical behavior of metallic and nonmetallic materials
in terms of their absorption, reflection and transmission
characteristics in response to electromagnetic radiation
and particular to visible light. The amount of energy ab-
sorbed by metals depends on the electronic structure of
each metal. First-principle based on the DFT joined with
the plane-wave pseudopotential method is executed for
the calculation [29]. To simplify the calculation, ionic po-
tential is portrayed by a Vanderbilt type ultrasoft pseu-
dopotential to reduce the computation. 3d10, 4s2, and
2s2, 2p4, are taken as electronic configurations of Zn and
O atoms, respectively. Computation is supposed to be
non-spin polarized and generalized gradient approxima-
tion is utilized to handle exchange-correlation function.
We mindfully tried the total energy relying upon cutoff
energy and k-point examining, to be sure about conver-
gence of calculation. Ghosh et al. have also reported
about final cutoff energy [30]. Strain was directed along
c-axis which set the uniaxial strain along the c-axis but
strains along the a-axis and the b-axis were not limited.

3. Results and discussion

3.1. Structural parameters

The strain along the c-axis, εzz is represented by the
following expression:

εzz =
c− c0
c0

× 100%, (1)

where c0 is lattice constant of ZnO without strain and c
is the lattice constant with strain. As per above relation
tensile strain will be positive and compressive strain will
be negative. Calculated values of εzz utilizing above ex-
pression are mentioned in Table I. Uniaxial strain varies
from minimum −5% to the maximum strain value 5%
corresponding to applied stress on ZnO film. Figure 1
shows calculated lattice constants a and c with variation

Fig. 1. Band gap of ZnO versus uniaxial strain (−5%
to 5%).

TABLE I

Lattice parameters, cell volume V and band gap varying
with uniaxial strain.

Strain
Lattice parameters Volume

(V )
u L

Band
gap (Eg)a [Å] c [Å] c/a

−5 3.249 4.946 1.522 45.219 86.347 424.658 0.701
−4 3.249 4.998 1.538 45.695 88.17 438.244 0.682
−3 3.249 5.05 1.554 46.17 90.009 452.09 0.664
−2 3.249 5.102 1.57 46.647 91.871 466.252 0.644
−1 3.249 5.154 1.586 47.119 93.737 480.593 0.625
0 3.249 5.206 1.602 47.598 95.647 495.426 0.605
1 3.249 5.258 1.618 48.074 97.562 510.444 0.755
2 3.249 5.311 1.634 48.55 99.5 525.792 0.748
3 3.249 5.363 1.65 49.026 101.456 541.445 0.737
4 3.249 5.415 1.666 49.502 103.429 557.373 0.724
5 3.249 5.467 1.682 49.978 105.423 573.643 0.708

of uniaxial strain. Values of lattice constants without
strain are a = 3.249 Å and c = 5.206 Å, which are dif-
ferent from lattice constant values under uniaxial strain.
It is clear from Fig. 2 that c value varies linearly with
strain and a is almost constant. Lattice parameters, c/a
ratio and volume of unit cell under uniaxial strain are
tabulated in Table I. It is obvious from Table I that c/a
ratio and volume of unit cell increases with increment of
uniaxial strain and this is because of increasing value of
c with strain.

3.2. Band gap

Variation of energy band gap of ZnO with strain is
revealed by Fig. 1. Computations were carried out us-
ing hexagonal cell of ZnO in different calculation. Ap-
plied uniaxial strain values were ranged from −5% to
5% with step size of 1% and band gap were calculated
at each step. The band gaps were computed through
GGA-PBE and different trends were found. Energy band
gap increases with compressive stain and Eg is maximum



364 M. Sowjanya, et al.

Fig. 2. Lattice constants a and c versus uniaxial strain
of ZnO under different strain (−5% to 5%).

at 1% tensile strain which starts decreasing with tensile
strain. Particularly, the energies of the conduction and
valance bands at Γ climb under compressive strain, while
move down with tensile strain. There is prevailing effect
of shifting energy levels on the bands around uniaxial
strain, so it can tune curvature of the dispersion relation
at the band edges. In this way we can expect modifi-
cation of effective masses of the electron and the hole.
Under compressive strain, the effective mass of the elec-
tron is increased, while the effective mass of the hole is
diminished. In the contrast, under tensile strain, the ef-
fective mass of the electron is decreased. Therefore, step
change of energy band might be due to reverse depending
of electron effective mass on compressive strain and ten-
sile strain [31]. Energy band gap of ZnO without strain
is found to be 0.605 eV, which is in agreement with out-
comes revealed by Liu et al., however, this value is sig-
nificantly smaller than the experimental result. Smaller
value of band gap in theoretical calculation is due to fact
that GGA functional calculations generally give under-
estimated values of band gap [32]. It can be observed
that there is linear broadening of band gaps with the in-
crement of uniaxial strain. From Fig. 2, it is exhibited
that under uniaxial strain, value of lattice constant c di-
minishes by 4.85% compared to c value without strain
whereas a is constant with uniaxial strain, and this is be-
cause of structural relaxation. Therefore, role of strain in
the c-axis direction has main contribution for the varia-
tion of band gap of ZnO, and this consists of affinity be-
tween lattice constant and energy band gaps of ZnO [33].
Band gap energy with different strain is given in Table I.

The band structure of ZnO near the Γ point without
strain is shown in Fig. 3. The same k values in the Bril-
louin zone of bottom of the conduction band and top of
the valence band confirm ZnO as direct band gap type
semiconductor. Valence band maxima (VBM) and the
conduction band minima (CBM) are situated at the Γ

Fig. 3. Variations of the real (a) and imaginary (b)
part of ε1(ω) with frequency energy under uniaxial
strain (-5% to 5%).

Fig. 4. VBM and CBM near the Γ point ZnO un-
strained condition.

point for direct band gap ZnO semiconductor. Repre-
sentation of CBM and VBM by Fig. 4 indicates that the
band gap of ZnO can be varied by strain. Therefore,
analysis of VBMs and CBMs under increasing uniaxial
strain has great importance for understanding of change
of band gap under strain.
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There is significant shift of VBM toward the lower en-
ergy and marginal move of CBM toward lower energy
with increasing uniaxial strain. The counterbalance of
the VBM is more prominent over CBM shift, which le-
gitimately creates the widening of energy band gap. Ad-
ditionally, electrons on the bonding orbit of Zn 4s have
main contribution to form energy level Γ . Doublet Γ con-
trols VBM, which is mainly formed by electrons on the
antibonding state O of 2P . Energy level Γ in conduction
band moves toward the higher energy whereas energy
level Γ in valance band moves oppositely by increasing
uniaxial strain. This is because of electron scattering pro-
duced by uniaxial strain on the wurtzite semiconductor,
creating valley deformation potential [34].

3.3. Optical properties

The optical properties are among the most attractive
and functional properties of nanomaterials. These prop-
erties have been extensively studied using a variety of
optical spectroscopic techniques. In the computational
framework, calculations are performed within the pro-
jector augmented wave (PAW) [35, 36] method as imple-
mented using ATK. In this area of work, the exchange-
correlation potential was described by meta-GGA func-
tional TB09, given by Tran and Blaha [37] which is a
semi-empirical functional and suitably fit for decent ex-
planation of the band gaps for non-metals. Outcomes of
advanced many-body calculations are generally compa-
rable with this method. In this manner, the meta-GGA
functional might be practically useful way for getting a
decent depiction of the electronic structure. External
electric field Eext gets coupled with the internal elec-
tric field (expecting from crystal feedback) by optical re-
sponse functions. Displacement field D, has relation with
internal electric field E and polarization P , as below

D = ε0E + P. (2)
The polarization is defined as dipole moment per unit
volume:

P ≡ p

V
, (3)

where V is the volume of the material. These quantities
are related to susceptibility χ, dielectric constant εr, and
polarizability α, through given expression

P = ε0χE,D = εrε0E, p = αE.

The Kubo–Greenwood formula is used to calculate the
susceptibility tensor for estimating optical spectrum as
given below

χij (ω) = −
e2}4

m2ε0V ω2

∑
nm

f (Em)− f (En)

Emn − }ω − i}Γ
πi
nmπ

j
nm, (5)

where πi
nm, πj

nm belong to i-th and j-th component of
the dipole matrix element between state n and m, re-
spectively, V is the volume of the material, Γ is broad-
ening, and f indicates Fermi function in the expression.
Dielectric constant εr, polarizability α, and optical con-
ductivity σ, have relation with susceptibility as described
below

εr (ω) = (1 + χ (ω)) , α (ω) = V ε0χ (ω) ,

σ (ω) = − iωε0χ (ω) . (6)
The refractive index n has relation with complex dielec-
tric constant through extinction coefficient κ:

n+ iκ =
√
εr. (7)

In terms of the real (ε1) and complex (ε2) parts of the
dielectric constant, the refractive index n and the extinc-
tion coefficient κ are formulated as follows:

n =

√
2

2

[√
ε21 + ε22 + ε1

]1/2
, (8)

κ =

√
2

2

[√
ε21 + ε22 − ε1

]1/2
. (9)

The optical absorption coefficient α and the reflectivity
r is related to the extinction coefficient and mathemati-
cally it can be written as

αa =
2ωκ

c
, (10)

r =
(1− n)2 + κ2

(1 + n)
2
+ κ2

. (11)

Therefore, many optical properties might be derived eas-
ily by real and imaginary parts of the diagonal compo-
nents of the dielectric constant. Since ZnO has hexago-
nal symmetry, so isotropic dielectric constant i.e. εxx =
εyy = εzz = 0 is considered for evaluating the optical
properties. To investigate the optical characteristics of
ZnO, real and imaginary part of the dielectric function
were calculated. Dielectric constant is one of the primary
features of the material, and it is the relative permittiv-
ity of any material at zero frequency. The electrostatic
properties, for instance capacitance charge, screening and
energy storage capability can be characterized by the di-
electric constant.

Real and imaginary part of dielectric constant with
frequency for different strain values are given in Fig. 4a
and b. For ZnO, the dielectric constant is varied by
applying strain from −5% to 5% as given in Fig. 3a.
Dielectric constant is gradually increased under applied
uniaxial strain. Step decrease of ε1(ω) around 1 eV is
obtained for zero strain ZnO, which goes toward zero,
then winds up negative and in last achieves a minimum
as appeared in Fig. 4a. For uniaxial strain (−5%) system
as well as (5%) system almost steady steep decrease in
ε1(ω) is observed.

Dielectric loss ε2(ω) of the ZnO and ZnO under uni-
axial strain are introduced in Fig. 4b. As indicated by
the electric change hypothesis of dielectric reaction, the
low-energy edge of ε2(ω) is concerned with the selection
rules of electric transition in optical one-photon process.
Electron–photon coupling can prompt transition between
occupied and unoccupied states and so beginning stage of
the native optical response ought to be larger than that
band gap. Dielectric function ε2(ω) is plotted for energy
range of 1–5 eV. Steep increase in ε2(ω) and peaks at
little bit different values of energies are obtained for ZnO
and uniaxial strained ZnO films.
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Fig. 5. Variations of refractive index n with frequency
energy under different uniaxial strain (−5% to 5%).

Fig. 6. Variations of extinction coefficient k with
frequency energy under different unaxial strain
(−5% to 5%).

Fig. 7. Variations of absorption coefficient α(ω) with
frequency energy under different strain (−5% to 5%).

Fig. 8. Variations of reflectivity R(ω) with frequency
energy under different strain (−5% to 5%).

Figures 5 and 6 represent variation of refractive index
and extinction coefficient with frequency under different
uniaxial strain of ZnO. Refractive index is 2.5 for energy
equal to zero. In case of ZnO, the refractive index values
are observed between 1.5 to 2.5 and are almost constant
for strain from −5% to 5%. Wide of range refractive in-
dex has great importance. ZnO has various applications
in optical devices, ophthalmic devices, nanodevices, semi-
conductors, light weight and polymeric materials which
are used in solar cells and in antireflective coatings. The
maximal estimation of the extinction coefficient k is sit-
uated at 2.8 corresponding to the zero at frequency en-
ergy. The structure of the imaginary part of the dielectric
function matches to the structure of the extinction coef-
ficient, and increase in the slight uniaxial strain (−5%
to 5%) raises extinction coefficient corresponding to the
frequency energy.

The calculated spectra of the absorption coefficient
α(ω), reflectivity coefficient R(ω), are shown in Figs. 7
and 8, respectively. The absorption coefficients of ZnO
under uniaxial strain condition are plotted in Fig. 7. Ab-
sorption coefficient of unstrained ZnO is varied from 0.5
to 1 whereas this value is varied from 0.5 to 2.7 under
uniaxial strain (−5% to 5%). Therefore, absorption co-
efficient is increased under uniaxial strain.

The reflectivity coefficient of ZnO and ZnO under uni-
axial strain is shown in Fig. 8. It has a value of 0.4 for
the zero frequency limit as mentioned in Fig. 8. The re-
flectivity coefficient increases with increasing frequency
energy to reach a maximum value of about 0.8 for fre-
quency energy of about 15 eV.

4. Conclusion

This work reported DFT studies for the band struc-
tures, band gap and optical properties of ZnO used by
optimization of the geometry and calculation using first-
principles calculations. In addition to this the band gap
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of ZnO was tuned continuously under uniaxial strain
(−5% to +5% interval). By using the tight binding ap-
proximation, we have calculated the electronic disper-
sions of these systems. Dielectric constant, refractive in-
dex, absorption coefficient were evaluated using Green’s
functions. Lattice constant a and c of ZnO were found
to change linearly with uniaxial strain. The band gap
was extended linearly with increment of uniaxial strain,
and primarily contributed from strain in the c-axis direc-
tion. Dielectric loss decreased with the increasing uni-
axial strain at low energy. For higher energy, imaginary
part of dielectric function is nearly linear to the uniaxial
strain and a blue shift occurred. Band gap of strained
ZnO is larger than that of unstrained ZnO, which pro-
vided a hypothetical base for the regulation of the band
gap of ZnO. It is strongly anisotropic, the band gap was
continuously modified under the strain. The large and
adjustable band gaps showed a great potential of applica-
tions in the future electronic devices. ZnO revealed semi-
conducting properties with a moderate band gap that can
be modified by strain.
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