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Attractive mechanical, optical, and electronic properties of semiconducting ZnO nanowires make them
prime candidates for a variety on energy-harvesting technologies, including photovoltaics and piezoelectric
nanogenerators. In order to enhance the efficiency and versatility of such devices, it is paramount to
elucidate the connections between the different property realms, i.e., to establish how mechanical
distortions can affect the electronic and optical response of the nanowires, depending on their size, shape,
and morphology. For example, it was recently demonstrated that band-gap downshifts of up to −0.1 eV can
be induced in monolithic ZnO nanowires by an application of tensile strain [see Wei et al., Nano Lett. 12,
4595 (2012)]. Here, we conduct mesoscale-level, finite-element-method-based modeling of the coupled
elastic and electronic properties of both already-synthesized monolithic ZnO nanowires and yet-to-be-
fabricated Zn-ZnO core-shell structures with diameters ranging from 100 to 800 nm. Our investigation
suggests that, after an optimization of the size, shape, and mutual crystallographic orientations of the
core and shell regions, core-shell nanowires can exhibit downward band-gap shifts of up to −0.3 eV (i.e.,
approximately 10% of the stress-free ZnO band-gap value) under tensile distortions, which can greatly
expand the utility of such nanostructures for optoelectronic applications.
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I. INTRODUCTION

Semiconducting ZnO (with its direct band gap Eg ¼
3.37 eV [1]) is one of the very few dominant materials for
nanoscale technologies, by virtue of its low cost, negligible
environmental impact, and the wide variety of possible
nanostructures that can be conveniently fabricated from it
[2–6]. Such zero- and one-dimensional (1D) geometries as
nanobelts [2,4,7], nanorods and nanowires [4,8,9], and
nanorings and nanohelixes [2,4] have been made from
ZnO and integrated with other microscopic and nanoscopic
building blocks [10,11], including core-shell arrangements
[12]. Prospective applications of these nanostructures as
device components range from field-effect transistors
[13,14] and power generators for wearable and biomedical
electronics [15], including nanorobots [4,16], to photo-
detectors and photovoltaics [16–23], as well as mechanical
[24] and chemical sensors [18,25].
Among all of the aforementioned nanoscale configura-

tions, ZnOnanowires and nanorods stand apart as particularly

versatile structures for employment in energy-harvesting
applications, such as photovoltaics [22,23,26–30], photo-
catalysis [31,32], and piezoelectric nanogenerators [4].
Although static modulation of the wire electronic properties
has been accomplished—e.g., by means of chemical doping
[33,34]—their dynamical tuning may be required for future
generations of energy-harvestingdevices. For example, large-
band-gap down-shifts may need to be produced (presumably
by a combination of different mechanisms for ZnO, which
is a wide-band-gap semiconductor) to utilize a wider range of
the solar spectrum for more efficient photovoltaic energy
conversion. A number of very recent experimental and
theoretical efforts have focused on investigating the possibil-
ities of dynamical band-gap modulation by elastic distortions
of ZnO nanowires [35–38]. In particular, Wei et al.measured
band-gap changes induced by axial stretching of wires 100 to
800 nm in diameter, reporting a maximum gap change of
100 meV in a 100-nm wire subject to 7.8% tension [35].
While the results of these initial studies are encouraging,

the effects of nanowire shape, size, and morphology—
all paramount for the design of more efficient nano-
electromechanical devices—on the strength of band-gap
tuning have not been explored. Here, we utilize a
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finite-element-method (FEM)-based computational
approach [39] with material parameters obtained from both
experimental data and ab initio simulations to evaluate the
mechanical and electronic properties of model systems
corresponding to the actual nanowires characterized by Wei
et al. [35], obtaining excellent agreement with the exper-
imental results. Furthermore, we attempt to optimize the
influence of the geometrical and microstructural factors
on the band-gap modulation by designing Zn-ZnO core-
shell nanowire systems that, compared to their monolithic
counterparts, should display much larger band-gap
down-shifts under similar levels of elastic distortions.
The rest of this paper is organized as follows. In Sec. II,

we introduce our working approach, discussing construc-
tion of geometrical models of nanowires, parametrization
of elastic and electronic properties, and the involved
computational methodology. In Sec. III, we present the
results of our calculations, focusing initially on models of
monolithic nanowires, equivalent to those studied by Wei
et al. [35], then on yet-to-be-synthesized Zn-ZnO core-shell
systems. In both cases, the influence of model shape, size,
and microstructure on its behavior is thoroughly discussed.
Finally, in Sec. IV, we conclude, emphasizing a few ideas
that may be particularly fruitful for achieving the strongest
strain-induced band-gap modulation in such systems.

II. METHODS

A. Structural models

Structural nanowire models utilized in the FEM compu-
tations within this investigation are created and meshed
using TRELIS [40]. An unstructured grid of tetrahedrons
(TetMesh) is employed for the meshing of all of the models.

The finite-element mesh spacing is chosen to ensure
sufficient resolution and convergence of the elastic fields
within and at the surfaces of each structural block, includ-
ing (thin) shells and core-to-shell interfaces in the core-
shell nanowire models. Simple cylindrical and hexagonal
shapes, such as those displayed in Figs. 1(a) and 1(b),
respectively, are used to model monolithic monocrystalline
w-ZnO nanowires. For all of these models, the hexagonal
crystallographic orientation in w-ZnO is aligned with the
axis of the wire. The characteristic cross-section size d of
the wires [the diameter in the case of a cylindrical shape,
and the corner-to-corner distance in the case of a hexagonal
shape, as depicted in Fig. 1(b)] is chosen to be 100, 260,
and 760 nm, i.e., corresponding to the sizes studied by
Wei et al. [35], although a variety of structures with
intermediate d’s are evaluated as well. Most of the studied
nanowires, both monolithic and core shell, are 400 to
500 nm in length, as further length increases do not result in
appreciable changes in the reported properties.
It is noteworthy that the work of Wei et al. does not report

on any particular structural features of the wires, such as
their cross-section shape, mono- or polycrystallinity, or the
possible crystallographic orientation of ZnO with respect to
the wire axis. Therefore, reasonable guesses for the wire
microstructure have to be adopted in this investigation, as we
discuss in detail below. The rationale for selecting a
hexagonal shape stems from experimental evidence that
many “naturally grown” ceramic wires adopt that form
because of the sixfold symmetry of w-ZnO [41–44], or
various III-V compounds, such as GaAs or GaN [45–48].
The core-shell structures studied here are displayed in

Figs. 1(c), 1(d), and 1(e), and also utilize the same basic
cylindrical and hexagonal shapes as the monolithic wires.

FIG. 1. Sketches of (a) monolithic cylindrical and (b) hexagonal ZnO nanowire models, as well as core-shell (c) cylindrical and (d)
hexagonal Zn-ZnO nanowire models. Characteristic corner-to-corner core dimensions in hexagonal wires are indicated in (b) and (d),
while core protrusions in core-shell geometries are shown by arrows in (c) and (d). In both types of core-shell models, the orientation of
the hexagonal symmetry axis of Zn within the core block is aligned with the axis of the nanowire (coordinate system x; y; z), while
tensorial axis orientations (coordinate systems x0; y0; z0) within the single (cylindrical-model) or multiple (hexagonal-model) ZnO shell
blocks can be chosen individually. An example of different shell coordinate system orientations for a hexagonal core-shell system is
shown in (e). Here, the global z axis is pointing away from the viewer. For clarity, x; y and x0; y0 axis assignments are omitted.
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In addition to the “core-diameter” and “shell-thickness”
parameters (each of these can be controlled separately), the
core-shell models are also characterized by “core protru-
sion,” i.e., the distance by which the core extends beyond
the shell belt, as shown in Figs. 1(c) and 1(d). As discussed
in Sec. III B, this parameter has a strong influence on the
nanowire behavior.
In the nanowire models, we introduce two kinds of

coordinate systems. The global x; y; z system is tied to the
geometrical shape of the wire, with the z direction serving
as its cylindrical or hexagonal axis. The local x0; y0; z0

system is tied to the orientations of the elastic-tensor axes
within each material block in the model, which may be a
single ZnO block in the monolithic case or multiple blocks
in the core-shell case. In turn, the directions of the primed
axes within each block are related to the crystallographic
orientations of the specific material filling that block.
Even in the case of monolithic w-ZnO wires, where the
whole system is represented by a single material block, the
orientations of the global and local coordinate systems do
not have to coincide, which means that the elastic-tensor
or crystallographic axes of ZnO may be, in principle,
arbitrarily rotated with respect to the location of the global
axes. However, the appreciable band-gap tunings in such
systems are obtained for the case of the z0 axis (i.e., the
hexagonal crystallographic axis in w-ZnO), being aligned
with the z axis of the nanowire; therefore, only these cases
are discussed below.
For all of the core-shell systems considered here,

metallic Zn (space group P63=mmc) is chosen as the
core material since the Zn-ZnO combination has been
already utilized for the synthesis of a variety of different
core-shell structures [42,49–53]. Within the core block,
the hexagonal crystallographic orientation of Zn is
aligned with the axis of the wire, while the elastic-tensor
or crystallographic axis orientations within single
(cylindrical-geometry) or multiple (hexagonal-geometry)
shell blocks are adjusted independently by the
Z1ðθÞX2ðϕÞZ3ðΨÞ sequence of Euler rotations. As in
the case of the monolithic wires, the z0 axis in each ZnO
block is chosen to be the hexagonal crystallographic
axis of w-ZnO. A sketch of possible x0; y0; z0 tensor axis
orientations in separate shell plates in the hexagonal core-
shell configuration with a global coordinate system x; y; z
is presented in Fig. 1(e). In most calculations for the
hexagonal core-shell systems presented below, the ori-
entations of the local z0 axes are taken to be parallel to the
global axis z. Different orientations of the local x0; y0 axes
with respect to the plate surfaces are examined but found
not to affect the results substantially (see the bottom of
Sec. III for details). Material parameters in each geo-
metric block are considered to be homogeneous, and a
coherent elastic interface between the materials is
assumed for each internal surface.

B. Bulk elastic properties parametrization

Within the linear elasticity approximation, the elastic
energy of each nanowire model, treated as a spatial domain
of volume Ω enclosed by a surface S, can be computed by
utilizing the following expression:

Uε ¼
Z
Ω
σijεijdV ¼ 1

2

Z
Ω
CijklεklεijdV

¼ 1

8

Z
Ω
Cijkl

�∂uk
∂xl þ

∂ul
∂xk

��∂ui
∂xj þ

∂uj
∂xi

�
dV: ð1Þ

Here, σij, εkl, andCijkl are elastic stress, strain, and stiffness
tensors, respectively, and ukðrÞ represents vector compo-
nents of the displacement field with Cartesian components
represented by indices i; j; k; l ¼ x, y, z; summation over
repeating indices is implied. In addition, a stress divergence
equation,

∂σij
∂xj ¼ ∂

∂xj ðCijklεklÞ ¼
∂
∂xj

�
Cijkl

∂uk
∂xl

�
¼ fi; ð2Þ

has to be solved concurrently with Eq. (1) for a fixed finite
displacement applied at the two opposite nanowire faces,
or nanowire core faces for core-shell structures, with �z
surface normals. This boundary condition is equivalent to
introducing an axial elastic strain in the nanowire, with fi
being the components of the body force resulting from the
distortion of the wire shape.
The bulk values of the individual components of the

Cijkl tensor for the involved materials, i.e., metallic Zn
and w-ZnO, were obtained from the literature and are
assembled in Table I. For Zn, C33 ≃ C11=3, which makes
the elastic properties of this structure highly anisotropic.
On the other hand, althoughw-ZnO formally has hexagonal
symmetry (space group P63mc), it is nearly elastically
isotropic. In Voigt notation, its elastic stiffness coefficients
are such that C11 ≃ C33, C12 ≃ C13 and C44 ≃ C66 ≃
ðC11 − C12Þ=2. Averaged values of these coefficients can
be related to the Poisson ratio ν and the Young’s modulus
Y—i.e., the quantities that are usually reported by exper-
imental investigations of mechanical response in ZnO
nanostructures—with the help of the Lamé parameters λ
and μ [54]:

C11 ¼ λþ 2μ;

C12 ¼ λ ¼ νY
ð1þ νÞð1 − 2νÞ ;

C44 ¼ μ ¼ Y
2ð1þ νÞ : ð3Þ

While surface elasticity [57,58] could alter the properties
of some ZnO nanostructures [39,59], we find its influence
to be negligible for the (relatively large) nanowire sizes
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investigated in this work. The treatment of surface elasticity
within our computational approach is implemented in the
same manner as in Ref. [39].
The numerical solution of Eqs. (1) and (2) on the domain

Ω to obtain the equilibrium displacement field ukðrÞ and
the corresponding elastic strain- and stress-tensor compo-
nents εijðrÞ and σklðrÞ is carried out with the FERRET [60]
code that is being developed by the authors within the
MOOSE [61,62] multiphysics simulation framework. In all
calculations, the relative residual norm is converged to less
than 10−8, irrespective of the applied boundary conditions
or any specific variations of the model geometry within
the domain Ω, such as the utilization of cylindrical or
hexagonal wire shapes, or the alteration of the core-shell
volume ratio.

C. Nanowire stiffening effects

Variations of elastic properties of w-ZnO nanowires as
their size, d, diminishes have been thoroughly investigated
[8,35,63–68]. There is a general agreement that nanowires
start to stiffen when d becomes smaller than dc ∼ 300 nm;
however, one group of studies reported that such changes
are not significant until the diameter is less than 10–70 nm
[64,65,67], while the other group finds substantial stiffen-
ing effects at diameters right below dc [8,35,63,66].
To account for the size-dependent increase in the

averaged elastic stiffness coefficients in monolithic wires
with d ≤ dc, we use Eq. (3) to adjust the bulk parameters of
Table I, utilizing the Y and ν values reported by Wang et al.
[68] and Asthana et al. [8]. The modified elastic stiffness
coefficients for the 100- and 260-nm wires are displayed
in Table II, while, for the large-diameter 760-nm wire, the
original bulk parameters are used. For representing any
size-dependent stiffening effects in the core-shell struc-
tures, data obtained for w-ZnO thin films—rather than
monolithic nanowires—would be more appropriate.
However, we were not able to find any relevant data on
film thickness dependence of Y and ν, and therefore the
bulk elastic stiffness-tensor coefficients presented in Table I
are used to model the behavior of w-ZnO shells.

D. Coupling the band gap to elastic distortions

Once the mechanical equilibrium is established and the
corresponding displacement field is obtained, the resulting
strains can then be utilized to find the position-dependent

modulated ZnO band-gap energy distribution through the
expression

Eε
gðrÞ ¼ E0

g þ δEgðrÞ
¼ E0

g þD1εz0z0 ðrÞ þD2½εx0x0 ðrÞ þ εy0y0 ðrÞ�: ð4Þ

This formula is a linear approximation for the k · p
deformation-potential model for the strain-tensor-
dependent energy Eε

g [69–71]. Here, E0
g denotes the bulk

value of the band-gap energy of w-ZnO (E0
g ¼ 3.37 eV)

[1], and δEg is its tuning due to the strain. We utilize an
expression similar to the one introduced by Wagner et al.,
who present two different versions for w-ZnO, parame-
trized for either the strain or stress fields, that can be used
interchangeably [39,72]. The priming of the coordinate
axes of the strain-tensor components in Eq. (4) indicates
that the band gaps are computed in the coordinate system
local to each of the ZnO material blocks, as described in
Sec. II A. Averaged values of Eε

g and δEg can be computed
by averaging their position-dependent counterparts over the
volume of the wire for monolithic wires, or over the volume
of the ZnO shell for core-shell structures.
Parameters D1 and D2 are the associated deformation

potentials that were obtained from ab initio calculations of
Wagner et al. [72] and Yan et al. [73]. In both of these
investigations, hybrid functionals (of the Heyd-Scuseria-
Ernzerhof type) are used in combination with exact-
exchange-based quasiparticle energy calculations in the
G0W0 approach specifically to avoid the limitations of
generic density-functional-theory techniques in evaluating
the electronic properties of w-ZnO. Deformation-potential
values D1 ¼ −5.77 eV and D2 ¼ −2.87 eV, extracted

TABLE I. Bulk elastic stiffness-tensor components for metallic Zn and w-ZnO in reduced Voigt notation [54] in
units of GPa. Averaged components for an isotropic case [54] with C11 ¼ C33 ¼ 2μþ λ, C12 ¼ C13 ¼ λ, and
C44 ¼ C66 ¼ μ are also given for ZnO.

Reference Crystal structure C11 C12 C13 C33 C44 C66

Zn [55] hcp (P63=mmc) 163.0 30.6 48.1 60.3 39.4 65.9
ZnO [56] Wurtzite (P63mc) 209.7 121.1 105.1 210.9 42.5 44.3
ZnO Isotropic 205.9 118.5 43.7

TABLE II. Isotropic elastic stiffness-tensor components for
smaller ZnO nanowire diameters, along with their corresponding
Young’s moduli Y, in units of GPa. These values reflect the effect
of wire stiffening, as described in Sec. II C. For the 760-nm-
diameter nanowire, the averaged bulk values of elastic stiffness-
tensor components are used, as presented in the last line of
Table I.

Diameter (nm) C11 C12 C44 Y

260 214.5 96.5 59.0 155.0
100 236.0 106.0 65.0 170.0
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from the study by Wagner et al. [72], provide accurate
band-gap values for larger nanowires with d ≥ 200 nm.
However, for smaller nanowires, a set of deformation
potentials reported by Yan et al. [73], with values D1 ¼
−3.92 eV and D2 ¼ −1.75 eV, appears to be more accu-
rate than that of Wagner et al., when both sets are compared
with the experimental results of Wei et al. [35]. The change
in the deformation potentials parallels the similar shift in
the elastic parameters due to the size-dependent stiffening
of the wires.
Turning to the limitations of parametrizations [72,73]

associated with Eq. (4), we point out that both of them take
into account only certain (symmetry-preserving) kinds of
distortions of the w-ZnO structure, such as uniaxial dis-
tortions along the hexagonal axis and biaxial distortions
in the perpendicular plane. More-arbitrary distortions, e.g.,
those involving shearing, are not included in this expres-
sion and thus are not considered in the following analysis.
We also note that the deformation-potential parametriza-
tions utilized here do not account for any defect formation
in w-ZnO that could occur at high strain, potentially having
a significant influence on the electronic properties of the
nanowires.

III. RESULTS AND DISCUSSION

A. Monolithic ZnO nanowires

The results of our calculations of the volume-averaged
values of the axial stress σzz and band-gap change δEg

in monolithic nanowires subjected to varying degrees of
uniaxial tensile strain are shown in Figs. 2(a) and 2(b),
respectively. The averaged σxx and σyy stress-tensor

components are negligibly small in all monolithic nano-
wires, as, under the applied elastic boundary conditions,
their shapes are free to relax into a stress-free equilibrium
state in the x-y plane. Experimental data from the inves-
tigation of Wei et al. [35] is included for comparison in both
panels. Both cylindrical and hexagonal nanowire shapes are
evaluated; however, it is uncovered that the resulting band-
gap changes at a fixed applied tension are nearly identical in
both geometries. The computed stress-vs-strain curves dis-
play excellent agreement with the experimental results for all
three of the considered nanowire diameters. A good agree-
ment with the experimental data is also obtained for the
linear δEg dependence on applied strain for what Wei et al.
identify as a high-strain regime [35]. The nonlinear low-
strain regime that is more prevalent in smaller nanowires is
not well represented in our simple model.
The kink in the δEg dependence on strain could be

attributed to a competition between “near-surface” and
“near-core” distortions in the nanowires [74], which
becomes more prominent as the wire diameter decreases
[63]. For example, Yao et al. model a monolithic nanowire
as a combination of a core region characterized by the bulk
ZnO elastic modulus and an enveloping surface region of a
finite thickness with a significantly higher elastic modulus
[74]. The elastic modulus of the wire then varies with its
radius as a result of the surface being significantly stiffer
than the core and the wire behavior is dominated by that of
the stiffer surface region at a smaller d. The influence of
the surface-to-volume ratio on the band gap of unstrained
ZnO nanowires has been investigated by Chen et al. [75],
and this work may offer an explanation for the existence of
the low-strain regime observed in the experiments of Wei

FIG. 2. (a) Stress-vs-strain dependencies for monolithic ZnO nanowires of three different diameters. The experimental data of Wei
et al. [35] are represented by symbols, and computational results are plotted as solid lines. The Young’s modulus Y for each nanowire
can be determined as the line slope, with specific values given in Table II. (b) Band-gap change δEg as a function of applied strain for the
same nanowires, with the same conventions adopted for presenting the experimental [35] and computational data. Good agreement
between the two is achieved in the high-strain regime. The crossover from low to high strain occurs at a strain of approximately 3% for
the 100-nm wire and about 1.7% for the 260-nm wire. For the 760-nm wire, only the high-strain regime appears to be pronounced.
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et al. [35]. In this context, the critical strain separating the
low and high regimes is the one at which the band-gap
modulation changes from being surface dominated to being
core dominated.
At present, our model of the ZnO nanowire elasticity

does not include position-dependent stiffness parameters
and therefore it can only reproduce the band-gap modu-
lation in the linear high-strain regime where the wire
behavior is dominated by its “bulk” elastic properties.
However, the radial variation of the elastic stiffnesses may
be incorporated into the model in the next development
stage.

B. Zn-ZnO core-shell nanowires

As shown in Fig. 2(b), the highest down-shift of the band
gap, which is approximately−0.1 eV, occurs in the 100-nm
nanowire at a rather high tensile strain of about 7%. Band-
gap shifts in bigger nanowires are not as large, partially
because such tensile-strain values cannot be achieved in
these structures without breaking them. For example, Wei
et al. [35] report critical stress of 12.2 GPa at 7.3% tension
in the 100-nm nanowire, while, in the 760-nm wire, these
values are reduced to 2.4 GPa at 1.7%.
Aiming to overcome this problem and generate even

larger band-gap down-shifts, we evaluate a variety of
Zn-ZnO core-shell wire geometries, with typical examples
presented in Figs. 1(c)–1(e). Our general approach is to
utilize the greater plasticity of the metallic core to transfer
strain to the thin shell, as well as to optimize the thickness
and crystallographic orientation of the shell to obtain the
highest possible δEg. Both cylindrical shapes with a
monolithic shell and hexagonal shapes with a composite
shell consisting of six individual plates are investigated. In
almost all of the cases, the ZnO shell does not cover the
core completely—with the latter protruding out by the
prescribed distance on both sides of the structure—and had
to adjust its shape to satisfy the mechanical equilibrium

under the tensile strain applied to the core. Owing to the
absence of literature data on the effects of stiffening at such
a small scale (the thickness of the shell does not exceed
50 nm for any of the simulations), anisotropic bulk values
for the elastic stiffness-tensor components provided in
Table I are used to represent the elastic properties of the
shell elements.
The results of a typical calculation for equilibrium

distributions of the three normal components of the stress
tensor, σxx, σyy, and σzz, as well as the band-gap down-shift
value δEg distributions for a strained hexagonal Zn-ZnO
core-shell nanowire with a 300-nm core and 15-nm thick
shell under 2% tensile strain are displayed in Fig. 3. We
observe a good transfer of the axial strain applied to the
core into the shell, which results in a large modification of
the band gap. Here, an average down-shift of −0.12 eV—
larger than the one measured experimentally in the mono-
lithic wires [35]—is projected for the tension of 2%, which,
in turn, is substantially lower than the experimental strains
of 7% needed to achieve the reported band-gap tuning
of −0.1 eV.
A comparison of averaged values of stress-tensor com-

ponents σzz, σxx, and σyy, and the band-gap change δEg

computed for cylindrical and hexagonal versions of the
model with the same shell thickness and other parameters
are displayed in Table III. Here, unlike in the situation
involving the monolithic wires, we observe that the shape

FIG. 3. Spatial distributions of (a) band-
gap change δEg and stress-tensor compo-
nents (b) σzz, (c) σxx, and (d) σyy throughout
the shell region of a hexagonal Zn-ZnO core-
shell nanowire with a 300-nm core, 15-nm
thick shell and 50-nm core protrusion under
2% tensile strain. Note good axial stress
transfer into the shell (b), which results in
a large modulation of the band gap within it
[approximately −0.12 eV; see (a)]. Note also
the complementary symmetrical patterns of
the (c) σxx and (d) σyy distributions.

TABLE III. Average stresses and band-gap shifts in the nano-
wire with a 300-nm core, 15-nm thick shell and 50-nm core
protrusion under 2% tensile strain for both hexagonal and
cylindrical core-shell configurations.

Geometry σzz (GPa) σyy (GPa) σxx (GPa) δEg (eV)

Hexagonal 3.85 0.09 0.19 −0.12
Cylindrical 2.88 0.10 0.08 −0.09
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of the system does influence the value of δEg significantly.
Although the generated average stresses are the same in
both structures, the hexagonal-plate shell geometry pro-
duces a relatively tight symmetrical grouping of σij values
compared to a wide scatter of these values in the cylindrical
geometry, which leads to fewer cancellations among the
different terms during the space averaging of Eq. (4).
Furthermore, the σxx and σyy stress-tensor components in
the core-shell systems are relatively large (roughly a few
percent of σzz) compared to their values in the monolithic
wires, and they therefore make a significant contribution
to the band-gap drop. This increase originates from con-
siderable interfacial stresses developed at the core-shell
boundaries. Inspired by these results, we conduct a series of

optimizations of the core-shell system geometrical param-
eters. The first stage included evaluation of the influence of
the length of the core protrusion on the average value of
δEg. For example, a typical dependence of δEg on core
protrusion presented in Fig. 4(a) is obtained for a hexagonal
core-shell nanowire with a core size of 200 nm and a
20-nm-thick shell. The initial length of the wire is set to
400 nm with zero protrusion, i.e., with the core and the
shell being the same length. On each consecutive step, the
length of the core is extended by 10 nm on each side of
the wire until the total length of the core reaches 500 nm,
while the length of the shell is kept constant. An axial
tension of 6% is applied to the core wire in all of the
simulations and the average δEg across the volume of the
shell is calculated.
The results of Fig. 4(a) show that δEg varies sensitively

with changing protrusion length for small protrusion values
and then saturates for somewhat longer protrusions. This
behavior is directly connected with the degree of the applied
strain relaxation within the protruding area of the core, i.e.,
before this strain is transferred into the shell. For shorter
protrusions, there is less strain relaxation in the core and the
stress fields delivered into the shell are higher, in turn
producing larger variation of δEg. In Fig. 4(b), we present
distributions of the σzz stresses in the nanowires with core
protrusions of 0, 20, and 50 nm that have average tensile
stresses of 8.5, 7, and 6 GPa, respectively, within the shell
region. Note that the corresponding stress values within the
core are close to 1.5–2 GPa in all of these structures.
On the next stage of geometry optimization of the core-

shell structures, we investigate the influence of changing
the applied strain and shell thickness on δEg. Tensions of
up to 7% are considered for shell thicknesses of up to
50 nm. We should point out that, although the values of the
induced strains are relatively high, they result in internal
shell stresses of less than 8 GPa, which is below the critical
value reported by Wei et al. [35] for the failure of a 100-nm
monolithic ZnO nanowire. These stresses are also well
below the value that could induce a transition of w-ZnO
into a rocksalt structure [76], which is currently not
parametrized within our modeling approach.
The results of our simulations for a hexagonal core-shell

nanowire with the core size of 200 nm and no core
protrusion are shown in Fig. 5. We observe an increase
in δEg with growing applied tension and diminishing
thickness of the shell. The latter effect is connected with
gradual relaxation of stress fields induced at the core-shell
interface within the shell volume as the shell becomes
thicker. Nevertheless, for shell thicknesses below 20 nm
combined with tensions of 6% to 7% (that still fall within
the range of strains that were generated experimentally
in monolithic nanowires [35]), a significant band-gap
decrease of 0.20 to 0.25 eV is obtained, as shown in the
upper-left corner of Fig. 5, which constitutes more than a
100% improvement over the results of Wei et al. [35]. The

FIG. 4. (a) Dependence of the band-gap shift δEg on the
protrusion of the core beyond the shell. This hexagonal nanowire
model utilizes a 400-nm-long and 20-nm-thick shell, and a 200-
nm-thick core whose length changes from 400 to 500 nm,
protruding up to 50 nm past the length of the shell on either
side of the wire. (b) σzz stress-field distributions in nanowires
with (from top to bottom) 0-, 20- and 50-nm core protrusions
presented as lengthwise cuts through the structure.
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maximum δEg obtained for this system is −0.3 eV at 7%
tension and a shell thickness of 10 nm.
Finally, on the last stage of geometry optimization for

the hexagonal core-shell structures, we investigate the
sensitivity of δEg towards the change of tensorial axis
orientation within the shell plates. As already mentioned
in Sec. II A, the orientation of the elastic-tensor axes in
each shell plate is adjustable by a sequence of
Z1ðθÞX2ðϕÞZ3ðΨÞ Euler rotations. Starting from the initial
local coordinate system orientation of Z1ð0ÞX2ð0ÞZ3ð0Þ in
each plate, i.e., z0∥z and x0 perpendicular to the plate
surface, we conduct a series of Z1ðθÞ rotations in three
degree increments, while also sweeping through X2ðϕÞ
rotation in three degree increments for each value of θ.

The results of our simulations for a nanowire with a 200-
nm core and 20-nm thick shell subjected to an applied
tensile strain of 3% are presented in Fig. 6(a). Figure 6(b)
contains sketches for the initial Z1ð0ÞX2ð0ÞZ3ð0Þ orienta-
tion of the primed axes, as well as their Z1ðθÞ and X2ðϕÞ
rotations. We observe no variation in the value of δEg for
the Z1ðθÞ rotations, i.e., for those that only change the
mutual orientation of the x0 and y0 axes while leaving the z0
axis parallel to the z axis of the nanowire. On the other
hand, the influence of X2ðϕÞ rotations that change the
orientation of the z0 axis relative to the nanowire axis is
more pronounced and results in a drop in δEg as the angle
between the axes increases. In the limiting case of ϕ ¼ 90°
that is equivalent to the z0 axis being perpendicular to the
axis of the nanowire a zero band-gap shift is detected.
This behavior stems from the anisotropic relation

between the elastic distortions and electronic properties
of w-ZnO, as exemplified by Eq. (4). Owing to the strong
dependence of the w-ZnO band gap upon uniaxial dis-
tortions along the hexagonal axis and its much weaker
dependence on biaxial distortions in the perpendicular
crystallographic plane, the largest δEg modulation is
observed when this axis is aligned with the nanowire axis,
while the smallest modulation occurs when these axes are
perpendicular to each other.
Finally, we point out that the results of our analysis

should be applicable to core-shell nanowires of other—
including larger—sizes, as opposed to those considered
here, as long as their elastic properties are independent
of the actual dimensions and their core-shell thickness
ratios are comparable. The situation is less clear for
smaller nanowires since the stress and shape dependence
of their band gaps, including any possible size-
dependent transitions, has not yet been exhaustively
studied.

FIG. 5. Averaged band-gap change δEg in a hexagonal Zn-ZnO
nanowire with a 200-nm core, a shell thickness varying from 10
to 50 nm and no core protrusion, subjected to tensile strains
ranging from 0% to 7%. Stronger band-gap modulation is
achieved in thinner shells.

FIG. 6. (a) The influence of the
X2ðϕÞ and Z1ðθÞ Euler rotations of
the elastic stiffness-tensor axes within
the ZnO shell plate on the value of the
band-gap shift δEg. The hexagonal
nanowire model used here has a 200-
nm Zn core, a 20-nm-thick ZnO shell,
and a core protrusion of 50 nm and is
subjected to an applied tensile strain
of 3%. There is no variation in the
band-gap value for the Z1ðθÞ rota-
tions, i.e., those that preserve the
alignment of the z0 axis with the z
axis of the nanowire. The X2ðϕÞ
rotations that break the alignment
between the z0 and z axes produce
a decrease in δEg, with X2ð90°Þ
resulting in a zero band-gap shift.
(b) Sketches of the Euler rotations
of the stiffness-tensor axes.
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IV. CONCLUSIONS

In this paper, we investigate strain-induced band-gap
tuning in monolithic ZnO nanowires utilizing a FEM-based
approach parametrized from ab initio simulations. Typical
nanowire dimensions are 400–500 nm in length and 100 nm
to 1 μm across. Both cylindrical and hexagonal wire shapes
are evaluated. For monolithic nanowires, good agreement
between our calculations and the available experimental
results is obtained for their stress-vs-strain and band-gap
modulation dependencies under applied axial tension, with
the maximum average band-gap shift of −0.1 eV found in
the 100-nm wire subjected to a 7% tensile strain. It is also
determined that variations of the wire shape do not change
their elastic response and band-gap tuning appreciably.
The same modeling approach is then employed to pre-

dictively evaluate the strain-induced band-gap modulation in
Zn-ZnO core-shell nanowire configurations, as well as to
optimize their geometry in order to enhance this effect. The
influences of the wire shape (hexagonal or cylindrical), core
protrusion beyond the shell, shell thickness, and elastic-tensor
axis orientations within the shell are taken into account. We
find that, due to their high symmetry, hexagonal shapes of the
core-shell nanowires produce stronger band-gap tunings.
Furthermore, smaller core protrusions combined with thinner
shells and an alignment of hexagonal crystallographic axes of
metallic Zn and w-ZnO along the axis of the nanowire also
result in stronger band-gap modulation for the same value of
applied tensile strain. For example, we observe band-gap
shifts of up to−0.3 eV (i.e., approx. 10%of thew-ZnOband-
gap value) in a nanowirewith a 200-nm core cross section and
10-nm-thick shell under 7% axial tension. While, by itself,
such a band-gap shift is still insufficient for mainstream
photovoltaic applications, we presume that combining it with
other chemical and physical mechanisms for electronic
properties tuning, including composition and defect engineer-
ing, may produce even greater band-gap down-shifts that will
be useful for efficient photovoltaic energy conversion.
We believe that computational results presented here will

improve our understanding of complex size- and shape-
dependent properties of 1D semiconductors at nano- and
mesoscale, and they will serve as a guide for future
experimental efforts aimed at the synthesis and characteri-
zation of these interesting nanostructures. Although the
Zn-ZnO core-shell nanowires studied here are, as of now,
hypothetical, a number of similar heterostructures involving
Zn-ZnO interfaces have already been made [42,44,77,78].
Therefore, we hope that such nanowires can be synthesized
by employing analogous growth techniques.
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