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Modifying optical properties of ZnO nanowires

via strain-gradient
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We conduct systematical cathodoluminescence study on red-shift of near-band-edge emission energy
in elastic bent ZnO nanowires with diameters within the exciton diffusion length (∼ 200 nm) in
liquid nitrogen temperature (81 K). By charactering the emission spectra of the nanowires with
different local curvatures, we find a linear relationship between strain-gradient and the red-shift of
near-band-edge emission photon energy, an elastic strain-gradient effect in semiconductor similar
to the famous flexoelectric effect in liquid crystals. Our results provide a new route to understand
the inhomogeneous strain effect on the energy bands and optical properties of semiconductors and
should be useful for designing advanced nano-optoelectronic devices.
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Elastic strain engineering has become an important tech-
nology in microelectronic industry since the 90 nm chips
in 2003 [1, 2]. Entering the nanoscale, many semicon-
ducting crystals become more tough and flexible and
strains become more localized and inhomogeneous ac-
companied by high strain-gradient [3, 4]. The strain-
gradient effect has been recognized to play an impor-
tant role in many functional media [5, 6], such as the
“flexoelectricity”, a linear response of polarization to
strain-gradient found in liquid crystals [7] and crystalline
dielectric [8]. However, the role of strain-gradient in
semiconductors still remains elusive, although the con-
cerns about inhomogeneous strain effect on band struc-
tures of semiconductors have been raised for half century
[9, 10]. Nanowires have been attracting great attention
for possible applications, especially the ZnO nanowires
which are sensitive to deformation and have wide range
of potential applications [11]. Such as bending ZnO
micro/nanowires have given rise to novel nanogenera-
tors [12] and piezotronic devices [13]. Elastically curved

nanowires are ideal platforms for studying the strain-
gradient effect as the strain changes linearly across the
section [14, 15], leading to a constant strain-gradient on
given section, and the strain-gradient is determined by
the local bending curvature.

In this paper, we find a linear relationship be-
tween the strain-gradient and red-shift of the near-band-
edge (NBE) emission energy through systematical spot-
scanning cathodoluminescence (CL) studies along bent
ZnO nanowires with diameter ranging from 80 to 160
nm at low temperature (∼81 K). The linear relation-
ship is due to the coupling change of electronic energy
states in the tensile and compressive parts through ex-
citon diffusion, which is supported by density functional
calculations. The linear strain-gradient effect on the NBE
emission energy of semiconductors provide a new route
to understand the inhomogeneous strain effect on the op-
tical properties of semiconductors, and it could be very
useful for designing advanced nano-photonic and elec-
tronic devices.
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The ZnO nanowires investigated here were synthesized
through the simple chemical vapor deposition (CVD)
method [16]. All the ZnO nanowires grew along the
[0001] zone axis with hexagonal cross-section, which was
evident from high resolution TEM characterization, as
shown in Figs. 1(a) and (b). After growth, the nanowires
were then dispersed in ethanol and transferred to a sil-
icon wafer with predefined marks for identifying and
coordinating nanowires of interest. The nanowires were
manipulated, using a glass tip under an optical micro-
scope (Olympus, BX51M), to curved configurations. The
curved configuration was preserved even after removing
the glass tip, which is due to the strong van der Waals
interaction between the nanowire and the substrate. The
re-straightening of the nanowire in contact to a drop of
ethanol supports this supposition and shows the defor-
mation to be elastic [see Figs. 1(c) and (d)]. Consider-
ing the small size of the nanowires and interactions pre-
serving the nanowire in a curved configuration are local
distributed, it is reasonable to regard the bending defor-
mation as pure bending [14]. To describe the local strain
state, we define the direction parallel to the substrate
surface as x, and the direction vertical to the substrate
surface as y, as illustrated in the inset of Fig. 2(a ). The
lattice in the curved nanowire is distorted and the strain
εc in a cross section of the curved nanowires varies lin-
early from compression to tension along its width direc-
tion x across a neutral plane, coinciding with the geom-
etry middle-plane at x =0 of the wires. This leads to a
constant strain-gradient g = ∂εc

∂x through the section. In
a section with a local curvature radius ρ, g = 1/ρ, and
εc = xg = x/ρ.

The bent ZnO nanowires were characterized by high
spatial (100 nm for ZnO) and spectral resolution (0.5
nm) CL at liquid nitrogen temperature (∼81 K). The
spectra were acquired by CCD with a scan range from
340 to 410 nm. An optimal setting is chosen (voltage of

Fig. 1 (a, b) High resolution TEM image and diffraction image
of a representative ZnO grew along [0001]. (c) Photo microscopy
image of a bent ZnO nanowire. (d) Photo microscopy image of
strain released ZnO nanowire. The red eillpse indicates the posi-
ton of the nanowire for obvious view.

10 keV and spot size of 4 with the beam current of
about 0.353 nA) to achieve the optimum spatial reso-
lution with a high signal-to-noise ratio. Under our ex-
perimental settings, the effective region of electron beam
in ZnO is ∼ 100 nm (with 90% power in this region,
supported by Monte Carlo simulation [17]). All measure-
ments were made by point scanning along the axial di-
rection in curved nanowires with the electron beam fo-
cused at the center of the nanowires, as indicated by
colored circles along the nanowires in Fig. 2(a). Figure
2(b) presents the CL spectra obtained from regions of
different curvature radius. When the electron beam was
focused on one free end, a peak of NBE emission cen-
tered at about 3.355 eV can be observed (a blue shift
under low temperature, compared with 3.28 eV at room
temperature). Meanwhile, moving to bent positions, the

Fig. 2 Linear strain-gradient effect on bent ZnO nanowire: (a) SEM image of a bent ZnO nanowire with a diameter
of 120 nm. The coloured circles indicate the scanning sites of point-scanning CL spectra. The inset illustrates the strain
distribution on the cross section of the bent ZnO nanowire. (b) CL spectra obtained from the bent nanowire at sites
indicated in (a) and smoothened by Gaussian fitting. Each curve is coloured with the same color as the site indicating circle
in (a). The dashed line shows the origin position of the NBE emission peak is 3.355 eV at ∼81 K. (c) Linear red-shift of
the NBE emission peak against the strain-gradient.
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NBE emission peak red shifted, revealing a reduction
of band gap. The red-shift enhanced with the increase
of strain-gradient g, and returned to the original posi-
tion when the exciting electron beam arrives at the other
free end. The maximum red-shift in this sample is up to
∼100 meV. Figure 2(c) shows the experimental results
of strain-gradient induced red-shift of NBE emission en-
ergy. Clearly, the red-shift of NBE emission energy ΔE

bears a linear relationship with the strain-gradient g,

ΔE = �cβg (1)

In the expression, β is the strain-gradient effect coeffi-
cient, and �c = 1.23982 eV·µm is the product of Planck’s
constant with the speed of light. This linear relationship
is identified in all the ZnO nanowire samples differing in
curved shapes, and with varying diameters of 80–160 nm

Fig. 3 Linear strain-gradient effect on another four bent ZnO nanowires with different diameters. (a) SEM images of the
bent ZnO nanowires with a diameter of 80 nm, 100 nm, 140 nm, and 160 nm, respectively. The coloured circles indicate the
scanning areas of spot-scanning CL spectra. (b) CL spectra obtain from (a) (fitted by Gauss for smoothing). The spectra
curves have corresponding colours with the circles in (a). (c) The linear relationship between strain-gradient and red-shift
of the NBE emission peak.
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(results from more than ten samples), the detail results
are presented in Fig. 3.

The observed experimental results can be explained as
energy states coupling by exciton diffusion in the bent
ZnO nanowire. Normally, the red-shift and blue-shift of
NBE emission photon energy are caused by tensile and
compressive strain, respectively. However, as the diam-
eters of the nanowires approach the exciton diffusion
length (for ZnO material it is about 200 nm at 81 K
[18, 19]), the energy states of the tensile and compres-
sive regions could be coupled by the exciton diffusion
effect.

To have a further understanding of the observed linear
strain gradient effect, first-principled calculations were
carried out on strained bulk ZnO crystal. The strain was
applied to the lattice along the c-axis. Then, calculations
are carried out with the linear combination of atomic or-
bital basis implemented in the SIESTA package [20], us-
ing the Perdew–Burke–Ernzerh (PBE) [21] of generalized
gradient approximation (GGA) for the exchange corre-
lation energy and norm-conserving pseudopotentials for
the core-valence interactions. The double-ζ polarized nu-
merical atomic-orbital basis sets for Zn and O are used.
6×6×4 Monkhorst–Pack k-point grid is used in the en-
ergy calculations. An energy cutoff of 500 Ry is sufficient
to converge the grid integration of the charge density, and
atomic positions are fully relaxed under applied strain
using a conjugate gradient method so that the force on
each atom is less than 0.02 eV/Å. All these pseudopoten-
tials and parameters adopted here have been successfully
used in ZnO nanostructures in our previous work [22, 23],
and their validity has been well established.

Fig. 4 Calculation result of the energy change of band-edge
states as a function of applied strain along the c axis. A prefect
linear relationship between energy change of band-edge states and
strain is revealed.

Figure 4(a) plots the density functional calculation re-
sults of the valance band maximum (VBM) and conduc-
tion band minimum (CBM) in bulk ZnO material under
c-axis strain; the plus and minus indicates tensile and

compressive strain, respectively. Clearly, the variation in
VBM and CBM can be described as a linear relationship
with strain εc,

ΔEVBM = k1εc, ΔECBM = k2εc (2)

The states in inner and outer sides are coupled by exci-
ton diffusion effect in bent ZnO nanowires with diameters
within the exciton diffusion length, and result in a reduc-
tion in the band gap, coinciding with a red-shift in the
final NBE emission peak. The photon energy red-shift
in the bending region is determined by the variations of
VBM and CBM states under bending deformation. The
reduced band gap Eg can be calculated as

Eg = E0 − ΔEg (3)

E0 in the expression refers to the band gap of strain free
ZnO crystal. For a lattice under symmetric pure bending
strain, the variation of band gap ΔEg bears a relation-
ship with strain gradient

ΔEg =
∫

dEg =
∫

∂Eg

∂x
dx

=
∫

(|k1| + |k2|)∂εc

∂x
dx ∝ g (4)

Our observed linear relationship between strain-gradient
and band-gap energy is similar to the linear response of
polarization to strain-gradient (flexoelectric effect) in di-
electrics [24]. Here, the linear strain-gradient coefficient
β can be obtained by fitting the experimental data. It
seems that the linear strain-gradient coefficient β in-
creases with the diameter of nanowire, as shown in Fig.
5(a). Another noteworthy point is that when focusing in
the bent region, a broadening of the NBE emission peak
can be observed. This is ascribed to the breaking of the
strict crystal symmetry by inhomogeneous strain [14].
This breaking of the strict crystal symmetry would split
and broaden the narrow bands in the otherwise perfect
crystal, resulting in a broadening of the NBE emission
peak. The relationship between the peak position and
the full width at half-maximum (FWHM) indicates that
FWHM increases with the red-shift of exciton energy [see
Fig. 5(b)].

To verify our theory analysis, we also conduct density
functional calculations on cosine curved ZnO nanowires
along [0001] direction. The results shown in Table 1
indicate that the simulated band gap in curved ZnO
nanowires is consistent with the predicted value by our
formula. Therefore our theory is simple and effective in
revealing the underlying influence of strain gradient on
the optical properties of semiconductor nanowires.

When the diameter of the nanowire is much larger
than the exciton diffusion length, the energy states in
the tensile and compressive parts could not be coupled by
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Fig. 5 Size dependence of the strain-gradient effect. (a) Exper-
imental results of the dependence of strain-gradient coefficient β
upon the diameter of the bent nanowires. (b) The relationship of
full width at half-maximim (FWHM) with the exciton emission
peak position.

Table 1 Density functional calculations (DFT) results of band
gap and the predicted value by our formula. The well consistence
indicates that our theory is simple and effective.

Diameter

/nm

Amplitude of

cosine curved

lattice /Å

Band gap

calculated by

curved lattice

/eV

Band gap

calculated by

simplified

formula /eV

0.97 1.25 1.08 1.14

1.62 1.25 0.93 0.92

exciton diffusion when the excitation spot moving be-
yond the strain-neutral-middle-plane. Under this condi-
tion, an asymmetric red-shift and blue-shift can be ob-
served along the radial direction [14], as demonstrated
in the line-scanning CL measurement results in Fig. 6.

As the exciton Bohr radius of ZnO is about 2.34 nm
[25], which is much smaller than the diameter of the
nanowires used in this work, quantum confinement ef-
fect can be neglected. Another possible concern is that
the red-shift of exciton energy might have been induced
by electron beam irradiation effects of in situ CL mea-
surements. The dependence of ZnO CL spectra on ir-
radiation duration shown in Ref. [26] indicates that the
intensity of the CL spectra decreases with the irradiation
duration, but the exciton energy remains stable under
irradiation for long duration. The built up of transverse
potential field through piezoelectric effects in bent ZnO

Fig. 6 Line-scanning CL spectra along the radial direction of
bent ZnO microwire. (a) A bent microwire with a diameter of
1μm. The white arrow marked the cross section where we made
the line-scanning. (b) The CL spectra obtained from the cross
section marked with white arrow in (a). The black coloured curve
is the spectra of the strain-neutral middle-plane, and the dotted
line marked the origin position of D0XA exciton peak (3.355 eV).
(c) CL spectra of strain-free area. The dotted lines marked the
peaks of D0XA, TES and 1LO-TES, respectively.

nanowires may also be a possible contributor to the ob-
served red-shift. Nevertheless, such a field is only up to
1.8 mV/nm according to the best existing experimental
reports on ZnO wires [27]. Our density functional calcu-
lations show that such a field with strength of 20 mV/nm
can only lead to a band gap variation of 0.8 meV, and
the influence can become significant only when the field
strength is over 1 V/nm. Therefore, the piezoelectric ef-
fect induced transverse potential field could have some
contribution, but it should be a secondary influence fac-
tor. The bending strain and its gradient are the dominat-
ing effects on the electronic energy bands and the NBE
emission energy of bent ZnO nanowires.

The shear strain may also have contribution to the red-
shift. In our experiments, different manipulation and re-
sulted curving deformation should induce different shear
strain if it exists, but the linear relationship is con-
firmed in all the investigated samples. This means that
measured linear red-shift with strain gradient should be
mainly due to bending deformation. Therefore, the ef-
fect of shear strain, if it exists, can be secondary or ne-
glectable in the present experiments.

In conclusion, we find a linear strain-gradient effect
on the NBE emission photon energy of ZnO nanowires
through systematical low temperature CL investigation
in bent ZnO nanowires with diameters within the exci-
ton diffusion length. The linear relationship between the
red-shift of NBE emission photon energy and the strain
gradient can be explained by the coupling energy states
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in the tensile and compressive sides of the bent nanowire
via exciton diffusion effect. This linear strain-gradient
effect on the energy bands and exciton energy of semi-
conductors shed a new light on energy band theory and
optical properties of semiconductors in inhomogeneous
strain fields. And it should be important to the develop-
ment of flexible nano-optoelectronic devices.

Experimental section

ZnO nanowires growth method: Pure zinc phosphate
powder (99 %) and graphite mixed in molar ratio 1 were
loaded in an alumina boat. A piece of (001) sapphire
chip was placed above the zinc phosphate powder as the
collecting substrate. The boat was then placed at the
center of a quartz tube and inserted into a rapid heating
furnace. In the furnace, the tube was purged of contam-
inants using Argon gas for ten minutes, after which, as
the growth carrier gas, argon was maintained at 200 sccm
flow. The furnace was heated up to 1050◦C in 20 min and
held for 1 min before cooling down to room temperature
naturally, after which oxygen (2.6 sccm) was introduced
as the reactive gas at 1050◦C. After growth, the substrate
was covered by a layer of wax-like product. All the ZnO
nanowires grew along the [0001] zone axis with hexago-
nal cross-section, which was evident from high resolution
TEM images.

CL measurement method: To obtain the optimum spa-
tial resolution with best signal-to-noise ratio, an electron
beam was accelerated at 10 kV voltage (spot size 4 with
the beam current of about 0.353 nA), which results in
the effective interaction of electron beam in ZnO rang-
ing about 100 nm (with 90% power in this region, as
supported by Monte Carlo simulation [17]). The spot
scanning CL spectra were carefully collected with elec-
tron beam focused at the neutral plane along the bent
ZnO nanowires by CL spectroscopy (Gatan monocle 3+)
at liquid nitrogen temperature (∼81 K). The CL spectra
were recorded by CCD (Charge Coupled Device) with a
scanning range of 300 to 450 nm with spectral resolution
of about 0.5 nm.
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