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Abstract
We investigate strain-induced optical modulation in a ZnO microwire with wavy geometries
induced by mechanical strains. Curved sections of the wavy ZnO microwire show
red-/blue-shifts of near-band-edge emission and broadening of full width at half maximum in
cathodoluminescence spectra along the length of the wavy ZnO microwire, compared with
straight sections. The observed variations indicate that local strains in the wavy ZnO
microwire lead to strain-dependent local changes of its energy band structure. The local
bending curvature calculations using a geometric model also provide correlation between the
shift of the near-band-edge emission peaks and the bending strain.

(Some figures may appear in colour only in the online journal)

1. Introduction

Recently, strain engineering, which is a useful route to tune
the band structure and physical properties of materials, has
attracted considerable interest for nano/microstructures [1–6].
In particular, the strain effects of ZnO nano/microstruct-
ures have been intensively studied due to their tunable
electronic and optical properties via strain engineering [3–13].
Because the strain induced by externally applied forces
significantly affects the physical properties of ZnO, infor-
mation about the strain distribution can play an important
role in many potential applications, including stretchable
and wearable applications that utilize the deformation of
ZnO-based materials. Accordingly, for more technically
challenging applications such as bio-integrated devices and
bio-inspired designs, nano/microstructures must be able to
deform into complex and curvilinear shapes, beyond simple
bending [14]. To date, however, research efforts have focused
on understanding the strain effects on the band structure
and electronic and optical properties for simply bent ZnO
nano/microstructures [3–13]. The curvilinear shapes that
accommodate large deformation, including large tension,

compression, bending, and twisting along the entire length
of the ZnO nano/microstructure, could prove valuable
for stretchable and wearable device applications. To our
knowledge, the strain effects of ZnO nano/microstructures
with complex and curvilinear shapes have not yet been
studied.

In this study, strain-induced bandgap modulation is
investigated using cathodoluminescence (CL) measurements,
through the fabrication of a ZnO microwire with wavy
configurations. The microwire was laterally buckled by
applying and releasing external mechanical strains using
elastomeric polydimethylsiloxane (PDMS) substrates, and
transferred onto an epoxy-coated SiO2 substrate. The
variations in peak position and full width at half maximum
(FWHM) of near-band-edge (NBE) emissions in CL spectra
along the wavy ZnO microwire were measured at room
temperature. Specifically, curved sections of the wavy ZnO
microwire show red-/blue-shifts of the NBE and broadening
of FWHM compared with straight sections. From these
results, we find that for the wavy structure, the maximum local
strains occur at localized positions (peaks and valleys), which
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lead to the strain-induced modulation of the energy bandgap
of the wavy ZnO microwire.

2. Experimental details

The ZnO microwires used in this study were grown using
a vapor phase transport process, as described elsewhere
[8, 15–17]. The structural and optical properties of the ZnO
microwires were characterized using electron microscopy
(scanning electron microscopy (SEM) and transmission
electron microscopy (TEM)) and microphotoluminescence
(µPL) spectroscopy. The µPL spectra were measured using
a He–Cd laser (325 nm) as an excitation source at room
temperature. For the formation of lateral buckling of the
ZnO microwire, elastomeric substrates of PDMS (Sylgard
184, Dow Corning) were prepared by mixing a base resin
and a curing agent with a ratio of 10:1. The air bubbles
were then removed and the substrates were cured at 68 ◦C
for 12 h in a vacuum oven. The PDMS slab, cut into
a 40 mm × 10 mm slab, was uniaxially stretched by
tens of per cent of strain and clamped by a custom-made
strain stage through which the desired strain level could
be achieved. A straight ZnO microwire was first placed
on a prestrained PDMS substrate using a contact printing
method [18], and then the ZnO microwire was laterally
buckled by fully releasing the prestrain. In the transfer
process, the microwire can be transferred onto the PDMS
without damaging it. To avoid additional strain effects of
the wavy ZnO microwire on the PDMS during the CL
measurements, the wavy ZnO microwire was transferred onto
a rigid SiO2 (100 nm) substrate coated with an epoxy film
(SU-8) at mild temperature (∼70 ◦C). The epoxy film plays
an important role in retaining the wavy shape after removal
of the PDMS. To investigate the strain-induced influences
on the energy bandgap of the wavy ZnO microwire, the
NBE emission of the wavy ZnO microwire was measured at
room temperature using CL spectroscopy (Gatan MonoCL3,
electron beam energy of 9 kV).

3. Results and discussion

Figure 1(a) shows an SEM image of the beltlike ZnO
microwire. A selected area electron diffraction (SAED)
pattern (figure 1(b)) taken along the [11̄00] zone axis,
which is parallel to the vertical direction of its cross-section,
indicates that the growth direction is [11̄00] and the ZnO
microwire is a single-crystalline structure. Note that the
as-grown microwires can have different shapes and sizes
because carbothermal reduction is a highly random growth
process. No defects, such as dislocations or stacking faults, are
found, indicating that the ZnO microwire is highly crystalline.
This is also well supported by µPL spectra. Figure 1(c) shows
µPL spectra measured at room temperature along the length
of the as-grown ZnO microwire at each position from 1 to
6. The PL emissions of the ZnO microwire consist of two
main bands. One is the NBE excitonic related emission band
with a wavelength range between 375 and 420 nm. The other
is the broad deep-level (DL)-related emission in the visible

Figure 1. (a) An SEM image of as-grown ZnO microwires, and
(b) their representative corresponding SAED pattern taken along the
[11̄00] zone axis. (c) A representative µPL spectrum of the single
ZnO microwire at room temperature. The inset shows the
integrated-PL intensity ratio (IDL/IUV) at each position. The colored
circle-symbols in the inset (an optical image of the ZnO microwire)
indicate the µPL measurement positions.

range that is attributed to the surface defects of the crystal.
Thus, DL-related emission is determined by the concentration
of the corresponding surface defects [12–14]. As shown in
figure 1(c), the µPL spectra collected from the positions
show much stronger NBE emission peaks than those of the
DL-related emission peaks. The inset of figure 1(c) shows
integrated-PL intensity ratios (DL-related emission intensity
to NBE emission intensity, IDL/INBE) obtained from the PL
spectra at different positions from 1 to 6. The as-grown
ZnO microwire exhibits small and uniform IDL/INBE values
at each position (the inset of figure 1(c)). These results
provide experimental evidence that the ZnO microwire has a
quite small density of surface defects because the DL-related
emission peak is a surface-related process [19–21], indicating
that the microwire is highly crystalline.

Figure 2 presents a schematic illustration of the
fabrication and transfer processes of the ZnO microwire with
wavy configurations onto an epoxy-coated SiO2 substrate.
The straight ZnO microwire was placed on a prestrained
PDMS slab using a contact printing method [18], followed by
release of the prestrain. Releasing the prestrain in the PDMS
slab led to the formation of the wavy ZnO microwire on the
plane of the PDMS surface due to compressive strains that
cause the straight ZnO microwire to buckle laterally [22–24].
This indicates that the prestrain of the PDMS substrate in
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Figure 2. Schematic illustration of the formation and transfer
processes onto an epoxy-coated SiO2 substrate of a single ZnO
microwire with wavy configurations.

Figure 3. Optical images of a straight ZnO microwire on a
prestrained PDMS slab (top), the laterally buckled ZnO microwire
after releasing the prestrain of the PDMS slab (middle), and the
wavy ZnO microwire transferred onto the SiO2 substrate. The scale
bars are 200 µm.

this process plays a critical role in the lateral buckling
of the straight ZnO microwire. The wavy ZnO microwire
formed in this manner was transferred onto an epoxy-coated
SiO2 substrate by conformal contact of the PDMS slab with
the epoxy-coated substrate. Figure 3 shows optical images
of a ZnO microwire on the prestrained PDMS (top), its
lateral buckling on released PDMS (middle), and the laterally
buckled ZnO microwire transferred onto the epoxy-coated
SiO2 substrate (bottom).

To investigate the strain-induced effects on the energy
band and optical properties of the wavy ZnO microwire,
we measured a series of NBE emissions of CL spectra in
curved and straight sections of the wavy ZnO microwire.
Figure 4(a) shows a representative SEM image of the
wavy ZnO microwire on the epoxy-coated SiO2 substrate.

Figure 4. (a) An SEM image of a wavy ZnO microwire on an
epoxy-coated SiO2 substrate. (b), (c) CL spectra of the wavy ZnO
microwire for, (b) curved sections (1–11, marked by blue arrows),
and (c) straight sections (12–16, marked by red arrows). Each inset
shows representative SEM images of the curved and straight
sections in the wavy ZnO microwire. The red dashed line indicates
the NBE emission of ∼3.29 eV in straight sections of the wavy ZnO
microwire.

Figures 4(b) and (c) show CL spectra at curved sections
(marked by blue arrows, 1–11) and straight sections (marked
by red arrows, 12–16) respectively, along the wavy ZnO
microwire. The CL spectra in curved sections (positions 1–11)
of the wavy ZnO microwire exhibit shifts in the NBE emission
peaks (marked by the gray color) and a broadening of the
FWHM, whereas those in straight sections (positions 12–16)
do not show any noticeable changes in the NBE emission
peaks and their FWHM. We find that the NBE peaks move
toward the lower energies in curved sections, indicating the
bandgap modulation induced by localized strains.

From the CL spectra (figures 4(b) and (c)), we
summarized the variations in the photon energy and the
FWHM of NBE emission in curved and straight sections of
the wavy ZnO microwire, as shown in figures 5(b) and (c).
To understand the correlation between the shift of the NBE
emission peaks and the bending strain, we considered local
bending curvature calculations. According to Xue et al [25]
and Dietrich et al [8], the maximum amount of tensile and
compressive strain εmax that is induced into the microwire by
mechanical bending depends on the diameter of the microwire
and the radius of curvature R, and it can be approximately
calculated as εmax. = ±d/2R, where d is the diameter of the
microwire (d = 0.32 µm). Based on the CL data and the
strain–energy shift analysis using the geometric model [25],
we approximately estimated the relationship between the shift
of NBE emission energy and the variation of strain for the
wavy ZnO microwire with various local bending curvatures.
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Figure 5. (a) The relationship between the shift of NBE emission energy and the variation of strain for the wavy ZnO microwire.
(b) Calculated and experimental variations in NBE emission peaks in the CL spectra of curved sections (green color region) and straight
sections (red color region) for the wavy ZnO microwire. (c) Variations in the FWHM of NBE emission peaks in the CL spectra in curved
sections (figure 4(b)) and straight sections (figure 4(c)) of the wavy ZnO microwire. (d) A schematic illustration of strain-induced bandgap
and band structure at sections with low and high curvatures in the wavy ZnO microwire. Eg,L and Eg,H indicate electronic energy gaps at
sections with low and high curvatures, respectively.

In figure 5(a), the shift of NBE emission peaks can be fitted
with a linear relation 1E ∝ ε. Compared to the straight
sections, for the wavy microwire, the photon energy of the
NBE emission for the curved sections of the microwire
shifts to a lower energy, indicating that the deformation
induces inhomogeneous bandgap across the cross-section of
the wavy microwire. This is consistent with experimental
results (figures 5(b) and (c)) and previous reports [3, 25, 26].

In figure 5(b), the photon energies of NBE peaks in
straight positions exhibit ∼3.29 eV, whereas those in curved
positions exhibit a lower energy range between ∼3.26 and
∼3.275 eV. The straight sections of the wavy ZnO microwire
do not exhibit any noticeable change of the photon energy or
FWHM of the NBE emission in the CL spectra. In contrast,
for the curved sections (marked by green color, positions
1–11), the variations in the photon energy of the NBE
emission and their FWHM show a tendency corresponding
to a low–high–low curvature cycle (positions 1–3, 4–6, 7–9,
and 10–11), as shown in figures 5(b) and (c). In addition,
the broadening of the NBE peaks (figure 5(c)) can originate
from the broadening of the gaps between sub-bands in
the conduction band under strain-induced deformation [3].
Interestingly, we find that for the curved sections of the
wavy microwire, sections with high curvature (i.e., peaks
and valleys of in-plane waves (figure 4(a)), positions 2, 5,
8, and 11) exhibit relatively lower photon energies of NBE
emission and larger FWHM values than those with low
curvature (positions 1, 3, 4, 6, 7, 9 and 10). The blue/red
shift tendency in the photon energy of the NBE emission
corresponding to a low–high–low curvature cycle depends

on the radius of the local bending curvatures, indicating the
existence of localized inhomogeneous strains. This supports
well the result of strain-induced reduction in the bandgap
with the decrease of the radius of curvature. These results
indicate that the lateral buckling deformation of the ZnO
microwire induces the inhomogeneous strains (tensile and
compressive strains) at the piezoelectric field, resulting in the
modulation of the spatial distribution of photoexcited carriers
in the curved sections. Consequently, the CL intensity from
the outer surface (tensile side) of the microwire is much
stronger than that from the inner surface (compressive side)
of the microwire. This is in good agreement with previous
results [3–8, 26]. It should be noted that the CL measurement
cannot reflect fully the strain effect exactly at the focused
point due to the scattering effect of the incident electron
beam and the diffusion effect of excitons [3]. Such localized
inhomogeneous strains lead to the local changes of the energy
bandgap and the band structure in the wavy ZnO microwire
because the conduction band energy (EC) and the valence
band energy (EV) are sensitive to the axial strain and the
surface in-plane strain under a localized strain state [6, 27, 28].
The increase of tensile strain with decreasing the radius
of curvature results in overall strain-induced reduction in
the energy bandgap. Therefore, sections of the wavy ZnO
microwire with high curvature exhibit a relatively smaller
energy bandgap (Eg,H) due to a higher strain state, whereas
those with low curvature exhibit a larger energy bandgap
(Eg,L) due to a lower strain state, as illustrated in figure 5(d).
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4. Conclusions

In summary, we have investigated the strain-induced
modulation of the bandgap in a ZnO microwire with wavy
configurations using CL measurements. Curved sections
of the wavy ZnO microwire show red-/blue-shifts and
broadening of the FWHM in NBE peaks of the CL spectra
along the length of the wavy ZnO microwire, indicating
strain-induced modulation of bandgap. For the wavy ZnO
microwire, the maximum local strains occur at localized
positions (peaks and valleys of in-plane waves), which lead
to overall strain-dependent reduction in the bandgap. This
work will provide valuable information to design and develop
ZnO-based devices for more challenging applications such
as bio-integrated devices and bio-inspired designs via strain
engineering.
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