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C
ontinuous modulation of the optical,
transport, and carrier�phonon inter-
action properties of semiconductors

is imperative for improving the perfor-
mance of optoelectronic devices.1�3 Elastic
strain engineering has been proposed
as a low-cost and continuously variable
manner for controlling materials properties.
Recently, strain engineering of semiconduc-
tor nanostructures has attracted great inter-
est due to the much higher elastic limit
compared to bulk materials.4�9 It has been
demonstrated that strain can effectively
tune the properties of semiconductor nano-
structures, such as enhancement of carrier
mobility in Si nanotransistors by elastic local
strain,10 tension strain induced giant and
abnormal piezoresistance in Si11,12 and Ge13

nanowires (NWs), and linear red-shift of the
band gap in GaAs14 and CdS15 NWs. Parti-
cularly, elastic strain engineered ZnO NWs
have significant advantages due to the cou-
pling of piezoelectric and semiconducting
properties. For example, strained ZnO
NWs have great potential applications for
the nanogenerators,16 piezophototronic
devices,3,17 and strain gauges.18 Strain can also

modulate the band gap of ZnO NWs.19�23 It is
demonstrated that the tensile strain modula-
tion on the band gap of ZnO NWs is strongly
size-dependent.24 Therefore, strain engineer-
ing is an effective route to tune the electronic
band structures of ZnO NWs.25 However, the
strain effect on phonon modes of individual
ZnO nano/microwires is still elusive.
In this work, we report the modulation of

optical phonons in individual ZnO nano/
microwires via uniaxial tensile strain and
bending strain employing Raman spectros-
copy. It is novel to find that the frequencies
of the E2H, E1TO, and second-order phonons
of ZnO NWs linearly red-shift with the in-
creasing tensile strain, while the A1TO pho-
non has no response to strain. The tensile
strain modulation on phonon frequency is
also strongly dependent on the diameter
of the ZnO NWs. Furthermore, our Raman
mapping results of a pure bent ZnO micro-
wire demonstrate that the local tensile and
compressive strains result in a linear red-
shift and blue-shift of the E2H, E1TO, second-
order, and E2L phonon frequencies, respec-
tively, and the A1TO phonon is rather robust
and is not affected by the strain. On the
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ABSTRACT The effect of uniaxial tensile strain on individual ZnO

nanowires with diameters ranging from 500 nm to 2.7 μm and the

effect of pure bending strain on ZnO microwires are systematically

investigated by Raman spectroscopy. It is found for the first time

that the tensile and compressive strains result in a linear downshift

and upshift of the phonon frequencies of the E2L, E2H, E1TO, and

second-order modes compared with the strain-free state, respec-

tively, while the A1TO mode is not influenced by the strain.

Furthermore, the strain modulation on phonons depends strongly

on the nanowire diameter. The E2H phonon deformation potential is∼3 cm�1/% for the 500 nm nanowire, while 1% tensile strain results only in∼1 cm�1

downward frequency shift for the 2.7 μm ZnO wire. The results provide a versatile “local-self-calibration” and nondestructive method to measure and

monitor the local strains in ZnO micro/nanostructures.
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basis of these novel results, local strains can be mea-
sured through analyzing the relative position of the
E2H Raman peak with respect to the A1TO peak. This
provides a versatile “local-self-calibration” and non-
destructive method to monitor the local strains in
semiconductor micro/nanostructures.

RESULTS AND DISCUSSION

Raman Spectra of Strain-Free and Suspended ZnO Nanowires.
The ZnO NWs were synthesized by the chemical vapor
phase deposition (CVD) technique.26,27 The high-quality
ZnO NWs grow along the [0001] direction, with dia-
meters ranging from 300 nm to 3.5 μm and lengths of
hundreds of micrometers (Supplementary Figure S1).
Figure 1 illustrates the Raman spectrum measurement
for individual ZnONWs.AZnOnanowirewas suspended
on the miniature motorized stage with its c-axis along
the tension direction. To avoid slippage of the NW on
the substrate, both ends of the NWwere firmly fixed on
the SiO2/Si pads by a kind of glue. The initial gap width
L0 and elongation ΔL of the NW under loading were
determined in situ by optical imaging, and the uniaxial
tensile strain in the individual NWs is εc = ΔL/L0. All the
Raman spectra were recorded with the polarization of
the incident laser perpendicular to the c-axis of the ZnO
NWs. Prior to stretching the ZnO NW, Raman spectra
were collected at three different positions along the
NW, as shown in Figure 2a. The Raman spectra exhibit
identical characteristics at the three different positions,
as shown in Figure 2b, indicating that the ZnO NW is
highly homogeneous.

The wurtzite structure ZnO belongs to the C6v
4

(P63mc) space group. The zone-center optical phonon
modes can be classified by the following irreducible
representations: Γopt = A1 þ E1 þ 2E2 þ 2B1. The B1
branches are inactive modes. The A1 branch originates
from the ion vibrations along the c-axis (Figure 2c), and
the E1 branch is related to the ion vibrations perpendi-
cular to the c-axis. The A1 and E1 branches are polar
modes, and they split into longitudinal-optical (LO) and

transverse-optical (TO) components with different fre-
quencies. The two E2 branches are nonpolar phonons.
The high-frequency E2 mode (E2H) is associated with
O motion (as illustrated in Figure 2c), and the low-
frequency E2 mode (E2L) is mainly associated with
Zn motion.28�31 The multiple zone boundary phonon
scattering process gives rise to a second-order Raman
peak. As shown in Figure 2b, the Raman spectrum of
the strain-free NW exhibits four intensive peaks cen-
tered at 437.8, 409.6, 378.6, and 332.1 cm�1, which are
assigned to the E2H, E1TO, A1TO, and the second-order
phonon modes, respectively.28,29

Raman Spectra of ZnO Nanowires under Tensile Strains. To
explore the influence of the uniaxial tensile strain on
the phonon modes of ZnO NWs, we measured a series
of Raman spectra of individual ZnO NWs with different
diameters under different loadings. For the Raman
measurements of the nanowire under uniaxial strain,
the laser spot focuses on the center of the suspended

Figure 1. Schematic illustration of the Ramanmeasurements.
TheRaman spectra canbemeasured for a suspendedZnONW
with different tensile strains, which are produced by a minia-
ture linear stage with single-axis motorized movement.

Figure 2. Raman spectra of a strain-free ZnO nanowire. (a)
Optical image of a strain-free suspended ZnO NW with a
diameter of 950 nm. (b) Raman spectra of the strain-free ZnO
NW at three different spots, as indicated in (a). The Raman
spectrumexhibits four intensive Raman peaks at 437.8 cm�1

(E2H), 409.6 cm�1 (E1TO), 378.6 cm�1 (A1TO), and 332.1 cm�1

(second-order) in the measurement range. (c) Schematic
diagram of atomic vibrations for the A1TO and E2H phonon
modes in wurtzite ZnO.
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nanowire. After each strain loading, the laser spot was
adjusted to keep focusing on the center of the nanowire
under a confocal micro-Raman microscope. Besides
that, to further confirm the reliability of the experiment
data, we also measured the Raman spectra from three
different positions along the suspended nanowire
under a certain strain loading, and it is found that
the Raman spectra exhibit identical characteristics at
the three different positions, as presented in Figure S2.

Figure 3 shows the typical results of a ZnO NWwith
a diameter of 500 nm. Figure 3a shows the optical
images of the ZnONWunder different tensile loadings.
The ZnO NW was stretched step by step with a tensile
strain of up to 4.15%. Figure 3b presents the evolution
of the Raman spectra with increasing uniaxial tensile
strains from 0% to 4.15% and then back to 0%. It is
interesting to note that the E2H, E1TO, and second-order
phonon frequencies first downward shift with increas-
ing tensile strain up to 4.15% and then shift back to the
original positions upon releasing the tensile strain to
0%. The E2H, E1TO, and second-order peaks downward
shift by 12.3, 10.3, and 11.2 cm�1 at a tensile strain of
4.15%, respectively. Nevertheless, it is surprising to find
that the A1TO peak has no obvious change and exhibits
a constant peak position within the experimental
accuracy while varying the tensile strain. The fact that

the A1TO phonon mode is not sensitive to the tensile
strain is quite different from the previous results
observed through a hydrostatic pressure test on bulk
ZnO crystal, where it was demonstrated that all the
phonon modes in bulk ZnO are sensitive to the hydro-
static pressure.29,32 This discrepancy is probably due to
the different strain loading methods. The hydrostatic
pressure exerts isotropic strain on the ZnO crystal and
results in isotropic compression of the lattice, while the
uniaxial tensile strain in our experiment results in
elongation of the lattice along the c-axis and shrinkage
of the a�b plane to maintain the Poisson ratio.

Figure 3c shows the E2H, E1T, A1TO, and second-order
phonon frequency variations as a function of tensile
strain value. Except for A1TO, the red-shifts of the E2H,
E1T, and second-order phonon frequencies linearly
increase with increasing uniaxial tensile strain. The
linear relationship between the phonon frequency
red-shift Δω and the uniaxial tensile strain εc is given
by Δω = γεc, where γ is the phonon deformation
potential coefficient. From linear fittings in Figure 3c,
we canobtainγvaluesof�2.99,�2.47, and�2.69 cm�1/%
for the strain-sensitive E2H, E1TO, and second-order
modes, respectively. Figure 3d shows the variations of
full width at half-maximum (FWHM) of theRamanpeaks
as a function of tensile strain. The Raman peaks are

Figure 3. Raman spectra of a ZnO nanowire under different tensile strains. (a) Optical images of the ZnO NWwith a diameter
of 500 nmwith different tensile strains. (b) Raman spectrumevolutionwith uniaxial tensile strains from0% to 4.15% and then
back to 0%. The pink dashed lines indicate the Raman peak positions at the strain-free state. (c) Phonon frequency shifts of
E2H, E1TO, A1TO, and second-order modes as a function of tensile strain value. (d) Variation of full width at half-maximum of
these four Raman peaks versus the tensile strain.
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not significantly broadenedwith increasing tensile strain.
The Raman peak broadening is mainly due to the relaxa-
tion of the wave-vector selection rule.33 Under strain
situations, the phonon scattering will not be limited in
only the Brillouin center and the phonon dispersion near
the zone centermust also be considered,which results in
the slight broadening of the Raman peak.

For the wurtzite ZnO crystal, the zone center pho-
nons are related to the atomic vibrations. The tensile
strain along the c-axis will weaken the bond interaction
and lower the atomic vibration frequency from the E2H,
E1TO, and second-order modes and thus lead to the
red-shift of the Raman peak. The A1TO phononmode in
the ZnO crystal originates from the vibration of atoms
along the c-axis, as schematically shown in Figure 2c.
The frequency behaviors of the A1TO phonon in ZnO
nanowires under uniaxial c-axis strain can be under-
stood by analyzing the frequency variation of a har-
monic oscillator in a one-dimensional atomic chain.
Assuming that the oscillator has a stiffness factor of
k and a mass of m under a constant small stretching
force F0 that causes a displacement x0 away from the
equilibrium position with F0 = �kx0, then we have the
dynamic equation m(d2x/dt2) = �kx þ F0, where x is
the displacement away from the equilibrium position.
The equation can be reformed as [d2(x � x0)]/dt

2 þ
(k/m)(x � x0) = 0, which still has the same vibration
frequencyω0 = (k/m)1/2. The extra force or deformation
along the vibration direction cannot change the vibra-
tion frequency of the harmonic oscillator. For the A1TO
phonon mode in the ZnO nanowire under uniaxial
c-axis strain, it is very similar to the oscillator under a
stretching force and its frequency should not change
either, as observed in our experimental results.

Size-Dependent Phonon Deformation Potential. The ZnO
nanowire diameter dependence of the tensile strain
modulation of the phonons was further studied. As
detailed in the Supplementary Figures S3�S6, similar
Raman spectra evolution and the linear frequency red-
shifts of the tensile strain sensitive phonon modes
were also observed in the ZnO NWs with diameters
ranging from 500 nm to 2.7 μm. We summarize the
data of tensile strain induced red-shift of the E2H
mode (E1TO and second-order modes have the same
tendency) of the ZnO NWs with different diameters in
Figure 4a. From the slopes of the Δω vs εc curves, it is
shown distinctly that the phonon deformation poten-
tial coefficient is strongly size-dependent. The absolute
value of the E2H phonon deformation potential in-
creases with decreasing NW diameter, as shown in
Figure 4b. For the 500 nm nanowire, the phonon
deformation potential is ∼3 cm�1/ε%, while the E2H
phonon frequency shifts about 1 cm�1 by 1% strain
for the largest ZnO wire (2.7 μm) in our experiment. The
reportedphonondeformationpotential is 2.94 cm�1/GPa
for the E2H phonon under uniaxial pressure.34 To com-
pare with our results, the applied load GPa should

be converted to strain value (%). Under the uniaxial
c-axis pressure, due to the Poisson effect εxx = εyy =
�υεzz, where υ is the Poisson's ratio, the total strain ε =
(1� 2υ)εzz. Therefore, the phonon deformation poten-
tial is formed as ∂(Δω)/(∂ε) = (1 � 2υ)Eb[∂(Δω)/∂σzz],
where Eb ≈ 140 GPa is the Young's modulus along the
c-axis,35 and the Poisson's ratio of ZnO is 0.353.36

Therefore, we can estimate that 1% strain should
produce a shift of about 1.2 cm�1 for the E2‑high phonon
for bulk ZnO crystal reported by Callsen et al.,34 which is
generally consistent with the result (∼1 cm�1/ε%)
of the large wires in our work. This indicates that the
phonon deformation potential value would approach
the bulk limit with increasing NW diameter.

The size dependence of the E2H phonon deforma-
tion potential may originate from the surface effect
due to the large surface-to-volume ratio of the ZnO
NWs. It is known that the surface reconstruction will
cause shrinkage of the Zn�O bond,37 and recently it
has been experimentally observed using aberration-
corrected transmission electron microscopy (TEM).38

For the same strain value, the surface will endure larger
stress than that of bulk ZnO crystal, resulting in the
increase of the Raman peak shift. Themeasured Raman
spectrum can be considered from both the surface
region and the core region. With decreasing the nano-
wire diameter, the surface-to-volume ratio will increase
and the surface shrinking effect will be more notable.
Therefore, the phonondeformation potential increases
with decreasing the nanowire diameter.

Figure 4. Size-dependence of strain-modulated phonon
frequency. (a) Tensile strain vs phonon frequency red-shift
of the E2H mode for ZnO NWs with different diameters. (b)
Phonondeformation potential of the E2Hmode as a function
of ZnO NW diameter.
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Raman Spectra of a Pure Bent ZnO Microwire. In order to
correlate the Raman spectrum evolution with com-
pressive strain, an individual ZnO microwire (MW) was
manipulated by two glass tips under a microscope to
form the standard four-point-bending configuration
and acquire a pure bent region. As shown in Figure 5a,
a ZnO MW with a diameter of 3.4 μm is stuck in the
middle of the prefabricated four supporting pillars
(SU8). The middle segment of the bent ZnO MW is in
a pure bending state without shear strain. The c-axis
strain from the inner side to the outer side across the
ZnO wire diameter is given by εc = (r/F, where F is
the local curvature radius and r is the distance
away from the strain-neutral plane. The negative and
positive values of εc represent the compressive and
tensile strains, respectively. We collected the Raman
spectra step by step (300 nm in step length) from
tensile to compressive edges along one pure bending

cross-section, as indicated by the red arrow in the inset
in Figure 5a, and the corresponding Raman spectra
are shown in Figure 5b in order from bottom to top.
For this experimental setup, the wavenumber can be
down to 80 cm�1, and the E2L Raman peak centered at
98.4 cm�1 at the strain-free region was observed.
Similarly, except for the A1TO mode, all the other Raman
peaks are sensitive to the strain. The phonon frequen-
cies linearly downshiftwith increasing tensile strain from
the neutral plane to the outer edge, while linearly
upshift with increasing compressive strain from the
neutral plane to the inner edge (see Figure 5c). By linear
fitting of the data in Figure 5c, the phonon deformation
potentials of �0.27, �0.82, and �1.06 cm�1/% for the
E2L, second-order, and E2H modes are obtained, respec-
tively. It is worth noting that the phonon deformation
potential of the E2Hmodeobtained by the pure bending
test is in good agreement with the uniaxial tensile result
of the large wire. It is also close to the limiting case of
bulk ZnO, again indicating the reliability of our uniaxial
tensile results. Through monitoring the variation of the
E2H mode, the most strain-sensitive phonon mode, the
local strain in the ZnO nano/microwires can be probed.

Figure 6a,b show the Raman mappings of the E2H
peak position and FWHM, respectively. The striking
contrast of the color from tensile (position marked by
plus) side to compressive (position marked by minus)
side shows the variations of the E2H mode in the pure
bending region. The E2H phonon frequency changes
continuously from tensile to compressive edges, and
both the tensile and compressive strains can cause
Raman peak broadening. For comparison, the Raman
mappings of the A1TO peak position and FWHM are
shown in Figure 6c and d, respectively. There are no
obvious color contrasts in both of them, suggesting
that the A1TO phonon mode does not respond to the
bending strain in the pure bent ZnO MW, which is also
in agreement with the uniaxial tensile results.

Discussion. Confocal μ-Raman microscopy has been
used to study strained semiconductor nanostructures
with high spatial resolution by analyzing the Raman
peak broadening.39 Raman peak broadening was ob-
served in bent InP nanowires due to the inside com-
pressive and outside tensile strains.39 However, the
method employing Raman peak broadening to probe
the strain is limited to the bending strains, is highly
influenced by the laser spot size and the nanowire
diameter, and is necessary to measure the Raman spec-
trumof thenanowire at the strain-free state for reference.
On the other hand, the Raman peaks may also vary with
the size of the strain-free nanowire due to the surface
atomic relaxation. Thus in the low-dimensional semicon-
ductor micro/nanostructures, it is hard to identify the
local strain from the shift of each Raman peak compared
with that of the strain-free bulk material. Fortunately, our
experimental results reveal that theA1TO phonon peak of
ZnO NWs does not change under uniaxial or pure bent

Figure 5. Raman spectra of a pure bent ZnO microwire. (a)
SEM image of a four-point-bending ZnO MW with a dia-
meter of 3.4 μm. (b) Raman spectra from bottom to top in
the panel are acquired along the line scanning from tensile
to compressive edges in the pure bending region. (c)
Phonon frequency shifts of E2L, E2H, and second-order
modes as a function of the bending stain. Plus means the
tensile strain and minus means the compressive strain.
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strain. We also summarized the A1TO phonon frequency
of the strain-free ZnO NWs with different diameters (see
Figure S7), which does not significantly change upon
varying the nanowire size. Therefore, the local strain can
be precisely determined by analyzing the phonon fre-
quency difference between the strain-sensitive Raman
peak (such as E2H) and theA1TO peak and considering the
size-dependent coefficient as presented in Figure 4b.
This in situ “local-self-calibration” and nondestructive
method should be versatile to accurately monitor the
local strain in ZnO nanostructures.

CONCLUSIONS

In summary, we found that the E2H, E1TO, and second-
order phonon frequencies decrease with increasing

uniaxial tensile strain in ZnO NWs, whereas the A1TO
phonon mode does not respond to strain. Further-
more, the tensile strain modulation on phonons is
strongly size-dependent. The phonon deformation
potential of the E2H mode increases from 0.7 to
3 cm�1/% as the nanowire diameter decreases from
2.7 μm to 500 nm. Raman mapping results on the pure
bent ZnO MW demonstrate that the local tensile and
compressive strains cause a linear downshift and up-
shift of the E2L, E2H, E1TO, and second-order phonon
frequencies, respectively, except for the nonresponsive
A1TO mode. Our results pave the way for a new and
versatile route for in situ “local-self-calibration” and
nondestructive measurement of the local strains in
ZnO micro/nanostructures and devices.

MATERIALS AND METHODS
ZnO Nanowire Synthesis. The synthesis of ZnO NWswas carried

out in a horizontal quartz tube furnace by simple chemical
vapor deposition. The mixture of pure zinc oxide (99.9999%)
and graphite powder (molar ratio of 1:1) was loaded in an
alumina boat. Sapphire chipswith (110) orientationwere placed
above the source powder as the collecting substrates. The boat
was then placed at the center of the quartz tube and inserted
into a rapid heating furnace. The system was purged using
argon gas for more than 10 min. After this, the carrier gas argon
was maintained at 200 sccm flow for nanowire growth. The
furnace was heated to 1050 �C during 20 min, and then oxygen
(3.0 sccm) was introduced as the reactive gas. After 30 min
growth, the system was cooled to room temperature step
by step and the substrate was covered by a layer of wax-like
products.

Suspended ZnO Nanowires. After growth, the ZnO NWs were
dispersed in alcohol, and then a drop of alcohol with nanowires
was placed on a Si wafer. After the alcohol was volatilized, the
ZnO NWs were left on the Si substrate. Two SiO2/Si (300 nm/
1 mm in thickness) wafers were fixed firmly on the two ends of
aminiaturemotorized stage (MMT32-A). The individual ZnONW

of interest was then transferred to cross over the two wafers
with the c-axis of the nanowire along the tension direction by
two needle-shaped glass tips mounted on a micromanipulator
with an opticalmicroscope.We then put twomicrodrops of glue
on the two ends of the nanowire to fix it on the SiO2/Si wafers by
a glass tip using the micromanipulator. For gluing, Gatan two-
component epoxy was used, which is usually used for cross-
section TEM sample preparation. To avoidwetting the nanowire
surface, we waited more than 24 h to let the glue cure naturally
at room temperature rather than heating for fast curing. The
epoxy glue was then hardened enough to firmly fix the ends of
the nanowire on the SiO2/Si wafers. Because there is no glue
on the suspended part of the nanowire, the Raman spectrum
measurements are not affected by gluing the nanowire on the
two Si wafers.

Uniaxial Tensile Strain Loading. The uniaxial tensile loading on
the ZnO NWs was carried out by a sophisticated single-axis
linear miniature motorized stage (MMT32-A). The movement
of the stage was controlled by an electronic control unit with
a step accuracy of 0.156 μm. The ZnO NWs bridging the two
SiO2/Si pads were stretched step by step precisely via control-
ling the stretched length. The uniaxial tensile strain can be
relaxed through returning the stage back step by step.

Figure 6. Raman mappings of a pure bent ZnOmicrowire. (a, b) Raman mappings of the E2H peak position and FWHM in the
pure bending region of the ZnO microwire with a diameter of 3.4 μm, respectively. (c, d) Raman mappings of the A1TO peak
position and FWHM in the pure bending region, respectively.
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Raman Spectrum Measurement. The Raman spectra of the ZnO
NWs under tensile strains were measured by a confocal micro-
Raman microscopy system (Renishaw Raman microprobe
RM1000B). The Raman spectra were excited by a 514 nm Ar ion
laser with a focused spot size of∼1 μm and a power of∼1.6 mW
at room temperature. All the Raman spectra were fitted by a
Lorentzian profile to determine the Raman peak position and the
line width with an accuracy better than 1 cm�1.

Pure Bent ZnO Microwire. To induce pure bending deformation
in an individual ZnO microwire, arrays of SU8 (SU-8, 2015)
photoresist pillars with a diameter of 6.0 μm and a height of
15.0 μm were fabricated on a Si substrate by photolithography
and a developing process. The SU8 photoresist was spin coated
on the Si substrate (500 rpm for 10 s and then 3000 rpm for 60 s)
and then heated at 65 �C for 1 min and then at 95 �C for 3 min.
The SU8 photoresist on thewafer was exposed under a UV lamp
(12 s, 13 mW/cm2) with a predesigned mask. Finally, the wafer
was developed by developer solution. After that, a desirable
ZnO microwire was transferred onto the prearranged substrate
under an optical microscope by using two needle-shaped glass
tips and manipulated to be stuck in the middle of four SU8
pillars to form the standard four-point-bending configuration.
For this standard four-point-bending configuration, the bend-
ing part between the two inner SU8 pillars is expected to be in
a pure bending strain state. Such pure bending deformation is
elastic, because the curved microwire can resume its original
straight state once the SU8 pillars are removed.

Raman Mapping Measurement. The Raman mapping measure-
ments for a pure bent ZnO microwire were performed using an
HR800 Jobin Yvon spectrometer equipped with an Olympus
microscope and a cooled charge-coupled device. The spectra
were excited by a 532 nm line of a solid-state laser, and the spot
size of the focused laser is∼0.5 μmwith power of about 1.0mW.
The polarization direction of the incident light was perpendi-
cular to the c-axis of the microwire to obtain better signal-to-
noise ratio, and the step size of the mapping test was 200 nm.
Considering a ∼0.5 μm laser spot size, there is some over-
lapping between the adjacent positions with a scanning step of
200 nm. However, the center position of the laser spot on the
ZnO microwire still follows the motion of the sample stage.
Although the real Raman mapping resolution may be worse
than 200 nm, the changing tendency of the phonon frequency
along the bending cross section from inside to outside of the
3.4 μm ZnO wire can be clearly revealed. The spectrometer slit
was set to give a spectral resolution always better than 1 cm�1.
For this experimental setup, the lowest Raman wavenumber
can reach 80 cm�1, and the E2L peak can be detected. Through
recording the Raman spectra point-by-point over the prese-
lected pure bending region, spectral mapping can be obtained.
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