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ABSTRACT: We report the piezotronic effects on the
photoluminescence (PL) properties of bent ZnO nanowires
(NWs). We find that the piezoelectric field largely modifies the
spatial distribution of the photoexcited carriers in a bent ZnO
NW. This effect, together with strain-induced changes in the
energy band structure due to the piezoresistive effects, results in
a net redshift of free exciton PL emission from a bent ZnO NW.
At the large-size limit, this net redshift depends only on the
strain parameter, but it is size-dependent if the diameter of the
NW is comparable to that of the depletion layer. The
experimental data obtained using the near-field scanning optical microscopy technique at low temperatures support our
theoretical model.
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ZnO nanowires (NWs) have attracted intense research
interest due to their potential applications in field-effect

transistors,1,2 ultraviolet lasers,3 light-emitting diodes,4 piezo-
electric nanogenerators,5−7 and solar cells8 owing to ZnO’s
wide direct bandgap (3.37 eV) and large exciton binding energy
(60 meV).8 When fabricating nano structures and devices using
ZnO NWs, strain is unavoidable and often modifies the NW’s
mechanical,9 electronic,10,11 and optical properties.12,13 Some
studies have revealed that strain can induce a significant redshift
and broadening of the near-band-edge (NBE) emission in the
cathodoluminescence (CL) spectra of a bent ZnO NW.14 Most
recently, Wei et al. reported the size-dependent shift of the
NBE peak, but a conclusive interpretion of bandgap modulation
was not possible with their room-temperature CL data.15 Using
high-resolution low-temperature CL spectroscopy, Han et al.
were able to further resolve the shift of the free exciton (FX)
line and attribute the overall redshift to the strain-gradient
effect.16

In this work, we find that the net redshift of FX
photoluminescence (PL) emission in a bent ZnO NW is
mainly caused by strain-induced changes in the energy band
structure together with the piezotronic effects, which modifies
the spatial local distribution of photoexcited carriers. At the
large-size limit, this net redshift depends only on the strain
parameter, but it is size-dependent if the diameter of the NW is
comparable to that of the depletion layer. The experimental
results measured using near-field scanning optical microscopy
(NSOM) techniques at a low temperature (90 K) support our
theoretical model, which fully reveals the microscopic origin of
the strain effects in ZnO NWs for all of the previous
experiments.14−16 A further study of the phonon−exciton
interaction shows that the strain in bent ZnO NWs can also

induce phonon energy variations besides the change in the
bandgap and the piezotronic effects.
ZnO produces the piezotronic effects when it is strained.17

For a bent ZnO NW, tensile strain and compressive strain
occur at the outer and inner surfaces, respectively.5 Positive and
negative chargers (static and nonmobile) are therefore
generated on these surfaces which cannot be recombined
without releasing the strain. An electric field across the cross
section of a c-axis-oriented ZnO NW is then built up as shown
in Figure 1a. Figure 1b shows the energy band diagrams for a
straight ZnO NW. When the NW is excited by photons with
energy larger than the bandgap, electron−hole pairs are
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Figure 1. (a) Schematic diagrams of bending induced piezotronic
effects. (b) The energy band diagram of an unbent NW. The bandgap
is homogeneous across the cross section. The band edges are bent
upward near the surface owing to the surface Fermi-level pinning. (c)
The case for a bent NW. The deformation induces the inhomogeneous
bandgap, while the piezoelectric field modulates the spatial distribution
of photocarriers.
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generated. These excitons then recombine and emit photons
with energy (hν0) approximately equal to the bandgap of ZnO.
When we collect all of the photons emitted from the ZnO NW,
the corresponding peak in the PL appears exactly at the
position with a photon energy of hν0. It has been reported that
oxygen molecules are always adsorbed on ZnO surfaces and
capture the free electrons in ZnO which is n-type by nature.18

Therefore low conductive depletion layers form near the
surfaces. The depletion layers result in upward bending for both
conduction and valence bands at the surfaces of ZnO NWs.
However, the surface potential cannot disrupt the homoge-
neous distribution of the bandgap. In the PL spectrum of ZnO,
the NBE emission is actually due to the contribution of several
emissions such as the FX, FX phonon replicas, and the bound
exciton (BX), which can be distinguished by measurement at
low temperatures.19,20

Figure 1c shows the inhomogeneous bandgap and charge
carrier distribution across the cross section of a bent ZnO NW.
The bandgap of ZnO decreases under a tensile (c-axis) strain
and increases under a compressive (c-axis) strain.14 Therefore,
the photons emitted from the outer surface of a bent ZnO NW
have a smaller photon energy (hνt < hν0), whereas the photons
emitted from the inner surface have a larger photon energy (hνc
> hν0) than that emitted from the strain-free neutral axis (hν0).
Note that the change in the bandgap discussed above known as
the piezoresistive effects is a common feature of all semi-
conductors and is not limited to ZnO. On the other hand, for
the wurtzite ZnO structure, the piezotronic effects are not
negligible because of the polarization of ions in ZnO
(noncentral symmetry).21 Under the piezoelectric field, the
photoexcited electrons will drift toward and aggregate at the
NW outer surface.22 Although the holes will drift toward the
inner surface under the same electric field, the density of holes
at the outer surface is still considerably high under the steady
excitation of the laser source. Moreover, the mobility of holes is
much smaller than that of electrons, and the carrier
recombination lifetime is extremely short in ZnO.23 For a
NW with a diameter of 900 nm, the transit time for holes from
outer to inner surface is found to be on the order of 13.5 ns
(based on the hole mobility μ of 2 cm2/V s,24 the piezoelectric
potential of 0.3 V25), which is much larger than the carrier
recombination lifetime of ZnO (∼0.86 ns26), while the transit
time of electrons (the electron mobility ∼115 cm2/V s27) is
about 0.235 ns, smaller than the lifetime. Therefore, on the
scale of the carrier recombination lifetime, it is reasonable to
believe that the concentration of holes in this case is negligibly
affected by the piezoelectric field. Since ZnO is a direct
bandgap semiconductor, the recombination rate is proportional
to the electron and hole concentrations. As a result, the number
of photons emitted from the outer surface of the NW (with
photon energy hνt) is much larger than that from the inner
surface. If we collect all of the photons emitted from the entire
cross section, the related emission peak in the PL will move to
the position with photon energy hνt, that is, a net redshift of the
FX in the PL of bent ZnO NWs because of the piezoelectric
field.
We develop a quantitative model to estimate the strain-

induced redshift (under the piezoelectric field) in the bent NW.
Under the steady-state laser excitation, the electron density in
the NW follows the Boltzmann distribution
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where nc is a constant determined by the laser intensity, k the
Boltzmann constant, T the absolute temperature, and Ec(x) the
conduction band edge as a function of spatial coordinate.
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where Ec0(x) is the conduction band edge of a strain free NW,
ΔEc

piezo (x) the band edge shift due to the piezoelectric
potential, and ΔEc

deform (x) the band edge shift due to the
deformation potential. For the piezoelectric potential, we take
the first order approximation25 and define b = ∂ΔEc

piezo/∂ε. In
the bent NW, because the strain varies approximately linearly
across the NW cross section,28 we write down the piezoelectric
potential as
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where εc
max is the local maximum strain and dNW the diameter of

NW. The deformation potential comes from the strain induced
bandgap change, which can be described by the deformation
potential constant:29 ∂Eg/∂ε = ag. The conduction band edge
modified by the deformation potential is then

ε
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g
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According to Figure 1b, ΔEc0 (x) of the strain-free NW is not
uniform across the cross section because of the surface
depletion. In a ZnO NW, the surface depletion region is
estimated as30 W = [2εZnOφS/(eND)]

1/2, where εZnO is the
dielectric constant of ZnO, φS the surface potential (∼0.5 eV), e
the electron charge, and ND the doping density. We can crudely
modify Ec0 by this surface potential using a parabolic shape.
Since the recombination rate of charge carriers is propor-

tional to the electron concentration, the PL spectrum acquired
from the bent cross section is given by

∫ν ν ν= −I h A n x f h h x x( ) ( ) [ ( )]dc (5)

where f(hν − hνc) is the Lorentzian line shape from a point
source and A a constant. Because the piezoelectric field does
not affect the local bandgap, the position-dependent photon
central energy can be obtained as hνc(x) = Eg + 2ΔEc

deform(x),
where Eg is the bandgap of a strain-free NW. Equation 5
determines the PL spectrum. If the depletion layer can be
ignored (i.e., dNW ≫ W), eq 5 can be simplified to

ν ν ε=I h Ad I h( ) ( )/tNW c
max

(6)

where It(hν) is independent of the diameter (please see the
details in Supporting Information). So the PL spectrum profile
is independent of the NW diameter. The diameter only affects
the intensity of PL.
To confirm our analysis, we first investigated the strain effect

in bent ZnO NWs at the atomic scale by high-resolution
transmission electron microscopy (HRTEM). The ZnO NWs
used here were synthesized via chemical vapor deposition.31,32

The individual bent NWs were transferred to a carbon holey
supporting film with a tangential force using the physical dry
transfer method.33 The large aspect ratio and elastic flexibility
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of as-grown ZnO NWs allowed this bending process. To study
the bending effect on the optical properties of ZnO NWs, we
carried out measurement of spatially resolved PL on individual
ZnO NWs at low temperatures using NSOM. The ZnO NWs
were first dispersed on a silicon substrate. Then a single ZnO
NW was bent by a micromanipulator tipped with a sharp
tungsten probe under an optical microscope. After bending, the
strong van der Waals interaction between the NWs and the
substrate kept the NWs bent. Spatially resolved PL measure-
ments were performed using the NSOM setup (Nanonics
CryoView2000 equipped with a 325 nm He−Cd laser source
via a tip probe which has a 500 nm aperture at liquid nitrogen
temperature 90 K). The setup is illustrated in Figure 2. The

spot size was set to 3 μm by adjusting the distance between the
tip and the samples, ensuring that all photons emitted from the
local area were collected. The luminescence was detected by a
spectrometer (QE65000, Ocean Optics) with a resolution of
0.09 nm. After the low-temperature PL measurements on the
bent ZnO NWs, we added a drop of ethanol on to the substrate
which caused the NWs to unbend and straighten up again.
Figure 3a shows the typical TEM image of a bent ZnO NW.

This bent NW had a uniform diameter of 52 nm. Figure 3b
shows the selected-area electron diffraction (SAED) at the
position labeled “c” in Figure 3a. The SAED pattern indicates
that the NW grew along the [0001] direction (c-axis). Figure 3c
and d are HRTEM images of the straight and bent portions of
the NW (labeled by “c” and “d” in Figure 3a, respectively). The
HRTEM images of the outer (Figure 3e), center (Figure 3f),
and inner (Figure 3g) parts of the straight portion(s) show that
the lattice constants along the c-axis are uniform, that is, c0 =
0.514 nm when there is no strain. But at the bent portion(s),
the tensile strain increases the lattice constant to couter = 0.519
nm, whereas the compressive strain decreases it to cinner = 0.508
nm. The strain-free neutral axis has a similar lattice constant as
the straight part. Since no defects are observed in the bent NW,
the variations in the lattice constants should be attributed to the
elastic bending deformation. The maximum tensile strain and
compressive strain can be quantitatively calculated by

ε =
−

=
−c c

c
c c

cc
max outer 0

0

inner 0

0 (7)

Then, we can estimate the maximum tensile strain (about
1.0%) and the maximum compressive strain (about 1.2%).
Obviously, the strain in the bent NW varies linearly from
tension to compression across the NW. The linear strain
indicated the linear bandgap distribution in the bent NW,

because the theoretical calculations revealed that the electronic
bandgap for ZnO NWs with large enough diameters was
inversely proportional to strain and showed a linear relation-
ship.34 However, this strain estimation is impractical because
the HRTEM measurement is made ex situ with respect to the
PL system. Fortunately, we can calculate the maximum tensile
or compressive strain by33

ε =
d

R2c
max NW

(8)

where dNW is the diameter of the NW and R the local radius of
the curvature. By this way, the calculated strain in the NW
shown in Figure 3d is about 1.2%, which agrees well with that

Figure 2. Schematic illustration of the PL measurements for bent NWs
by NSOM.

Figure 3. TEM images of a bent ZnO NW. (a) Low magnification
image of the NW. (b) SAED taken from position “c” in part a
indicating [0001] growth direction of the ZnO NW. (c) The straight
region (labeled by “c” in a) of the NW. The HRTEM images taken
from the outer, center, and inner of the NW in this straight region are
shown in figures e, f, and g, respectively. The lattice constant c is quite
uniform. (d) The bent region (labeled by “d” in a). The HRTEM
images taken from the outer, center, and inner of the NW in this bent
region are shown in figures h, i, and j, respectively. The lattice constant
c increases in the tensile side and decreases in the compressive side.
The scale bars in e−j are 5 nm.
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(1.0% or 1.2%) from the HRTEM results. In the following
discussions, we follow eq 8 to determine the local maximum
strain in the bent region.
The PL spectra of a typical bent ZnO NW with a diameter of

900 nm are shown in Figure 4a. The low-temperature PL

spectra acquired from different bending curvatures as indicated
by A−H are shown in Figure 4b. The peak center of each
emission can be determined by fitting the spectra using
Lorentzian line shape function. Apparently, at the strain free
region, we can observe four prominent peaks at the NBE
region: the free exciton (FXA) at 3.370 eV, the neutral-donor-
bound exciton (D0XA) at 3.361 eV, the first-order longitudinal
optical phonon replica of the free exciton (FXA-1LO) at 3.311
eV, and the second-order longitudinal optical phonon replica of
the free exciton (FXA-2LO) at 3.235 eV. A significant redshift
of FXA can be clearly observed at the bent regions. The shift
increases with increasing the local bent curvature, and this
agrees well with our previous analysis. It is necessary to
emphasize that the bending deformation of the ZnO NW here
is elastic because this NW can recover to its straight shape (see
Figure 4c) when we add a drop of ethanol to the substrate. In
this case, all of these peaks in the PL shift back to the original
positions of straight NW.
The redshift of the free exciton which depends on the local

maximum strain in the bent region is depicted in Figure 5a.
Obviously, the magnitude of the redshift increased linearly with
increasing the local maximum strain. The red solid line,
numerically obtained from eqs 1−5 with fitting parameters b =

50 eV and ag = −2.31 eV, agrees very well with the
experimental data. For comparison, we also plot the numerical
curves (dashed lines) of the redshift without accounting for the

Figure 4. (a) The optical image of the bent ZnO NW. (b) The
corresponding PL spectra taken from each arrowed positions in a. (c)
The optical image of the same NW after releasing the deformation. (d)
The PL spectra of straight NW at different positions labeled in c. The
NW has a diameter of 900 nm.

Figure 5. Energy shift and FWHM of the FXA emission versus the
local maximum strain εc

max in bent NWs. (a) Comparison between the
experimental data and simulation results. The scatters are for the
experimental data from the 900 nm NW. The solid line is the
numerical results considering both the strain-induced piezoelectric
field (b = 50 eV) and the deformation potential (ag = −2.31 eV) in the
bent ZnO NW. The dashed lines are the numerical results for different
ag without accounting the piezoelectric effect (b = 0). (b) FWHM of
FXA versus εc

max. (c) Comparison between the experimental data and
simulation results for the NWs with different diameters. The slight
difference for different diameters both in experimental data and
simulation results is due to the surface depletion. Here the simulation
result obtained by assuming the depletion layer W = 0 is also given for
comparison.
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piezotronic effects. It is clear that, even if we vary the parameter
of ag in a large range (but with b = 0), the strain-dependent
redshift cannot be fully explained by the NW deformation. This
further confirmed that the piezoelectric field plays an important
role in the optical properties of the bent ZnO NW. In fact, the
deformation potential, which spatially modulates the central
energy of emitted photons, on the other hand, plays a negligible
role in determining the spatial electron density distribution as
compared with the piezoelectric potential.22 The variation of
full-width at half-maximum (FWHM) of the FXA under
different strain is plotted in Figure 5b. Considering the error,
the strain effect on FWHM is not as pronounced as that on the
shift. The slightly broadening of FXA under large strain
indicates the exist of piezoresistive effects.
We have also investigated how the NW diameter influences

the strain-induced redshift of free exciton. If the surface
depletion is not taken into account, the curve of ΔEFXA

versus
εc
max is not dependent on the diameter of the NWs (see details
in Supporting Information). In reality, in addition to the
piezoelectric potential, both the high surface potential (∼0.5
eV) and the wide depletion layer (∼71 nm) affect the
distribution of electrons. Figure 5c shows the experimental
data and calculation results of the strain effect for different NW
diameters. We can see that the slopes of ΔEFXA

as a function of
εc
max slightly decrease with the decreasing of diameters. The
experimental data also shows a similar trend and confirm that
the strain-induced redshift is not sensitive to the NW diameter
as dNW ≫ W.
It should be emphasized that, with sufficiently high spatial

resolution, in principle the strain induced redshift of FXA in the
tensile region and the blueshift in the compressive region of the
NW can be distinguishable.16 However, the exciton in ZnO
NWs can diffuse. The diffusion length of the exciton is up to
∼110 nm.14 This means that the acquired spectra are always the
integral of the emissions from tensile and compressive regions
even the exciting spot is very small. Therefore, we should
observe the redshift even we excite the region of the neutral axis
of the NW because of the inhomogeneous distribution of the
charge carries. Due to the aggregation of electrons in the tensile
region, the intensity of the PL emission from this region is
larger than that from the compressive region.16 If there is no
piezoelectric field in the NWs, the tensile-strain-induced
redshift and compressive-strain-induced blueshift will equally
contribute to the NBE emission, resulting in broadening of the
NBE peak. A similar feature has been observed in the Raman
spectra of InP bent NWs.35

By examining the spectra shown in Figure 4b carefully, one
can identify the redshifts not only for the FXA, but also for
D0XA, FXA-1LO, and FXA-2LO peaks. The shifts of FXA-1LO
and FXA-2LO, which are related to the LO phonon−exciton
interaction, are not obvious. Figure 6 summarizes the redshifts
of all four emissions under different strain states. The linear
fittings to the experimental data yield ∂EFXA

/∂εc
max = −1.97 eV,

∂ED
0
XA
/∂εc

max = −2.08 eV, ∂EFXA‑1LO/∂εc
max = −0.60 eV, and

∂EFXA‑2LO/∂εc
max = −0.13 eV. Obviously, ∂ED

0
XA
/∂εc

max is

approximately equal to ∂EFXA
/∂εc

max, indicating that the
mechanism of the strain effect on D0XA is similar to that on
FXA. However, the ∂EFXA‑1LO/∂εc

max and ∂EFXA‑2LO/∂εc
max show

many different features. This indicates that the strain effect
affects not only the band structure of ZnO NWs but also the
phonon−exciton interaction. For the exciton−phonon cou-

pling, the FXA and its LO-phonon replicas can be described
by36

ω= − ℏ + +

=

‐ ⎜ ⎟
⎛
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( 1, 2)
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where mℏωLO is the LO-phonon energy (72 meV when there is
no strain), (L + 1/2) is related to the kinetic energy of the
exciton (L = 1 for 1-LO replicas and L = 0 for 2-LO replicas).
From eq 9, if we add the strain effect, we can get
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From our experimental results (∂ΔEFXA‑mLO/∂εc
max ≠ ∂ΔEFXA

/
∂εc

max), we can conclude that the strain can change the phonon
energy (∂ΔℏωLO/∂εc

max ≠ 0). From Figure 6, we can figure out
the average of ∂ΔℏωLO/∂εc

max to be −1.15 eV.
It is reasonable to suggest that strain can influence lattice

vibrations and thus result in phonon energy variations which
can be revealed using Raman spectroscopy techniques.35,37,38

For bent ZnO NWs, Figure S2 (see Supporting Information)
shows that the phonon peak in the Raman spectrum is sensitive
to strain. In particular, tensile strain and compressive strain
shifted the phonon peak to positions with lower and higher
wavenumbers, respectively.
In summary, we have demonstrated that the piezoelectric

field in bent ZnO NWs modulates the distribution of
photocarriers. The piezotronic effects, together with the
inhomogeneous bandgap across the cross section of ZnO
NWs, result in the redshift of FXA in bent ZnO NWs. The
redshift is found to be linearly proportional to εc

max and slightly
influenced by the NW diameter, as our numerical calculation
has shown. Furthermore, the bending-induced variations in
phonon energy are presented by the minor redshift of FX-mLO.
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Figure 6. Energy shifts of FXA, D
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the local maximum strain. The scatters are obtained from PL spectra of
the bent ZnO NW (900 nm in diameter). The solid lines are the linear
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