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Precise modulation of electronic structures and electrody-
namics at atomic scale is an essential element for improving 
the physical and chemical properties of semiconductors in pho-
tovoltaics,[1–3] photodetection,[4] photocatalysis,[5] and field-effect 
transistors.[6,7] Elastic strain engineering can be an effective 
route for tuning material properties fast, reversibly, and con-
tinuously. Small dimensionality renders microwires (MWs) or 
nanowires (NWs) the ability to withstand a larger elastic defor-
mation compared with their bulk counterparts,[8–10] therefore, 
it is possible to tune the physical and chemical properties dra-
matically by elastic strain engineering in low dimensional sys-
tems. For example, strain-based silicon technology has been 
widely utilized commercially for enhancing carrier mobility in 
CMOS transistors.[6] Recently, experimental progresses have 
shown the significant energetic red-shift of the near-band-edge 
(NBE) emission in bent ZnO NW[11–16] and CdS NW,[17] leading 
to a proposed flexoelectronic effect[14,17] in semiconductors. The 
energetic red-shift has also been experimentaly observed in 
uniaxial strained ZnO[18] and GaAs[19] NWs by cathodolumines-
cence (CL) or photoluminescence (PL) studies. Furthermore, 
the bending deformation in ZnO MWs/NWs has given rise to 
novel nanogenerators[20,21] and opto-piezotronic devices.[22,23] 

Most recently, over sixty years after the initial conception of the 
deformation potential,[24–26] it has been theoretically proposed 
that an inhomogeneous strain field created in a semiconductor 
atomic membrane can induce spatial concentration of photoex-
cited carriers.[27] However, tuning the electrodynamics by elastic 
inhomogeneous strain has yet to be further established both 
theoretically and experimentally.

In this work, by combining theoretical and experimental 
approaches, we illustrate that by imposing elastic strain gra-
dient we can tailor the dynamics of excitons in semiconducting 
ZnO MWs. The key role of an inhomogeneous elastic strain 
distribution is to give rise to a continuously varying electronic 
band structures profile, thus the continuously varying exciton 
potential, which induces an effective built-in field that drives 
the excitons to transport in side MWs. Our work is an ini-
tial demonstration of the paradigm of elastic strain-gradient 
for tailoring exciton dynamics, further revealing the under-
lying mechanism of the proposed flexoelectronic effect[14,17] in 
semiconductors.

Elastic strain corresponds to a relative displacement of atoms 
in material, where a shift of energy bands is correlated to the 
change of electronic cloud overlap between atoms.[24,27] By 
imposing pure bending deformation on a ZnO MW, we can 
precisely create an inhomogeneous strain field with a uniform 
radial strain-gradient. As schematically shown in Figure 1a, the 
tangential strain along the hexagonal axis (0001) varies linearly 
from the belly (inner side) to the back (outer side), separated 
by an intermediate neutral plane. Previous computational and 
experimental results demonstrate that, in ZnO crystals, tensile 
and compressive strains along (0001)-axis can linearly reduce 
and increase the bandgap,[12,28–30] respectively. Therefore the 
bandgap are expected to show a continuous spatial variation 
from belly to back in a purely bent ZnO MW.

We performed density functional theory calculations on 
the electronic energy bands of different strained (c-axis) ZnO 
crystal (see Methods). The strain-dependent distributions of 
the electronic energy bands along the cross section of a purely 
bent ZnO MW (1.7 µm in diameter) is shown in Figure 1b. 
Both the valence band maximum (VBM) and conduction band 
minimum (CBM) linearly shift downwards from the belly side 
towards back side (see Figure 1b), where CBM is more sensitive 
than VBM to elastic strain, and the deformation potentials of 
CBM and VBM are kC = –52.7 meV/1% and kV = –21.3 meV/1%, 
respectively. Correspondingly, the bandgap decreases linearly 
along radial direction from the belly to the back side as ∆Egap = 
(kC – kV)ε eV (see Figure 1c). Therefore, a red-shift of NBE lumi-
nescence is expected from the back side of purely bent MW, 
and a blue-shift from the belly side. Since the exciton binding 
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energy is up to 60 meV in ZnO, it is reasonable to assume that 
the excitons would not split into free electrons and holes in 
the pure bending strain field. Due to the continuous variation 
of the bandgap, a continuous varying potential of excitons in 
the purely bent ZnO MW can be formed by the elastic strain-
gradient. Excitons generated by steady-state optical or electron 
beam excitation can migrate towards the back side with lower 
exciton potential before recombination, as schematically shown 
in Figure 1d.

For simplicity, we propose a two-dimensional phenomeno-
logical model to simulate the exciton dynamics in a ZnO MW 
under pure bending deformation. Under steady electron beam 
excitation in one confined region, the dynamical equation for 
the excitons reads

( ) j( ) ( ) ( )1τ∂ + ∇ ⋅ = − −n rt rt g rt n rtt  (1)

where n(rt) and j(rt) are the number density and flux of 
the excitons, respectively; g(rt) is the generation rate; τ is the 

recombination lifetime of the excitons, taking into account var-
ious relaxation pathways. The flux j(r,t) is

j = ∇ − ∇D n n e sµ φ .  (2)

where the first term correspond to the diffusion of excitons, 
and the second term correspond to the drift current induced 
by an effective potential. D is the diffusion coefficient of exci-
tons; µ = D/kBT is the mobility of excitons; ϕe.s.(r) is the local 
exciton potential in the cross section of the purely bent ZnO 
MW (see Supporting Information for more details). In our 
simulation, the MW is 1.7 µm in diameter and 1.17% µm –1 in 
strain-gradient (defined as the inverse of the radius of bending 
curvature).

Figure 2a and Figure 2b show the side and top views of 
exciton distribution within one cross section in the pure 
bending region with different static electron exciting locations 
(considering the high spatial resolution of CL in experiment) 
from tensile side to compressive side (subfigures from down 

Figure 1. Introduction of pure bending strain and strain-dependent electronic and optical properties of ZnO MW in pure bending deformation. (a) A 
schematic configuration of a strain-free (upper) and a purely bent (lower) ZnO MW. The radius of curvature of the purely bent MW is denoted as ρ in 
the graph. (b) The energy change of conduction band minimum (CBM) and valence band maximum (VBM) as a function of the c-axis strain in bulk 
ZnO. The slope of CBM is kC = –52.7 meV/1% and that of VBM is kV = –21.3 meV/1%. (C) The energy bandgap change as a function of the c-axis strain 
in bulk ZnO. Inset: the primitive cell of a bulk ZnO. (d) The transport mechanism of excitons in the cross section of a purely bent ZnO MW. The red 
and blue colors in Figure 1a and 1d represent the local tensile and compressive strain, respectively.
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To confirm our theoretical analysis, we 
carry out high spatial and energy resolution 
CL characterization on ZnO MWs with high 
quality under pure bending at 5.5 K, with 
a specially designed standard four-point-
bending (4PB) setup (see Method Section).[31] 
Figure 3a schematically shows the line-scan-
ning CL measurement procedure. In these 
measurements, the electrons are injected 
step by step along a cross section in the pure 
bending region of the ZnO MW. Figure 3b 
schematically illustrates the strain distribu-
tion in a ZnO wire in such a 4PB setup, in 
which the four pillars divide the wire into five 
segments. The middle segment is in a pure 
bending state, with the c-axis strain distrib-
uting linearly from inner side to outer side as 
εtt = r/R (|r | ≤ d/2), where d is the diameter 
of the wire, and R the radius of curvature of 
the local neutral plane. Here, we adopt a local 
r-t coordinates (see Figure 3b), where r and 
t are the mutually perpendicular local radial 
and tangential directions (r is measured from 
the neutral plane). Figure 3c shows the typ-
ical top-view SEM image of a 4PB ZnO MW 
(2.8 µm in diameter).

The CL spectra measurements are per-
formed at 5.5 K in a liquid helium flow cry-
ostat, under which only one intensive NBE 
peak, corresponding to a neutral donor bound 
exciton D0XA,[32,33] is dominant around 3.359 
eV for strain-free ZnO wires (see Figure S2, 
Supporting Information). Figure 3d shows 
four sets of CL spectra, each corresponding 
to a cross section of the ZnO MW. One set of 
spectra are collected for a cross section in the 
straight region (“I” Figure 3c). Three other 
sets of spectra correspond to three cross sec-
tions in the middle segment (“II”, “III” and 
“IV”, respectively). Clearly, the line-scanning 
CL spectra at “II”, “III” and “IV” are iden-
tical, confirming that the middle segment 

of the 4PB MW is indeed in the elastic purely bent state. The 
line-scanning CL spectra collected from the cross section in 
the bending region of the wire are still dominated by the D0XA 
luminescence peak, but are clearly red-shifted compared with 
the emission peak in the strain-free region by 33 meV. Another 
key observation here is that two weaker but identifiable peaks 
(labelled as M and R) with higher energies emerge with the 
electron injection spot moving towards the inner side. The 
energy of M peak stays almost unchanged, while that of R peak 
linearly increases.

This experimental result is in good agreement with the theo-
retical simulation presented in Figure 2. The only major differ-
ence between experiment and simulation is that, there are three 
peaks (one intensive peak and two weak peaks) when electron 
beam is focused on the belly side of the bent wire, whereas only 
two peaks (one intensive peak and one weak peak) are found in 
the simulation results. This additional peak M in experimental 

to top in Figure 2a and Figure 2b), respectively. Here we have 
mapped the corresponding points in the bending wire to a 
straight section as an approximation, which is valid since the 
radius of curvature of the bent wire is much larger than the 
wire diameter. Interestingly, when the electron beam is focused 
at the tensile side of the MW (ds = 0.8 µm and 0.4 µm, where ds 
means the distance of electron exciting location with the neu-
tral surface hereinafter), nearly all the excitons stay localized; 
whereas the foci of electron beam move toward the compres-
sive side, we see clearly that the exciton density still peaks at the 
tensile edge due to the exciton drift, leaving a streak toward the 
electron incident point (ds = –0.4 µm and –0.8 µm). If we move 
the exciting electron source from the back to belly side of MW 
step by step, the collected spectra of the whole cross section 
should exhibit a dominant constant red-shifted emission peak, 
and a source-track weaker and broader peak with higher photon 
energy, as schematically shown in Figure 2c.

Figure 2. Simulation results of the excitons distribution in the cross section of a purely bent 
ZnO MW with elastic strain-gradient of g = 1.17% µm−1. (a) and (b) Three-dimensional views 
and top views of exciton distribution in a cross section of the purely bent ZnO MW under elastic 
strain-gradient of g = 1.17% µm−1 with different electron beam exciting locations from tensile 
side to compressive side (bottom to up). t direction is set along c-axis of the pure bent MW, and 
the direction perpendicular to the r-t plane represents the normalized concentration of excited 
states. The electron beam exciting location with respect to the neutral surface is denoted as dS. 
The width of the MW is 1.7 µm, where the top and bottom boundaries of pure bent microwire 
are at the places of dS = 0.85 and -0.85 µm, respectively. (c) The normalized exciton distribu-
tion as a function of photon energy with electron beam exciting location moving from tensile 
side to compressive side (bottom to up). The pink dashed line indicates the original strain-free 
position of the NBE emission photon energy in ZnO MW.
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spectra results presented in Figure 3d, only one intensive con-
stant red-shifted D0XA peak dominates the CL spectra at the 
whole cross section from tensile to compressive edges under 
different bending states. When the ZnO MW is bent from the 
strain-free state “I” into state “II” and state “III”, (D0XA)I shifts 
to (D0XA)II and (D0XA)III, with red shifts of 12.97 meV and 24.43 
meV, respectively. Note that (D0XA)II has larger full width at half 
maximum than that of (D0XA)I and (D0XA)III. This larger peak 
broadening is easy to be understood by our theoretical model: 
In state “II”, the strain-gradient induced effective built-in field 
is not large enough to immediately drive the excitons to the 
edge of the back-side before they recombination. Consequently, 
the luminescence has a broad spectrum corresponding to a 
broader distribution of excitons in the cross section.

To have a comprehensive view of the NBE emission energy 
evolution from states “I” to “III”, the spectra of all three 
bending states are displayed in Figure 4c. With the elec-
tron excitation spot moving to the compressive edge, the M 
peak enters a stable region with a nearly constant energy 
of 3.365 eV, while the R peak shows a gradual blue shift to 
3.381 eV (see Figure S3 for more discussion). In accordance 

spectra can be attributed to one of the whispering gallery mode 
(WGM) resonances that arise from the light internal reflec-
tion at the side facets within the hexagonal cross section of the 
MW.[34] It is a completely photonic characteristic and the posi-
tion of the WGM is determined by the refractive index and 
diameter of the cross section. The assignment of peak M to 
the WGM is supported by two observations: (1) the peak stays 
almost unchanged for the same wire regardless of the position 
of the electron beam irradiation; and (2) the peak M changes 
with the diameter of the wire according to resonance condition 
of the WGM.

To further reveal the exciton dynamics behavior in a 4PB 
ZnO MW under different pure bending states, we carried 
out CL measurements on one same ZnO MW under three 
different strain-gradients: gI = 0.00% µm−1 ( ε tt

max = 0 00. % ),  
gII = 0.57% µm−1 ( ε tt

max = 0 48. % ) and gIII = 1.16% µm−1 
( ε tt

max = 0 98. % ), as shown by the 30°-tilted SEM images in 
Figure 4a from left to right. The line-scanning CL spectra col-
lected from the same cross section under the three different 
pure bending states indicated by the pink arrows in Figure 4a 
are presented in Figure 4b. Similar to the line-scanning CL 

Figure 3. Schematic diagram of CL measurement and strain distribution in a 4PB ZnO MW. (a) Top-view SEM image of a typical 4PB ZnO MW with 
diameter of d = 2.8 µm. (b) Distribution of strain εtt in a standard 4PB MW subjected to force P at the four points. The red and blue colors illustrate 
the tensile and compressive regions in the bent wire, respectively. The figure bottom insert shows the c-axis strain εtt distribution in the pure bending 
cross section. (c) Schematic diagram for line-scanning CL measurements on the pure bending region of a 4PB ZnO MW step-by-step from tensile 
to compressive edges. (d) Line-scanning CL spectra on the strain-free section “I” and from the pure bending region (section “II”-“IV”) with constant 
strain-gradient g = 1.20% µm−1 at 5.5 K. The red and blue colors in the CL spectra represent the tensile and compressive strain, respectively. The pink 
dash lines indicate the original strain-free position of the NBE emission peak. (e) Three-dimensional graph of the NBE emission spectra (normalized 
in intensity) along the cross-section “III” of the 4PB ZnO MW.
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field[35,36] should enter into the physics discussed here. In a 
bent ZnO wire, this bending deformation induced piezoelectric 
field would result in inhomogeneous band bending inside the 
ZnO MW. But as it amounts to an electrostatic potential which 
shifts or bends the valence and conduction bands equally, the 
piezoelectric field will not significantly alter the frequency of 
light emitted. Xu et al. attributed the net red-shift of the NBE 
emission photon energy in bent ZnO wires to the piezoelec-
tric field modification of the photoexcited carriers.[15] When 
electron-hole pairs are generated in the bending region of the 
ZnO MWs, the transverse piezoelectric field could only influ-
ence the motions of separated electrons and holes. However, 
due to the strong exciton binding energy in ZnO, the generated 
electron-hole pairs prefer to stay coupled. The center-of-mass 

with our simulation result, the energy red shift of D0XA peak 
indeed varies linearly with the increasing bending strain, or 
strain gradient, also confirming the previously proposed flexo-
electronic effect14,17, as shown in Figure 4d. The linear fitting 
yields ∆E kgd k tt

max= =/ 2 ε (without considering Poisson effect 
here), where k E d E gtt

max= ∂ ∂ = ∂ ∂ = −( ) ( ) ( ) eV∆ ∆/ / / .ε 2 2 49  
is the bending deformation potential of the purely bent ZnO 
MW. As the pure bending is different from hydrostatic and uni-
axial compression, it is reasonable that the deformation poten-
tial obtained in our experiment is larger than that of Dietrich’s 
experiments (–2.04 eV)[12] and smaller than that of Shan’s pres-
sure experiments (–3.92 eV) .[29]

An issue that must be reckoned with is the possibility that 
the piezoelectric polarization induced built-in transverse electric 

Figure 4. Red-shift of the NBE emission photon energy in a 4PB ZnO MW (d = 1.7 µm) under different elastic pure bending states at 5.5 K. (a) 30°-
tilted SEM images of the same individual ZnO MW (d = 1.7 µm) in the 4PB setup before bending (left), bent to gII = 0.57% µm−1 (middle) and to gIII = 
1.16% µm−1 (right). The pink arrows indicate the CL line-scanning direction and the same studied cross section. (b) The collected line-scanning CL 
spectra from the same cross section under the three different pure bending states (“I”, “III”) shown in Figure 4a at 5.5 K. The red and blue colors rep-
resent tensile and compressive strain, respectively. The upward pink arrows at the bottom of the spectra indicate the original strain-free position of the 
NBE emission peak. (c) Positions of the NBE emission peaks with electron beam exciting spot moving along the cross-section at different pure bending 
states. (D0XA)I: D0XA emission photon energy under the strain free state “I”; (D0XA)II: D0XA emission photon energy under the first pure bending state 
“II” with g = 0.57% µm−1; (D0XA)III: D0XA emission photon energy under the second pure bending state “III” with g = 1.16% µm−1; (M)III and (R)III: emis-
sion photon energies of the weak M and R peaks under the second pure bending state “III” with g = 1.16% µm−1. (d) Linear red-shift of the dominant 
emission (D0XA) photon energy of the NBE emission against the elastic pure bending strain. The linear fitting process in Figure 3d yields the bending 
deformation potential of –2.49 eV for the 4PB ZnO MW. The error bars of the data are determined by the energy resolution of the CL spectroscopy.
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higher temperature, exciton would have very low mobility and 
short life time. Therefore, it is difficult to observe the exciton 
drift apparently at higher temperature. The exciton will recom-
bine locally to luminescence and results in linearly red- and 
blue-shift of the NBE luminescence spectrum in outer and 
inner sides of the bent wire.

The strain gradient induced exciton drift effect proposed 
herein may also be detected by ultrafast optical measurements. 
We carry out time-dependent simulations of the dynamical 
process of excitons in a time-resolved PL experiment. In this 
experiment, the entire bending cross section of the purely bent 
ZnO MW is excited by an optical pulse. We depict the simu-
lated decay process of luminescence with the time evolution 
in Figure 5. The time evolution of luminescence intensity is 
remarkably different for different photon energies. The high-
energy emission decays super-exponentially. The intensity of 
the low-energy emission undergoes an initial rise. This is a 
direct consequence of the exciton migration along the internal 
energy gradient. Therefore, ultrafast dynamics measurements 
with spectral and time resolution will be an interesting experi-
ment, to directly reveal the detailed decay kinetics of the exci-
tons in an inhomogeneous strain field.

The experimental evidence for exciton drift in the inhomo-
geneously strained semiconductor micro/nanowires should be 
of great potential for exciton condensation, lasing, photovol-
taic conversion, and optical detection. The unique feature of 
these devices is that the emission photon energy and intensity, 
as well as the absorbent light frequency can be continuously 
tuned by varying the applied bending strain. The fabrication 
of these devices should be very simple, as the strain-gradient 
in semiconductor micro/nanowires can be easily and precisely 
tuned by controlling the bending curvature and specimen 
geometry.

force, which drives the motion of a neutral exciton, has van-
ishing coupling to the piezoelectric field, to the leading order. 
Fundamentally, the excitons are neutral particles which should 
not “care” about the Coulomb potential; it should be the strain-
induced band gap or exciton potential change that the excitons 
“care” the most about.

Formalistically, an exciton’s total energy is expressed as 
Eg – EB. The gap energy Eg represents the energy difference 
between single electron injection (electron affinity) and single 
hole extraction (ionization potential) at well-separated locations 
in the material. The exciton binding energy EB is the energy 
reduction when the electron and hole are brought into prox-
imity. Since band-bending due to electric field has no effect on 
the band gap at a given location, we have argued that Eg is inde-
pendent of the electric field E, and only cares about the strain 
tensor ε :

: ( ) ( )ref ref 2ε ε ε= + ∂ + ∂ +OE E E .g g
.

g
.  (3)

Here the electric field may be that of the piezoelectric polari-
zation, E = ηP, where η is the inverse dielectric constant of the 
material. On the other hand, EB does care about E and ε :

:( ) 1
2

:EE ( , E )B B
ref

B
ref ref 2 2ε ε α ε ε= + ∂ ∂ − +OE E E / ,. . .

 (4)

where αref is the electric polarizability of the exciton, but 
since EB << Eg it is unlikely to contribute much. The total 
driving force F on exciton center-of-mass motion should 
therefore be

F ( ) ( ) 1
2

: EE

( , E )

B
ref

2 2

ε ε ε α

ε ε

= − ∇ ∂ ∂ + ∂ ∂ + ∇

+ ∇ ∇O

: E / E /g
ref . .

 (5)

where in the present work we only took the first-order term 
without the change in the exciton binding,

F = − ∇ ∂ ∂( ) ( )refε ε: / .Eg  (6)

which is expected to be dominant in the drift-diffusion Equa-
tion (1), (2). Notice that in this general formal analysis, the 
polarization field only enters as second order terms.

To further verify that we are indeed dealing with mainly 
charge-neutral phenomena that does not couple strongly to the 
piezoelectric field, we also perform an experiment to measure 
the photo-current (bias of 0 V) across a purely bent ZnO wire 
under UV (325 nm) laser excitation, and found that there is 
essentially zero photocurrent. This is opposite to the expecta-
tion from a piezoelectric mechanism, where the polarization 
field should give rise to a photo-current.

Another issue has to be reckoned with is the discrepancy of 
the results reported in the previous works[11–16] and that in this 
work. In the previous results, the NBE luminescence spectrum 
linearly red shifts in the outer side and blue shifts in the inner 
side of the bent ZnO wire at higher temperature (81 K and 
300K)[11–16]. This discrepancy can be reasonable understood by 
our theoretical analysis. As the exciton drift by strain gradient 
is strongly dependent on exciton mobility and its life time, due 
to the strong scattering effect and high nonradiative ratio at 

Figure 5. Time-dependent simulation result of exciton transport in purely 
bent ZnO MW in PL experiment with ultrafast laser excitation. The color 
of each line, representing the energy of the excitons, is in accordance with 
the strain distribution in MW, as shown by the inset figure. Fifteen groups 
of excitons with different energies are sampled on the cross section of 
the purely bent ZnO MW, as marked by lines in the inset color bar. The 
increase of the concentration near the back side of ZnO MW after t = 0 
ps indicates the aggregation of exciton under the strain-gradient scheme.
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Standard 4PB and3PB ZnO Microwires Tests: A series 
SU8 (SU-8, 2015) pillars array, with the diameter of 6.0 um 
and height of 15.0 um, respectively, were fabricated on a Si 
substrate by photolithography and developing technology. First, 
spin coat the SU8 photoresist on the Si substrate (500 rpm for 
10s and then 3000 rpm for 60s). Second, heat the SU8 photore-
sist (65°C for 1min and then 95°C for 3min). Third, the wafer 
was exposed under the UV lamp (12 s, 13 mW cm–2) with a 
pre-designed graph as the mask template. Finally, the wafer 
was developed by developer solution. After that, microman-
ipulation was utilized to transfer an individual ZnO microwire 
with diameter larger than 1.0 µm (much more larger than the 
exciton diffusion length of ZnO at 5.5K (∼100 nm)[41] and the 
length over hundreds of micrometers of interesting from the 
growth substrate on to the prearranged substrate under an 
optical microscope by using two needle-shaped glass tips. The 
ZnO microwire was manipulated to suspend over the substrate 
by sticking in the middle of four SU8 pillars, which restrict 
the wire in a curved shape after removing the two glass tips. 
According to ASTM E855–08, in the standard 4PB setup, the 
bending part between the two inner SU8 pillars is expected to 
be under a pure bending strain state. Such suspended bending 
deformation is elastic and the curved micro-wire can resume 
its original straight state once it is taken out of the SU8 pillars. 
The standard 3PB measurements were carried out by similar 
processes.

CL Measurements: To obtain the optimum spatial resolution 
with best signal-to-noise ratio, an electron beam (with beam 
current of about 0.353 nA) was accelerated at 10 KV voltage, 
which results in the effective interaction of electron beam in 
ZnO ranging about 100 nm (with 90% power in this region, 
as supported by Monte Carlo simulation[42]. The CL spectra 
were carefully collected step by step along the radial direction 
across the diameter of the ZnO microwires from outer side 
to inner side by CL spectroscopy (Gatan monocle 3+) at liquid 
helium temperature (5.5K). 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. The line-
scanning step size was set at about 70–100 nm.
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In conclusion, through systematic high spatial and energy 
resolution CL investigations on purely bent ZnO MWs at 
5.5 K, we find that the NBE emission spectra exhibit a domi-
nant red-shift peak at the whole bending cross section and two 
weak higher energy emission subbands emerge when entering 
the compressive side. The experimental results are in excel-
lent agreement with our simulations, which demonstrate that 
dynamics of excitons can be artificially tailored by the elastic 
strain gradient. An effective potential can be created by the 
strain gradient that directs the motion and concentration of the 
exciton towards the low energy region, leading to the proposed 
flexoeelctronic effect[14,17]. The physical mechanism we pro-
posed is rather generic and applicable to most semiconductors, 
and can be widely used in broad band photovoltaic conversion 
and optical detection.

Methods

ZnO Microwires Growth: The synthesis of ZnO microw-
ires was carried out in a horizontal quartz tube furnace by 
chemical vapor deposition (CVD). The mixture of pure zinc 
oxide (99.9999%) and graphite powder (molar ratio of 1:1) 
were loaded in an alumina boat. Sapphire chips with (110) 
orientation were placed above the source powder as the col-
lecting substrates. The boat was then placed at the center of 
the quartz tube and inserted into a rapid heating furnace. The 
system was purged of contaminants with argon gas for more 
than ten minutes. After this, the growth carrier gas argon was 
maintained at 200 sccm flow. And the furnace was heated 
up to 1050 °C in 20 min and then the oxygen (3.0 sccm) was 
introduced as the reactive gas. The reaction proceeded for 
30 min, after which the system was cooled down to room tem-
perature naturally and the substrate was covered by a layer of 
wax-like products.

DFT Calculation: Our calculations are based on the density 
functional theory (DFT) within the local density approxima-
tion (LDA), in the form of Perdew-Burke-Ernzerhof’s exchange 
correlation functional.[37,38] All the calculations are performed 
using the Vienna Ab-initio Simulation Package (VASP).[39] Peri-
odic boundary conditions were employed. Geometrical optimi-
zations of ZnO structure are performed until the Hellmann-
Feynman forces on the ions are less than 1.0 × 10−4 eV/ang-
strom. The plane-wave basis is used, with a cut-off of 700 eV 
that converges the total energy to 1 meV/atom. The Brillouin 
zone is sampled using 1 × 1 × 8 Monkhorst-Pack k-point 
scheme.[40]

Electrodynamics Simulation: The 2D partial differential 
equation is solved by finite element method implemented 
in Comsol Multiphysics. Parameters in equation are set to 
be: the mobility of exciton in ZnO 200 cm2 s−1, temperature 
5.5 K. The lifetime of exciton varies in terms of the bandgap, 
which in our system ranges from 160 ps (belly side) to 280 ps 
(back side). The PL pulse in time-dependent simulation is a 
Gaussian distribution with the time evolution, of which the 
standard deviation is set to 0.1 ps. Non-flux boundary condi-
tions of belly and back side of the microwire are used, while 
symmetrical boundary condition is imposed in other two 
boundaries.
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