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ABSTRACT: Light emission from semiconductors depends not only ©=0%| -0.019%| -0.037%| -0.056%  -0.074%| -0.093%
on the efficiency of carrier injection and recombination but also Y 1 1 1

extraction efficiency. For ultraviolet emission from high band gap
materials such as ZnO, nanowires have higher extraction efficiencies
than thin films, but conventional approaches for creating a p—n diode
result in low efficiency. We exploited the noncentral symmetric nature
of n-type ZnO nanowire/p-type GaN substrate to create a piezoelectric
potential within the nanowire by applying stress. Because of the
polarization of ions in a crystal that has noncentral symmetry, a

Gap=10pm
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piezoelectric potential (piezopotential) is created in the crystal under stress. The piezopotential acts as a “gate” voltage to tune
the charge transport and enhance carrier injection, which is called the piezo-phototronic effect. We propose that band modification
traps free carriers at the interface region in a channel created by the local piezoelectric charges. The emission intensity and injection
current at a fixed applied voltage have been enhanced by a factor of 17 and 4, respectively, after applying a 0.093% compressive strain
and improved conversion efficiency by a factor of 4.25. This huge enhanced performance is suggested arising from an effective
increase in the local “biased voltage” as a result of the band modification caused by piezopotential and the trapping of holes at the
interface region in a channel created by the local piezoelectric charges near the interface. Our study can be extended from ultraviolet
range to visible range for a variety of optoelectronic devices that are important for today’s safe, green, and renewable energy

technology.
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High-eﬂicient ultraviolet (UV) emitters are required for
applications in chemical, biology, aerospace, military, and
medical technologies. Although, the internal quantum efficiency
of UV LED is as high as 80%, the external efliciency for a
conventional single p—n junction thin-film based LED is only
about 3% due to the low extraction efficiency (about 1/4n7,
where #n is the refraction index) as a result of total internal
reflection’? The usage of ZnO nanowires (NWs) as active layers
to fabricate nanosized heterojunction LED is expected to be an
effective approach for improving extraction efficiency,®® but the
reported data so far show low external efficiency (~2%), possibly
due to the very low internal efficiency of NW based LED.

ZnO nanowires (NWs) have attracted a lot of interests owing to
their unique semiconductor, photonic and piezoelectric properties
for arange of a%)plications in electronics, optoelectronics and energy
harvesting.s_1 The direct wide band gap (~3.30 eV) and large
excitonic binding energy (~60 meV) as well as relative large
refraction index make ZnO NWs a good candidate for high efficient
light emitting diodes,> ® photodetectors'*'* and solar cells.">"
Because of the polarization of ions in ZnO that has noncentral
symmetry, a piezoelectric potential (piezopotential) is created in
the crystal by applying a stress. Recently, by utilizing the coupling of
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piezoelectric and semiconducting properties of ZnO, Eiezotronic
devices based on ZnO NWs, such as nanogenerators, 718 piezo-
electric field effect transistors,'”*° and piezoelectric diodes™"**
have been developed, which rely on the tuning/controlling effect
of piezopotential on the charge transport properties across an
interface for fabricating new functional devices. Furthermore,
piezopotential has been utilized to enhance the performance of
optoelectronic devices, such as the output of a photocell***
and sensitivity of a photodetector,”*® resulting in a new field
named piezo-phototronics.'® Piezo-phototronic effect is to use
the inner-crystal piezopotential as a “gate” voltage to tune/control
the charge transport and photonic behaviors for optimizing the
device performance with considering the presence of strain in
flexible/stretchable electronic devices fabricated on soft substrates.

Here we demonstrate how the piezo-phototronic effect can be
effectively utilized to enhance the external efficiency of an LED
fabricated using a single ZnO micro/nanowire on a GaN substrate.
The emission light intensity and injection current at a fixed applied
voltage has been enhanced by a factor of 17 and 4 after applying a
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Figure 1. Enhancement of emission light intensity and conversion efficiency of a (n-ZnO wire) —(p-GaN film) LED under applied strain. A schematic
diagram of the fabricated device is inset in (b). (a) I—V characteristics of the device at forward bias with the variation of the applied strain; and (b) the
corresponding optical spectra of the emitted light at a bias of 9 V. (c) Integrated emission light intensities from the data shown in (b), showing a huge
increase in the emission intensity with the increase of the applied compressive strain. The inset is the injection current of the LED at 9 V biasing voltage
with the increase of the strain. (d) Change in relative injection current In[I(£)/I(0)] and relative emission light intensity In[ D, (£)/P,(0)] under
different strain. The LED efficiency has been increased by a factor of 4.25 at the maximum applied strain in comparison to the zero strain case. (¢) CCD
images recorded from the emitting end of a packaged single wire LED under different applied strain.

0.093% compressive strain, respectively, and the corresponding
conversion efficiency was improved by a factor of 4.25. This is
suggested arising from an effective increase in the local “biased
voltage” as a result of the band modification caused by piezopotential
and the trapping of free carriers at the interface region in a channel
created by the piezopotential near the interface. Furthermore, the
piezoresistance and piezooptic (photoelastic) effects have been
utilized to simultaneously tune the light emitting intensity, spectra,
and polarization. Our study shows that the piezo-phototronic effect
can be effectively used for enhancing the efficiency of energy
conversion in today’s safe, green, and renewable energy technologies.

Our experiments were carried out based on the following
design. A single ZnO micro/nanowire LED was fabricated by
manipulating a wire on a trenched substrate (see Section A in
Supporting Information). A Mg doped p-type GaN film epitaxially
grown on a sapphire substrate by metalorganic chemical vapor
deposition (MOCVD) was used to form a p—n junction with
n-type ZnO wire. An ITO coated sapphire substrate was used as
the cathode that was placed side-by-side with the GaN substrate
with a well-controlled gap (see the inset in Figure 1b). The ZnO
wire was placed across the gap with a close contact with GaN. A
transparent polystyrene (PS) tape was used to cover the nanowire.
A normal force was applied on the PS film by an alumina rod
connected to a piezo nanopositioning stage. In this case, a
compressive stress was applied uniformly normal to the interface
between the side surface of the ZnO wire and the GaN substrate
surface; such a compressive force along the g-axis of the ZnO wire
resulted in a tensile strain along the c-axis, the growth direction of

the wire. In this design, there was no transverse bending or twist on
the wire to ensure the stability of the p—n junction interface
between the ZnO wire and GaN substrate.

The I—V characteristics, dependence of emission intensity on
the applied voltage and the features of the characteristic peaks of an
as-fabricated LED without applying additional strain are presented
in the Supporting Information. The external efficiency of an as-
fabricated single wire LED was measured conservatively to be
~1.84% before applying a strain (Table 1), which is as high as that
for a single p—n junction based UV LED.'~® To test the strain
effect on a single ZnO wire LED, we systematically investigated its
output light intensity, electroluminescence spectra and polariza-
tion as the strain being applied. At a fixed applied bias above the
turn-on voltage (3 V), the current and light emission intensity
increased obviously with increase of the compressive strain
(Figure 1a,b). The significantly enhanced light intensity can also
be directly observed in optical images recorded by a CCD
(Figure 1e). The In[I(£)/1(0)] and In[@ (&) /P o (0)] depen-
dence on strain ¢ is shown in Figure 1d, where ®@(¢) and I(¢)
are the light intensity and injection current of the LED under
strain, respectively; and ®,,(0) and I(0) are the corresponding
quantities of the as-fabricated LED without applying an external
strain; both curves have a linear relationship with external strain,
and the slope of In[®,,(¢)/P . (0)] — ¢ is larger than that of
In[I(¢)/1(0)] — ¢, indicating a clear increase in light conversion
efficiency. The injection current and output light intensity were
largely enhanced by a factor of 4 and 17, respectively, after applying
2 0.093% a-axis compressive strain, indicating that the conversion
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efficiency was improved by a factor of 4.25 in reference to that
without applying strain. This means that the external true efhi-
ciency of the LED can reach ~7.82% after applying a strain, which
is comparable to that of the LED structures based on nanorods
enhanced hybrid quantum wells LED.>’

To confirm the validity of the observed data, the stability of the
contact between ZnO wire and GaN was carefully examined by
repeating the applied strain (see Section C in Supporting
Information). Once the strain was retracted, the light emission
intensity dropped back to the value observed at strain free case
(Supporting Information Figure S7b). A linear relationship ob-
served in the enhancement factor with strain (Figure 1d) proved
that a possible change in contact area between n- and p-side of the
device was not responsible to the observed increase in efficiency.

The enhancements of the distinct emission bands are analyzed
as a function of the applied strain using the peak-deconvolution
method (Figure 2a). The analysis of the emission origin is
presented in the section D of Supporting Information. The
emission coming from the ZnO-GaN interface grew fastest
among four emission bands, due to the trapping of free carriers
in the channel near the interface. The ratio of the UV-to-visible
emission increased exponentially with the increase of the in-plane

Table 1. Calculated External Efficiency of a Single Wire LED
without Strain

compressive strain (Figure 2d), since the UV/blue near band edge
emission is more sensitive to the band structure change than the
defect centers. The peak positions of the four emission bands did
not exhibit any appreciable shift under straining (Figure 2c), but
they did have obvious blue shift as the applied bias voltage was
increased (Figure SSc in Supporting Information). These results
indicated that the effect of strain on the LED is different with the
effect of increase applied bias voltage on it.

When the n-ZnO wire/p-GaN substrate LED is under axial
straining, two typical effects influence the output light intensity and
spectra. One is the piezoresistance effect, which is caused by the
change in bandgap and possibly density of states in the conduction
band. This effect acts as adding a serial resistance to the LED. The
second effect is the piezo-phototronic effect,'® which is about the
tuning of the optoelectronic process at the interface using the
piezopotential created along the ZnO wire. ZnO has a noncentral
symmetric crystal structure, in which the cations and anions are
tetrahedrally coordinated. A straining on the basic unit results in a
polarization of the cations and anions, which is the cause of the
piezopotenital inside the crystal. As for the ZnO (n-type) —GaN
(p-type) LED, a schematic diagram of its band structure is
presented in Figure 3a. Since the size of the GaN substrate is
much larger than that of the ZnO microwire, the strain in GaN is
much smaller than that in ZnO, thus our discussions mainly focus
on the piezoelectric effect from ZnO. Under an assumption of
no-doping or low-doping in ZnO for simplicity, numerically

applied injection measured emission external calculated piezopotential distribution in the ZnO microwire shows
voltage (V) current (4A) power (kW) efficiency (%) (Figure 3b, see section E in Supporting Information for the
fundamental theory of the calculation) that a negative potential
7 0.59 0.08 194 drop is created along its length when the ZnO microwire is un-
8 1.47 023 1.96 der g-axis compressive strain. The finite doping in the wire may
10 7.26 1.42 1.96 partially screen the piezoelectric charges, but it cannot totally
11 11.48 191 1.51 eliminate the piezoelectric potential if the doping level is low, thus
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Figure 2. Quantifying the spectra of the emitted light from a (n-ZnO wire)—(p-GaN film) LED under different applied strain. (a) The four emission
bands derived using deconvolution from the data shown in Figure 1b. (b) Change in relative peak height as a function of the external strain. (c)
Dependence of the peak position on the applied strain. (d) The ratio of the emitted UV-to-visible intensities as a function of the strain.
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Figure 3. Proposed mechanism of the enhanced light emission under
strain for a (n-ZnO wire)—(p-GaN film) LED. (a) Schematic energy
band diagram of the p—n junction without (upper) and with (lower, red
line) applied compressive strain, where the channel created at the
interface inside ZnO is due to the piezopotential created by strain
(see section E in Supporting Information). The blue line presents the
potential profile along the x-axis (the c-axis of ZnO wire) assuming
positive piezo-charges distribute within a width of Wi;c,, adjacent to the
interface. The red dots represent the local piezo-charges near the
interface, which produces a carrier trapping channel. The slope of the
red line in the lower image at the ZnO side represents the driving effect
of piezopotential to the movement of the charge carriers. (b) Simulated
stress and piezopotential distributions in the ZnO wire with a gap
distance of 2 and 10 um (see the schematic inset in Figure 1b),
respectively, under an externally applied compressive stress of 1 MPa.
The finite-element analysis method (COMSOL) is used to calculate the
stress and piezopotential in the wire. The diameter and length used for
calculation are 4 and 50 um, respectively. The conductivity of the ZnO is
ignored in the simulation for simplicity.

a dip in the band is possible. This is proved by the numerous
studies we have carried out for nanogenerators and piezotronics.
The low-doping in ZnO wire here is consistent with our experi-
ment results because the ZnO wire is fabricated by a high-
temperature thermal evaporation process using pure ZnO powders
as the source.”® If the c-axis of the ZnO wire is pointing from the
ITO side to the GaN side, as labeled in Figure 3b, the effect of the
local negative piezopotential at the ITO side is equivalent to
applying an extra forward biased voltage on the device. Thus, the
depletion width and internal field are reduced under this additional
component of forward biased voltage. Subsequently, the injec-
tion current and emitting light intensity under the same externally
applied forward voltage increase when the device is strained.
Alternatively, if the c-axis of the ZnO wire is reversed and pointing
away from the GaN side, the GaN side has a lower piezopotential,
which is equivalent to applying an extra reversely biased voltage
on the device. The depletion width and internal field are thus
increased, resulting in a reduction of the injection current and
emitting light intensity with the increase of the applied strain.
Experimentally, when manipulating the wires for fabricating de-
vices, about 50% of them have the c-axis of the wires pointing from
the ITO side to the GaN side, while the other 50% pointing in the
reverse direction. For the 20 devices we have measured, about 50%
of the devices showed enhanced light emitting when strained, while
the remaining had reduced light-emitting intensity (see Section
C2 in Supporting Information), consistent with the expected
results. This fact also indicates that the observed enhancement
in light emission is dominated by polar piezopotential effect rather
than any nonpolar effects such as change in contact-area and/or
piezoresistance.

It is known that the light output of LED is proportional to the
external efficiency and injection current.”” Meanwhile, the injec-
tion current across the p—n junction increases exponentially with
the increase of the forward blas voltage (for V>>kT/q) according
to the Shockley equation.®® Therefore, the change in light
emission intensity under strain can be described by (see Section
E in Supporting Information for details):

n(a) = (i) + (o)

=24 e W)

where 7]¢,(€) and 77.,(0) represent the output external efficiency of
LED with and without applying a strain, respectively, k is the
Boltzmann constant, T'is temperature, and f( &) represents the effect
of strain on external efficiency. It is expected that the In[®(¢)/
®,,(0)] — eand In[I(e)/1(0)] — & have a linear relationship with
the external strain, as shown by experimental data in Figure 1d.

The enhancement factor for light emission was larger than that
for the injection current (Figure 1d), which means that the
quantum efficiency was enhanced with the increase of strain
(eq 1). By solving Poisson equation with coupling piezoelectric
effect (see Section E in Supporting Information for details), the
enhancement of external efficiency may be caused by the localized
positive piezopotential near GaN/ZnO interface, which produces
carrier trapping channels (see Figure 3a). Electrons and holes can
be temporarily trapped and accumulated in the channels in the
conduction and valence band, respectively. Since abundant
electrons are available in ZnO, for instance, the efficiency of the
LED is largely dominated by the local concentration of holes
because of the high activation energy of the most commonly used
acceptor dopants (Mg) in GaN (~200 meV).>" The trapped
holes may increase the hole injection from p-GaN into n-ZnO,
which increases the recombination efficiency of electrons and
holes near the junction, resulting in a large increase in emission
intensity. It is pointed out that although the absolute values of the
band offset varies in different reports***>~** and is dependent on
the fabrication process of the heterojunction, the band offset
values do not affect the tendency of the band modification and the
profile of the carrier trapping channel by piezopotential.

The peak positions of the four emission bands did not exhibit
any appreciable shift under straining (Figure 2c), but they did have
obvious blue shift as the applied bias voltage was increased (see
Section B in Supporting Information). It is known that the
bandgap of ZnO decreases under compressive a-axis strain,”> >’
while the bandgap of GaN also decreases under compressive c-axis
strain.*®*” In this case, the peak position should have a red shift
under compressive strain. On the other hand, the emission centers
of the n-ZnO/p-GaN LED have blue shift with the increase of
injection current due to the band renormalization, band filling at
high current and/or the increased kinetic energies of electrons and
holes.” When these two complementary effects coexist, one may
balance the other, resulting in negligible shift in emission peaks.

The change in refraction index of ZnO is also possible under
strain, which is the photoelastic effect. We investigated the
photoelastic effect by studying the polarization behavior of the
emission under applied strain. Figure 4a shows the electrolumi-
nescence intensity of a single wire LED as a function of the
rotation angle of the polarlzer in reference to the orientation of
the wire. If ®//, and DL, represent the intensities of the
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Figure 4. Effects of strain on the polarization of the (n 7ZnO wu'e) (p-GaN film) emitted light. (a) Beam profile for the LED output under different
strain as a function of the polarization angle. (b) The ®// /DL, ratio of the device used for (a) under different strain, where the points corresponding to
the curves [—III are labeled I—III marked. The period at which the intensity ratio varies is defined as O¢. (c) The ®// /DL, ratio of device SP4 under
different strain. (d) Plot of the measured strain varying period O¢ vs the inverse of the effective length of the ZnO wire under strain. The inset shows a
schematic standing wave within a Fabry—Perot cavity (ZnO wire) for the P, modes.

emission light when the polarization direction parallel (P
modes) and perpendlcular (P L modes) to the wire, respectively,
the dependence of ®// /DL, on strain can be fit using a function
of sine square (Figure 4b,c and Supporting Information Figure
S11), which may correspond to the resonance phenomenon of
the Fabry—Perot cavity inside the wire, as described in follows.

Spontaneous emission from LED is polarized at various angles,
but the guiding modes propagatmg along the ZnO wire are
dominated by the P, modes.** The propagating light along the
wire may oscillate in the wire and interfere with each other due to
end-surface reflection (Figure 4d inset). The change of refractive
index under strain affects the optical path length of the propagat-
ing light, resulting in a modulation in the interference pattern
inside the wire and in light emission. On the other hand, since the
large aspect ratio of the wire (typically more than 100), the effect
of strain on the optical path of the P|| modes is much smaller than
thatonP modes The ratio of ®//,,/ P, can be described by the
Airy equatlon ' (see Section F in Supporting Information)

4R

5 |m(@2noL + n}PEeL,)
R)2 Ritel /1

(2)

where R is the reflectivity of ZnO wire at the end-face, ny is its
native refractive index without strain, L is the length of the wire, L,
is the effective length of the wire under strain (as shown in
Supporting Information Figure S2), f is the photoelastic coeffi-
cients, E is Young’s modulus of ZnO, ¢ is the applied strain, and 4
is the light wavelength. A simulation using eq 2 in reference to the
data presented in Figures 4 and Supporting Informatlon S11
derives the photoelastic coefficient § ~ 3.2 X 10 2 m?/N (ata

//
out/@out( ) {1 + (1

wavelength of 395 nm) from the slope of the O¢ versus 1/L, curve
(see eq S24 in Supportlng Informatlon), where O¢ is the strain
period at which the @/ /DL, oscillates (see Figure 4b). The
[ value is consistent to that reported for ZnO.**** This study
shows that it is possible to manipulate the polarization of a single
wire LED through a proper externally applied strain.

Although our study has been focused on a single wire LED, an
array of NWs with polarity control can be fabricated using a
sweeping-printing-method** so that all of the NWs have the same
c-axis orientation, and the nanowire array based LEDs can be
fabricated on a polymer substrate for flexible LEDs,* through
which a mechanical strain can be applied in a synchronized manner
to uniformly enhance the output intensities of all NWs. Further-
more, electric driven polarized laser emission may also be possible
by improving the reflectivity, increasing the driven current, improv-
ing the recombination efficiency, and solving the heating problem.

As a classical device, the performance of an LED is dictated by
the structure of the p—n junction and the characteristics of the
semiconductor materials. Once an LED is made, its efficiency is
determined largely by the local charge carrier densities and the
time at which the charges can remain at the vicinity of the junction.
The latter is traditionally controlled by growing a quantum well or
using a built-in electronic polarization for trapplng " electrons and
holes in the conduction and valence bands,*"*° respectively.
Instead of using this prefabricated structure, we have introduced
the piezopotential created in ZnO by strain to control the charge
transport process at the ZnO-GaN interface, demonstrating the
first LED whose performance is controlled by piezoelectric effect.
The emission intensity and injection current at a fixed applied
voltage have been enhanced by a factor of 17 and 4 after applying a
0.093% compressive strain, respectively, and the corresponding
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conversion efficiency has been improved by a factor of 4.25 in
reference to that without applying strain! Also, an external
efficiency of 7.82% has been achieved. This hugely improved
performance is not only attributed to the increase of injection
current by the modification of the band profile, but also to the
more elegant effect of the creation of a trapping channel for holes
near the heterojunction interface, which greatly enhances the
external efficiency. An increase in UV-to-visible ratio and stabiliza-
tion of the peak position show that the spectrum quality is
improved by external straining. In addition, the polarization of
the output light has been modulated by the piezooptic effect. Our
discovery is important not only for exploring the piezo-photo-
tronic effect through a three-way coupling among mechanical,
electronical, and optical properties, but also can largely improve
the efficiency and performance of LEDs and the design of a large
range of optoelectronic devices based on ZnO and GaN with the
use of their piezoelectric property.
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