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ABSTRACT: Achievement of p−n homojuncted GaN enables the birth
of III-nitride light emitters. Owing to the wurtzite-structure of GaN,
piezoelectric polarization charges present at the interface can eﬀectively
control/tune the optoelectric behaviors of local charge-carriers (i.e., the
piezo-phototronic eﬀect). Here, we demonstrate the signiﬁcantly
enhanced light-output eﬃciency and suppressed eﬃciency droop in
GaN microwire (MW)-based p−n junction ultraviolet light-emitting diode
(UV LED) by the piezo-phototronic eﬀect. By applying a −0.12% static
compressive strain perpendicular to the p−n junction interface, the relative
external quantum eﬃciency of the LED is enhanced by over 600%.
Furthermore, eﬃciency droop is markedly reduced from 46.6% to 7.5%
and corresponding droop onset current density shifts from 10 to 26.7 A
cm−2. Enhanced electrons conﬁnement and improved holes injection
eﬃciency by the piezo-phototronic eﬀect are revealed and theoretically
conﬁrmed as the physical mechanisms. This study oﬀers an unconventional path to develop high eﬃciency, strong brightness and
high power III-nitride light sources.
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The large ionic component of the Ga−N bonds, combined
with the deviation of their equilibrium lattice structure from
ideal wurtzite crystals, give rise to giant spontaneous polarization ﬁelds in III-nitride semiconductors.12,13 The intrinsic
polarizations in the nitrides play essential roles in corresponding devices. For example, high-density two-dimensional
electron gas (2DEG) forming at AlGaN/GaN interfaces caused
by spontaneous and lattice-mismatch-induced piezoelectric
polarizations enable the performances of nitride high-electron
mobility transistors to surpass transistors made from any other
semiconductor family in radio frequency power performance.14
Moreover, current commercial GaN LEDs grown along c-axis
are negatively impacted by the quantum conﬁned Stark eﬀect
(QCSE) due to large polarization-related spontaneous and
piezoelectric ﬁelds.15 Therefore, several technological modiﬁcations, aiming to modify the polarization ﬁeld in GaN-based
LEDs, have been proposed as droop remedies, such as varying

roup III-nitride-based ultraviolet (UV) light-emitting
diodes (LEDs) have attracted considerable interest due
to a wide range of applications such as water treatment, highdensity optical data storage, sterilization of medical equipment,
and biological imaging.1 Although III-nitride LEDs have been
commercialized and widely used in backlighting and general
illumination, quantum eﬃciency enhancement and light output
improvement is still necessary to further reduce the cost and
expand their applications. Especially, UV LED sources suﬀer
from relatively low quantum eﬃciencies that are still far behind
those of the visible region.2,3 Ideally, increasing current
injection enables the improvement of internal quantum
eﬃciency (IQE) and light output in LEDs. Unfortunately,
this straightforward route to cost-reduction is not readily
available in practical GaN-based LEDs due to a phenomenon,
generally called “eﬃciency droop” that makes IQE to decline at
high injection current density.4,5 The eﬃciency droop has long
been an obstacle to develop high eﬃciency and high power
LEDs. Although the physical origin of the droop eﬀect is still
being debated, many proposals have been forwarded such as
Joule heating,6,7 poor holes injection eﬃciency,8,9 electrons
leakage,10,11 and so forth.
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Figure 1. General characteristics of GaN MW-based LEDs. (a) Atomic structure model (overall and cross-section view) of the GaN MW (a1) and
schematic image of the fabricated LED (a2). (b) Schematic image showing the light emission escaped from the distal end of the GaN MW. Upper
inset: light spot of the MW-based LED observed under microscope. Lower inset: SEM image of the trapezoid-shaped end surface of GaN MW. (c)
I−V characteristic of the as-fabricated LED. Inset: photograph of a real MW-based LED device. (d) Room-EL spectrum collected from the MWbased LED device and corresponding peak-deconvolution with Gaussian functions of the EL spectrum.

UV LED. By applying a −0.12% static compressive strain
perpendicular to the p−n junction interface, the relative
external quantum eﬃciency (EQE) of GaN-based UV LED is
enhanced by over 600%. An obvious eﬃciency droop is
observed in the GaN-based LEDs as increasing injection
current beyond certain value under strain-free condition. When
the piezo-phototronic eﬀect is introduced by applying a
−0.12% static compressive strain, the eﬃciency droop is
signiﬁcantly reduced from 46.6% to 7.5% and corresponding
droop onset current density shifts from 10 to 26.7 A cm−2.
Performances optimization of our GaN MW-based LEDs is
attributed to the enhanced electrons trapping and reduced
electrons leakage within the p−n junction region and uniform
carriers injection due to energy bands tilt across the bulk region
(n- and p-type region). Theoretical calculations are systematically performed to conﬁrm the proposed working mechanisms.
This study presents in-depth understandings about the piezophototronic eﬀect in p−n homojunctions and oﬀers an
unconventional path for the development of high eﬃciency,
strong brightness, and high-power III-nitride visible/UV LEDs/
LDs.
GaN MWs used in this work were synthesized by a metal−
organic chemical vapor deposition (MOCVD) system as
described elsewhere.27 The synthesized GaN MWs are along
the nonpolar ⟨21̅1̅0⟩ (i.e., a-axis) direction with their c-axis
pointing across its thickness direction, which has been fully
characterized in our previous work.28 The corresponding
atomic structure models (overall and cross-section view) of
the GaN MW are shown in Figure 1a1. A Mg-doped p-type
GaN ﬁlm grown on a sapphire substrate and an indium tin

the volume of active region,9,16 exploring semipolar or nonpolar
devices,17,18 engineering the energy band proﬁle by inserting
interlayers.19 Most of these methods were realized by
continuously optimizing material growth parameters/processes,
which inevitably add the cost and complexity of devices
fabrication and also may degrade the crystal quality caused by
the introduction of dislocations. Therefore, an alternative
strategy for eﬃciency enhancement and droop suppression is
therefore highly desirable.
Owing to lacking inversion symmetry in wurtzite-structured
semiconductors, piezoelectric polarizations can be induced
under external deformation and then utilized to modulate the
charge carrier transport processes in piezoelectric semiconductors, which are referred to as the piezotronic eﬀect.20,21
Furthermore, the piezo-phototronic eﬀect22,23 is introduced as
a three-way coupling among piezoelectric polarization, semiconductor property and optical excitation by applying piezoelectric charges (piezo-charges) presented at the vicinity of the
local interface to control/tune generation, separation, recombination, and transport of charge carriers within piezoelectric
semiconductors. These two emerging eﬀects have drawn
increasing research interests recently and have been utilized
to optimize the performances of GaN-based devices, such as
tuning the photoluminescence properties of InGaN/GaN
quantum structure,24 enhancing the photoresponsivity of single
GaN microwire,25 and modulating the 2DEG transport
properties in AlGaN/AlN/GaN heterostructured microwires.26
In the present work, the piezo-phototronic eﬀect is utilized to
simultaneously enhance quantum eﬃciency and suppress
eﬃciency droop in GaN microwire (MW)-based p−n junction
B
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Figure 2. Enhancement of emitted light intensity by piezo-phototronic eﬀect. (a) Schematic diagram of the homemade measurement system for
characterizing the performances of MW-based LEDs under compressive strain. (b) I−V characteristic of the as-fabricated LED at forward bias with
the variation of the applied compressive strain. (c) Optical spectra collected from the MW-based LED at 20 μA injection current under various
compressive strains (lower panel) and corresponding CCD images recorded from the emitting end of the GaN MW under diﬀerent applied strain.
(d) Change of the integrated EL intensity (magenta) and relative EQE (blue) of the MW-based LED with increasing externally compressive strain.

by room-temperature photoluminescence (PL) spectrum taken
from n-GaN MW (Supporting Information Figure S1c).
To explore the piezo-phototronic eﬀect on the performances
of the as-fabricated GaN NW-based LED devices, a homemade
measurement system (Figure 2a) consisting of an inverted
microscope, a piezo-nanopositioning stage, and a ﬁber optical
spectrometer was utilized to simultaneously collect the
electrical characteristics, output light spectra and brightness of
light spot of the GaN MW-based LEDs under a series of
uniform external strains (Supporting Information Method S1
and S2). At a ﬁxed external bias, the output currents of the LED
devices increase gradually with increasing the compressive
strain from 0.00% to −0.12% (Figure 2b). Associated physical
mechanisms will be discussed later. Under a ﬁxed injection
current of 20 μA, the signiﬁcantly enhanced light intensity by
applied compressive strain can be directly observed in optical
images of the light spot recorded by a CCD (upper panel in
Figure 2c) and corresponding light output spectrum under each
compressive strain (lower panel in Figure 2c). The integration
area of each emitted spectra is further calculated (magenta,
Figure 2d) to represent the relative light intensity Ψ of the
LED, indicating the emitted light intensity is gradually
enhanced by increasing the external compressive strain. The
relative EQE (ηex) of the GaN MW-based LED can be
represented by ψ/J (Supporting Information Note S2). The
calculated ηex (blue, Figure 2d) is enhanced by over 450%
under −0.12% applied compressive strain at the ﬁxed injection
current density J of 33.3 A cm−2.
Eﬃciency droop is another main restrictive factor for
achieving high power-conversion eﬃciency and high-power
GaN-based LEDs. Generally, the physical origin of eﬃciency

oxide (ITO)-coated sapphire substrate were used to fabricate
p−n junction LED with a single n-GaN MW (Supporting
Information Method S1). Figure 1a2 schematically shows the
GaN-based p−n junction LED. Under external bias above turnon voltage, light emission occurs at p−n junction interface and
escapes from the distal end of the GaN MW (Figure 1b) due to
the Fabry−Pérot waveguide behavior.29,30 A bright light spot
(upper right, inset in Figure 1b) from the end of the GaN MW
was observed and collected by a microscope objective. The
scanning electron microscope (SEM) image of the trapezoidshaped end surface of GaN MW (lower right, inset in Figure
1b) indicates that its polar c-axis points away from p-GaN ﬁlm
and −c plane contacted with p-GaN to form p−n junction. The
I−V characteristic of the as-fabricated LED under strain-free
condition (Figure 1c) exhibits a strong rectiﬁcation behavior
with quite low reverse leakage current. The low turn-on voltage
estimated to be ∼2.8 V implies high p−n junction quality of the
LEDs and good Ohmic contact formed at two electrodes
(Supporting Information Figure S1a). A digital image of the asfabricated p−n junction GaN MW-based LED device is shown
in the inset of Figure 1c. Room-temperature electroluminescence (EL) spectra under various injection currents are shown
in Supporting Information Figure S1b. A strong UV light
emission (Figure 1d) centered at around 382 nm is obtained
under 30 μA injection current and its full width at halfmaximum (fwhm) is ∼42 nm. Peak-deconvolution with
Gaussian functions exhibits that the broad spectrum consists
of six distinct bands and each emission band corresponds to a
particular recombination process. Emission origin analyses are
illustrated in Supporting Information Note S1 and conﬁrmed
C
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Figure 3. Suppression of eﬃciency droop by piezo-phototronic eﬀect. (a) EL spectrum under various injection current density from 3.3 to 83.3 A
cm−2 under continuous (left) and pulsed (right) current injection mode. (b) Evolution of the peak wavelength as increasing injection current density
under continuous (magenta) and pulsed (blue) mode. (c) Corresponding relative EQE (ηex) of the MW LED devices represented by Ψ/J at each
injection current density (J) point under various compressive strains. (d) Droop onset current densities and the change of eﬃciency drop values as a
function of the external applied strains. (e) Relative change of ηex at each injection current density condition.

droop phenomenon in GaN-based LEDs is attributed to
thermal and/or nonthermal mechanisms.31 In order to rule out
that thermal eﬀect is the dominant mechanism of eﬃciency
droop here, two distinct current injection modes, continuous
mode and pulsed mode (duty cycle of 20%), are utilized to
drive our MW-based LEDs. Figure 3a shows EL spectra under
various injection current densities from 3.3 to 83.3 A cm−2
under continuous and pulsed operation mode. Corresponding
peak locations (Figure 3b) are extracted and indicate that the
spectra peak wavelength ﬁrst blueshift to shorter wavelength
under low injection current for both continuous and pulsed
modes. Then it exhibits an obvious redshift of about 10 nm
under continuous mode as further increasing the current
density whereas it remains almost constant for pulsed mode.
The blueshift of the spectra peak wavelength under low
injection current arises from the Fermi-level band ﬁlling
eﬀect32,33 and the redshift under high injection current is
caused by Joule-heating.34,35 No obvious peak wavelength shift
was observed as increasing the injection current under pulsed
current injection mode, indicating that the thermal eﬀect in the
p−n junction of GaN MW-based LEDs is largely relieved at this
situation.
Eﬃciency droop in the GaN MW-based LEDs under various
external compressive strains and a series of injection currents is
then systematically studied under pulsed operation mode.
Relative EL intensity (Ψ) of the MW LED devices as a function
of injection current density (J) at various compressive strains
(Supporting Information Figure S1d) indicate the light

intensity increases with increasing the injection current
density/externally applied compressive strain under a ﬁxed
compressive strain/injection current density condition. Corresponding ηex of the MW LED devices derived by Ψ/J at each
injection current density and each compressive strain condition
are further calculated (Figure 3c). Under strain-free condition
(black curve, Figure 3c), ηex ﬁrst increases with increasing the
injection current density, and then signiﬁcantly drops as
continuous increase of the current density after reaching its
maximum value at the current density of 10 A cm−2. This high
droop onset current density is impressive compared to the
previously reported planar structured GaN LEDs,36,37 which is
attributed to high light extraction eﬃciency due to 1D
geometry of n-GaN MW and high crystal quality of our nGaN MW and p-GaN ﬁlm. Furthermore, ηex signiﬁcantly drops
down by 46.6% when the pulsed current density increases to
83.3 A cm−2, which indicates that thermal eﬀect is not the
dominant mechanism of eﬃciency droop in our GaN MWbased LEDs. As the externally applied compressive strain
increases from −0.00% to −0.12%, the eﬃciency droop is
markedly reduced from 46.6% to 7.5% and corresponding
droop onset current density gradually shifts from 10 to 26.7 A
cm−2 (Figure 3d). Various technological modiﬁcations38−40
have been reported and utilized to suppress the eﬃciency
droop in InGaN multiquantum well (MQW) LEDs by
regulating internal polarization. On the basis of the
experimental observations above, the piezo-phototronic eﬀect,
D
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Figure 4. Theoretical simulation results and physical mechanisms. (a) Under a −0.12% compressive strain, the overall view of piezo-potential
distribution. (b) Piezo-potential values across the LED device normal to the p−n junction interface; inset: cross-section view of piezo-potential
distribution within the GaN MW-based LEDs under −0.12% compressive strain. (c) Generation of piezo-potential and corresponding energy band
proﬁle of the LED devices under strain-free (left) and compressive strain (right) conditions.

as an unconventional approach, can eﬀectively relieves the
droop eﬃciency in the p−n junction GaN MW-based LED.
Further study of the piezo-phototronic eﬀect on the
eﬃciency enhancement was performed by calculating the
relative change of ηex which is represented by [(Ψ/J)strain=−0.12%
− (Ψ/J)strain=−0.00%)]/(Ψ/J)strain=−0.00% at each injection current
density condition (Figure 3e). Obviously, ηex is enhanced by
over 600% at certain injection current density conditions under
a −0.12% compressive strain. At low J less than 10 A cm−2, the
relative variation of ηex decreases as increasing J due to the
increase of J dominant ηex in our GaN MW-based LEDs. As J
further increasing, the relative change of ηex gradually increases,
indicating that ηex of the LED is largely enhanced and eﬃciency
droop is eﬀectively suppressed under high injection current
density by the piezo-phototronic eﬀect.
To fully understand and analyze the piezo-phototronic eﬀect
on the performances of our GaN MW-based LED, piezopotential distribution across the LED under compressive strains
were systematically calculated (Method S2a, Supporting
Information). Under a −0.12% static compressive strain, the
overall view and cross-section view of piezo-potential
distribution within the LED are simulated and presented in
Figure 4a and inset of Figure 4b, respectively. Corresponding

piezo-potential values across the LED device are extracted and
plotted in Figure 4b. Obviously, negative piezo-charges is
induced at the top surface (+c plane) of n-GaN MW and
positive at the bottom surface of p-GaN ﬁlm. The net
polarization charges at the p−n junction is simulated to be
positive as a result of electrostatic coupling between the
induced positive piezo-charges at −c plane of n-GaN MW and
negative piezo-charges at p-GaN surface. The built-in electric
ﬁeld, energy band proﬁle within the depletion region of the p−
n junction, and corresponding device performances of the
LEDs are naturally and inevitably modulated by the induced
piezo-charges.
The generation of piezo-potential and corresponding energy
band proﬁle of the LED devices is carefully analyzed under
strain-free and compressive strain conditions to illustrate the
physical mechanism of the performances optimization in our
p−n junction LEDs (Figure 4c). Under strain-free condition,
depletion region and built-in electric ﬁeld (Eb) are generated at
the p−n junction interface with the direction of Eb pointing
away from n- to p-type region (upper left). The corresponding
energy band diagram of the p−n junction at forward bias
(lower left) exhibits the charge carriers (electrons and holes)
inject into the junction region from bulk region and recombine
E
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manipulation with its c-axis pointing to p-GaN ﬁlm and +c
plane contacted with p-GaN ﬁlm (Figure S4a). EL characteristics of this kind of LEDs collected under various compressive
strains (Figure S4b) exhibit that the light emission intensity
decreases gradually with increasing the externally applied
compressive strain. Theoretical simulations of this kind of
LEDs were also conducted under a −0.12% compressive strain
to understand and conﬁrm the physical mechanisms (Figure
S4c,d, Note S3). Experimentally, 28 devices were fabricated by
manipulating the c-axis orientation of GaN MW pointing to pGaN (downward) or away from p-GaN (upward). 18 LEDs
among them with c-axis of GaN MW pointing upward exhibit
enhanced light emission and reduced eﬃciency droop under
compressive strain, exhibiting the same trends and approximate
magnitude of change. The other 10 LEDs with c-axis of GaN
MW pointing downward exhibit obviously reduced emitting
light intensity as increasing the externally applied compressive
strain. This fact indicates that the observed performances
optimization in our GaN p−n junction LEDs is dominated by
polar piezo-potential eﬀect rather than any nonpolar eﬀects
such as change in contact-area and/or piezoresistance.
In conclusion, the piezo-phototronic eﬀect is utilized to
simultaneously enhance the quantum eﬃciency and suppress
the eﬃciency droop in GaN MW-based p−n homojunction UV
LEDs. By applying a −0.12% compressive strain perpendicular
to the p−n junction interface, the relative EQE of the LEDs is
enhanced by over 600%. The eﬃciency droop is signiﬁcantly
reduced from 46.6% to 7.5% and corresponding droop onset
current density shifts from 10 to 26.7 A cm−2 when the piezophototronic eﬀect is introduced by applying a −0.12% static
compressive strain. The corresponding physical mechanisms
are carefully proposed and fully conﬁrmed by theoretical
calculations. This study not only presents in-depth understandings about the piezo-phototronic eﬀect in p−n homojunctions but also oﬀers a novel approach to develop high
eﬃciency, strong brightness and high power III-Nitride visible/
UV light emitters.

with each other. During this process, the electrons from n-type
region go through depletion region and leak into p-GaN region
with strong possibility due to their high mobility (up to ∼200
cm2 (V·S)−141), leading to severe nonradiative recombination
due to the existence of a large number of nonradiative
recombination centers within p-GaN. On the other hand, poor
holes mobility in GaN (in the order of 10 cm2 (V·S)−1) leads to
nonuniform/asymmetric carriers injection (insuﬃcient hole
injection) in junction region. Therefore, electrons leakage and
nonuniform/asymmetric carriers injection results in low power
conversion eﬃciency and eﬃciency droop in the p−n junction
LED, especially under high current injection condition.
Under externally applied compressive strain (upper right),
two extra piezoelectric ﬁelds Fnpz and Fppz with opposite direction
with Fb are induced within n-GaN MW and p-GaN ﬁlm,
respectively. The generation of Fnpz and Fppz also weakens Fb and
tilts the energy band across n- and p-type region, leading to
eﬀective energy band gap (Eg) shrinking for n- and p-type
region.42 The magnitude of Fb is equal to the barrier height
(Φb) of the p−n junction, which can be expressed by
Φ b = qVd

(1)

where Vd is the contact potential diﬀerence of the p−n
junction43 and
Vd =

k bT ⎛ NAND ⎞
⎟
⎜ln
q ⎝
ni2 ⎠

(2)

in which NA and ND are concentration of acceptors and donors.
n2i is the product of electrons and holes concentration in
nondegenerate semiconductor under equilibrium, which can be
written as
⎛ Eg ⎞
ni2 = NCNV exp⎜ −
⎟
⎝ k bT ⎠

(3)

■

where NC and NV are the eﬀective density of states at the
bottom of conductive band and top of the valence band,
respectively. According to above equations, Vd is proportional
to Eg that is reduced under compressive strain, and thus Vd and
Φb can also be eﬀectively reduced by externally applied
compressive strains. Details about the quantitative calculations
are founded in Supporting Information (Method S2b and
Figure S3). The induced Fppz within p-GaN ﬁlm and the reduced
Fb eﬀectively promote the holes injection from p-type into
junction region, leading to more uniform carrier injection and
higher radiative combination eﬃciency with electrons. More
importantly, an electron potential dip is formed as a result of
the local positive piezo-potential within depletion region
induced by external compressive strain (lower right). The
electrons injected from n-GaN can be temporarily trapped and
accumulated in the potential dip and thus facilitates the
radiative recombination with holes at p−n junction region.
Furthermore, the formed electron potential dip also acts as a
natural electron-blocking barrier to prevent the leakage of
electrons into p-GaN region, giving rise to signiﬁcantly reduced
nonradiative combination in p-GaN region. According to the
discussion above, the enhancement of light emission eﬃciency
and suppression of eﬃciency droop in GaN-MW based LEDs
can be eﬀectively and simultaneously achieved by engineering
the energy band proﬁle induced by piezo-phototronic eﬀect.
In order to further conﬁrm our experimental results, the caxis orientation of n-GaN MW was inverted by micro-
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