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ABSTRACT: As a new generation of light sources, GaN-based
light-emitting diodes (LEDs) have wide applications in lighting
and display. Heat dissipation in LEDs is a fundamental issue that
leads to a decrease in light output, a shortened lifespan, and the
risk of catastrophic failure. Here, the temperature spatial
distribution of the LEDs is revealed by using high-resolution
infrared thermography, and the piezo-phototronic effect is proved
to restrain efficaciously the temperature increment for the first
time. We observe the temperature field and current density
distribution of the LED array under external strain compensation.
Specifically, the temperature rise caused by the self-heating effect is
reduced by 47.62% under 0.1% external strain, which is attributed
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to the enhanced competitiveness of radiative recombination against nonradiative recombination due to the piezo-phototronic effect.
This work not only deepens the understanding of the piezo-phototronic effect in LEDs but also provides a novel, easy-to-implement,
and economical method to effectively enhance thermal management.

KEYWORDS: GaN-based LEDs, self-heating effect, thermal management, infrared thermography, piezo-phototronic effect

ight-emitting diodes (LEDs) have acquired rapid develop-

ments in the past decades with applications widely existing
in the fields of general lightin ! traffic signals,2 digital
displays,” biomedical treatments,” etc. High-power light-
emitting diodes (HPLEDs) have been considered as one of the
most important development directions for nitride semi-
conductors.®”® However, heat dissipation is the most
significant problem that hinders the application of HPLEDs
in the field of high power and high brightness.””'* Due to the
self-heating effect, that is, the internal heat generated when a
large current is injected, the internal quantum efficiency (IQE)
and external quantum efficiency (EQE) of the LEDs are
significantly reduced,'””"> which degrades the luminous
performance and service life of the HPLED. Similarly, GaN-
based micro-LEDs also have to face serious heat dissipation
and thermal management issues. The flexible plastic substrate
of the micro-LED has low thermal conductivity,lé’17 which
would prevent heat dissipation and enhance the self-heating
effect, thereby reducing the luminous intensity and quantum
efficiency. Moreover, due to the small size, large number, and
high integration of micro-LEDs,>*® it is still a challenge to
solve the heat dissipation problem of micro-LEDs on a
thermally and electrically insulated plastic substrate. Therefore,
the thermal management of LEDs is very critical for addressing
the heat dissipation issue. Traditional thermal management
methods include active and passive thermal designs, such as
heat pipes and vapor chambers,'” heat sinks,””*" flip-chip
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packaging,”> thermoelectric devices,”’ liquid cooling sys-
tems,””*> etc. However, these thermal management designs
are usually huge in size, complex in structure, and high cost
and therefore are facing more and more restrictions. It is
expected that there will be some kind of thermal management
technology that is easy to manufacture and is operable and
economical.

In this work, we proposed a new method to adjust the self-
heating effect of HPLED through external strain. According to
the piezo-phototronic effect, the piezoelectric polarization
charge generated by the external strain can significantly
modulate the energy band profile of the GaN-based HPLED,
thereby greatly regulating the electron—hole radiative and
nonradiative recombination rate, and finally adjust the self-
heating effect mainly produced by nonradiative recombination.
The piezo-phototronic effect has been widely used to regulate
the performance of biological/chemical sensors,”*™** pressure
imaging,29 Boolean logic,30’31 electronic skins,> photovoltaic
devices,*>** optoelectronic devices,35’3’6 etc. However, the
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Figure 1. Optical and crystal properties of Ing;sGagg,N/GaN MQWs LEDs before and after DSIiE. (a) Schematic diagram of LED device before
and after DSIiE. High-resolution XRD: (b) 26-w scans, (c) symmetric (002), and (d) asymmetric (102) w-scan rocking curves. (e) PL spectra

under various temperatures from 10 to 300 K.

modulation of the piezo-phototronic effect on the self-heating
effect in LEDs has not been reported until now.

Here, we have fabricated the high-power InGaN/GaN
multiple quantum wells (MQWs) blue-LED with 2 X 2 mm?
active region, and have demonstrated the self-heating effect
modulation realized by the piezo-phototronic effect for the first
time. The in-plane distribution of injected current and junction
temperature has been visualized by the infrared thermography
under various strains. When external strain was applied, it can
effectively improve radiative recombination efficiency and
reduce the self-heating effect. Under the condition of strain
compensation, the self-heating temperature of the LED at 7 V
bias voltage has been reduced by 47.62% compared with the
traditional strain-free LED device. This work clearly reveals the
mechanism by which the piezo-phototronic effect modulates
the current injection, carrier recombination, and self-heating
effect in the LEDs, which provides a novel solution to solve the
heat dissipation and thermal management problems of the
HPLED lighting and displays.

Results and Discussion. The arrays of high-power
Ing ,6Gag g,N/GaN MQWs LEDs were successfully fabricated
by using the micro-nano fabrication technology. The light-
emitting area of a single device is 2 X 2 mm?, which is about 4
times larger than common 45 mil LED chips. The
Ing,14Gayg,N/GaN MQWs were grown on a 1.5 mm-thick
silicon substrate via metal—organic chemical vapor deposition.
Figure 1la illustrates the schematic diagram of the
Iny ,6Gagg,N/GaN MQWs LEDs. From top to bottom, the
epitaxial structure on Si substrate is 0.2 ym-thick Mg-doped p-
GaN layer (including a 40 nm-thick AlGaN electron blocking
layer), 10-period InGaN (3 nm)/GaN (7 nm) MQWs, 2 um-
thick Si-doped n-GaN layer, 0.6 pm-thick undoped GaN layer,
and 1 pm-thick AIN and AlGaN buffer layers. We also
sputtered the indium tin oxide (ITO) thin film as the current
spreading layer for its high optical transparency and electrical
conductivity.

In order to easily introduce external strain, we carried out
the deep silicon etching process (DSiE) to thin the silicon
substrate, as shown in Figure la. Furthermore, we conducted
high-resolution X-ray diffraction (XRD) measurements to
characterize the crystal quality of the LED before and after
DSiE,*” and the results are shown in Figure 1b—d. Figure 1b
exhibits sharp peaks of GaN 0" and InGaN 0" and the
periodic satellite peaks (from —2 to +2), which shows smooth
interfaces of Ing sGagg,N/GaN multiple quantum well. The
GaN 0™ and InGaN 0 shifted slightly to the left after the
silicon substrate is etched to about 500 ym, which indicates a
slight decrease of the in-plane residual tensile strain in the
material. The full width at half-maximum (FWHM) of the
rocking curve in the @ scans mode reveals the dislocation
density.*® It is clearly shown in Figure lc that the FWHM of
the GaN (002) plane on the silicon substrate is 354.686 arcsec
before DSiE and slightly increases to 364.578 arcsec after
DSiE. Similarly, the FWHM of the rocking curve of (102) GaN
0" slightly increases from 406.976 arcsec to 419.827 arcsec
after DSIE, as shown in Figure 1d. These results indicate that
the thinning of the silicon substrate by DSiE hardly damages
the crystal quality of the LED device. Figure le shows the
photoluminescence (PL) spectra of the InGaN/GaN MQWs
structure (without external strain) as a function of temper-
ature. As the temperature drops from 300 K to 10K, the
radiative recombination gradually dominates, thereby increas-
ing the PL intensity. The emission peak shift shows a classic S-
shape with the increase of temperature, which is commonly
connected to a transformation in the carrier dynamics with the
increasing temperature due to inhomogeneity and carrier
localization in the InGaN/GaN MQWs.>

To further reveal the modulation characteristics of the piezo-
phototronic effect on the performance of the LEDs, the
influence of external strain on the lattice strain of InGaN and
GaN layers is characterized. Since micro-Raman spectroscopy
can evaluate the residual stress in InGaN/GaN MQWs,*’ we
conducted the Raman spectra measurements on InGaN/GaN
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Figure 2. Modulation mechanism of the piezo-phototronic effect in the Inj;4Gagg,N/GaN MQWs LEDs. (a) Pictures of customized strain control
setup, and magnitude of the external force is expressed in terms of the precession depth. (b) Micro-Raman spectra under various external strains.
(c) PL spectra under various external strains. (d) Corresponding energy band profiles and ground state energy level of the conduction band (E,)
and valence band (Ey,) in GaN/InGaN quantum well. (d;) The enlarged conduction band and E, labeled by blue rectangular box. (d,) The

enlarged valence band and Ey, labeled by orange rectangular box.

MQWs LEDs under different external strains. The customized
experimental setup shown in Figure 2a can apply different
external strains to the LED chips, and the rising distance of the
knob reflects the different external strains applied to the
sample. Because the Raman E5®" phonon mode peak of GaN is
sensitive to the stress state,*' the residual stress change can be
estimated by observing the relative movement of E5e".

According to the biaxial strain model (eq 1):*42
Awp
O = Kbia.x
By (1)

where 6, is residual stress, Awp = @ — @y, @ is the measured

peak position, @, is 568 cm™'** as the standard value for bulk
GaN, and KR‘""‘ is the biaxial stress coefficient. The detailed

behavior of the phonon mode peaks of GaN E}&" under
different strains is shown in Figure 2b. It can be found that, as
the precession depth increases from 0 to 150 um, the
frequency value of the E5¥" mode decreases from 567.63 to
566.66 cm™’, and the residual stress of the GaN layer increases
significantly from 0.14 to 0.52 GPa. According to the linear
elasticity theory,*”** the external strain applied to the GaN
layer increases from 0.0% to 0.1%. Since the lattice constant of
GaN is smaller than that of InGaN, the InGaN layer in the
LED quantum wells bears the in-plane compressive strain from
the GaN layer. As the in-plane tensile strain in the GaN layer
increases, the in-plane compressive strain in the InGaN layer is
getting smaller in the quantum wells,” which represents the
external strain partly compensates for the internal strain caused
by the lattice mismatch.

The PL measurement has also been performed on InGaN/
GaN MQWs LEDs to study the emission densities under
different strains. The main emission of the LED is typically
identified as the transition of the electron from the ground-
state energy level of conduction band to the ground-state
energy level of valence band. As illustrated in Figure 2c, the

dominant peak located at 464.415 nm is observed for the
InGaN/GaN MQWs LEDs without external strain, and a slight
blue shift of the emission peak occurs as the externally applied
strain in the GaN layer increases from 0.0% to 0.1%.
Simultaneously, the emission intensity of PL increases
significantly by 26.6% under an external strain of 0.1%. This
experimental phenomenon can be further explained by the
physical principle of piezo-phototronic effect. Due to the
noncentrosymmetric crystal structure of wurtzite group III
nitride materials, there are spontaneous polarization charges on
the surface of the material. Meanwhile, the lattice mismatch
between InGaN and GaN films also induces piezoelectric
polarization charges at the interface. In the absence of external
strain, the net polarization charge at the InGaN/GaN interface
causes the quantum wells energy band tilt, which leads to the
electron wave function and hole wave function separated in
opposite directions in the wells, thereby weakening the
radiative recombination. This phenomenon is known as the
quantum-confined Stark effect.”® However, under the external
strain along the c-axis, the piezoelectric polarization charges of
the InGaN layer are counteracted partly, and the potential well
in the InGaN layer tends to the flat-band condition.
Consequently, the overlap of the electron—hole wave functions
is enhanced, and the radiative recombination rate is greatly
increased.

In order to verify our experimental results and reveal the in-
depth modulation mechanism of the piezo-phototronic effect
on the photoelectric characteristics of the InGaN/GaN MQWs
LEDs, we calculated the energy band and ground-state energy
level of InGaN/GaN quantum well under different strains
based on the Poisson—Schrodinger self-consistent calculation
and piezoelectric constitutive equation, as shown in Figure 2d.
Without external strain applied, the transition energy between
the ground-state energy level of the conduction band (Ec,)
and the valence band (Ey,) is about 1.6322 eV. When an
external strain of 0.1% is applied, the reduction of the in-plane
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Figure 3. Self-heating effect of LED devices. (a) EL spectra of LED measured under different applied voltage. (b) The junction temperature (Tj) as
a function of time and (c) applied voltage. (d) Infrared thermography showing the junction temperature (T;) of different areas at 7 V bias voltage as

well as a partial enlarged view.

strain experienced by the InGaN layer modulates the
piezoelectric polarization charges and causes the energy band
at the InGaN/GaN quantum well to flatten. In addition, the
ground-state energy level of the conduction band E increases,
while the ground-state energy level of the valence band Ey,
decreases (Figure 2d;,d;). The transition energy slightly
increases to 1.6478 eV, which in turn leads to the blue shift
of the PL emission peak. Therefore, it is proved that the
external strain makes the quantum well energy band tilt
smaller, which enhances the overlap of the electron—hole wave
function and greatly increases the radiative recombination rate.
This mechanism has also been discussed theoretically and
experimentally in the previous papers.*’~*

The electroluminescence (EL) spectra of LEDs without
external strain under different applied voltages are illustrated in
Figure 3a. The EL peaks at around 465 nm correspond to near-
band edge luminescence. The FWHM of the EL spectrum is
22 nm at 7 V bias voltage. A camera image of the blue LED
emission is shown in the inset, which was taken at 7 V bias
voltage. Furthermore, in order to characterize the self-heating
effect of the LEDs, a noncontact emerging high-resolution
infrared thermography method is used to visualize the thermal
distribution and indirectly reflect the injected current
distribution of the LEDs.”” Based on the thermal analysis of
the LEDs, junction temperature (T;) is a physical quantity
commonly used to evaluate heat.”" Since the heat dissipation
conditions of the entire area remain unchanged in the p—n
junction, the junction temperature only depends on the heat
released by nonradiative recombination. Figure 3b represents
the time dependence of the Tj in the LED chip under a
constant applied voltage. The Tj rises quickly in 10 s aftera 7 V
bias voltage is applied and then reaches a relatively stable value
of 32.7 + 0.1 °C. When the applied bias voltage is removed, T;
quickly drops to the temperature before the LED is turned on
within 10 s. Meanwhile, aiming to more accurately evaluate the
thermal characteristics of the LED devices, the following
discussion of temperature is to select the stable temperature

under 60 s injection time as the data collection point. It should
be pointed out that the LED chips are directly exposed to the
atmosphere without any package. Therefore, this temperature
is remarkably lower than the commercial HPLEDs. Figure 3c
illustrates the relationship between T; and applied voltage of
the studied LEDs, and T; quasi-linearity increases with the
increase of applied voltage. Similar phenomena have been
reported in the previous papers.”’ >

Figure 3d shows the infrared thermography of the LED chip
without external strain, which visually characterizes the
junction temperature T; of different areas when the device is
working. Obvious peak temperatures can be clearly observed at
n-type contacts (43.2 °C) and p-type contacts (34.0 °C),
which are caused by local current crowding. The reason for this
phenomenon is that part of the injected carriers are still
confined underneath the thick metal pad in contact with the
probe, even with a transparent ITO current spreading layer. It
can be seen from the 3D partial enlargement on the left of
Figure 3d that the temperature of the n-electrode mesa
obviously exceeds the temperature of the active region. On the
one hand, this is because the hole mobility is much smaller
than the electron mobility, resulting in a larger electron—hole
density difference at the periphery of the mesa. In turn, the
radiative recombination rate in the peripheral area is reduced,
and nonradiative recombination heat production is in-
creased.”*™>” On the other hand, the rise in the density of
surface defects caused by dry etching also can lead to an
increase in nonradiative recombination in the sidewall of the
mesa.”” The temperature of the metal electrode measured in
Figure 3d is lower than the actual temperature because the
emissivity of the metal electrode (alloy is usually <0.2) is much
lower than the emission of semiconductor materials (0.8—0.9)
in the far-infrared region of 8—14 pm. We can conclude that
the LED chip will generate a lot of heat when it is working, and
the temperature of the active region and the electrode will
increase accordingly, which will affect the working life and
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reliability of LEDs. Therefore, reducing the self-heating effect
is of great significance to the LEDs.

For the first time, we reveal that the piezo-phototronic effect
can significantly suppress the self-heating effect of LED
devices. We define temperature rise AT] as the difference
between the junction temperature (T;) and the ambient
temperature (T,) during device operation. In the steady-state
experiment, since the thermal resistance of the same device is
constant, AT; can be used to represent the heat generated (P,)
by the self-heating effect. Figure 4a,b shows infrared thermal
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Figure 4. Piezo-phototronic effect modulated self-heating effect in
LEDs. Infrared thermography showing the temperature rise AT; of
different areas at 7 V bias voltage (a) without external strain and (b)
with external strain. (c) I-V curve under different strain control, and
the current under different strains at 4 V bias voltage. (d) The
relationship between temperature rise AT, and external strains at 6
and 7 V bias voltages.

imaging of temperature rise AT; without and with external
strain in almost the same experimental condition, from which
we can see that the AT of the latter is significantly lower than
that of the former. Comparing Figure 4a,b, the AT of the
active region has been significantly reduced from 2.2 to 1.2 °C
overall. When the same constant voltage applied, the AT; of
the p-type interdigital electrode on the active region also drops
by 0.7 °C after external strain modulation, as shown in the 3D
partial enlarged view. The reduction in AT; illustrates the
decrease in the junction temperature of the active region and
p-type electrode. Moreover, the AT; of the p-GaN step is
reduced from 3.6 to 2.5 °C under strain compensation
condition, which indicates that the sidewall temperature rise of
the p-type step has also been significantly suppressed. Because
the junction temperature mainly depends on the heat
generated by nonradiative recombination, we can attribute

the drop in AT, to the decrease in nonradiative recombination.
Figure 4c mamfests the current—voltage (I-V) characteristics
of the LED measured under various strains. With increasing
external strain, the I—V curves very slightly title up. The turn-
on current value increased slightly by 0.07 mA under the
external strain 0.1%. This can be explained by the simplified
theory of Shockley. The recombination current is inversely
proportional to the carrier lifetime, which decreases as the
external strain increases.” Figure 4e illustrates the relationship
between AT and external strain at 6 and 7 V bias voltages. It
clearly shows that the AT, has a significant decrease when the
external strain increases at both 6 and 7 V bias voltages, which
indicates that the self-heating effect of LED has been greatly
suppressed. The decreased self-heating effect can be defined as
(Ale - A’Tjo)/AT,U, where AT]-l and AT]-O are the temperature

rise with and without external strain, respectively. It can be
clearly seen that the piezo-phototronic effect under the
maximum external strain reduces the self-heating effect by
50% and 47.62% at 6 and 7 V bias voltages, respectively. The
piezo-phototronic effect has been proven to effectively
suppress the self-heating effect of InGaN/GaN MQWs LEDs.

Our experiments have verified that the piezo-phototronic
effect can significantly reduce the self-heating effect in the
LEDs, and we further elaborate on the physical principles
behind this mechanism. The self-heating effect of the LEDs
under forwarding current is defined by eq 2a:’

R(T) = It X V(T)) — ©(T) (2a)

where Py is the heat dissipation [W], V¢ is the forward voltage
[V], and I; is the forward current [A]. The optical output
power is the radiant flux ®(T;). The radiant flux is
proportional to the EQE under a constant forward current,
which can be expressed as®>"'

O(T) o ity (2b)

where ;g is the internal quantum efficiency (IQE), and 7, is
the optical eﬂic1ency, n; is affected by the LED chip material
and refractive index”” and is a constant during the experiment.
Therefore, the self-heating temperature mainly depends on the
internal quantum efficiency #;qg. According to the typical ABC
model in LEDs,” the Shockley—Read—Hall (SRH), radlatlve,
and Auger recombination can be simplified to be AN, BN?, and
CN?, respectively. The internal quantum efficiency Mqg can be
expressed by eq 2c:

- BN’
IE " AN + BN? + CN°® (2¢)

where A, B, and C denote the coefficient for SRH, radiative,
and Auger recombination, respectively, and N represents the
carrier concentratlon which depends on the electrical injection
efficiency.®* The radiative coefficient (B) is proportional to the
square of the matrix element of the electron—photon coupling
Hamiltonian between the electron and hole wave functions,
which can be calculated according to the following equations:

B = B, TP (2d)

I'%Y is the integral of the electron—hole wave function and can

be expressed by eq 2e:
ro = [al @) e (o)
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where W!' and W} is the electron and hole wave functions,
respectively. Therefore, the radiative coefficient (B) is
proportional to the overlap squared of the electron—hole
wave function. In the absence of external strain, due to the
combined effects of the spontaneous polarization charges and
the piezoelectric polarization charges at the InGaN/GaN
interface, the energy band of the InGaN quantum well is tilted,
which reduces the overlap of the electron—hole wave function
and weakens the radiative recombination rate. When external
strain is applied, the piezoelectric polarization charges of the
InGaN layer are counteracted partly, thereby flattening the
energy band and increasing the wave function overlap integral
of electron—hole pairs (Irm2).* As a consequence, the
radiative recombination rate is greatly increased. According to
the formula (eq 2a), when the radiant flux (®(T})) of the LED
chip increases, the heat generation (P,(Tj)) will decrease. In
our experiments, the piezo-phototronic effect enhances the
luminous intensity of PL by 26.6% under the external strain of
0.1%, and the self-heating effect of the LED chip is reduced by
47.62% at 7 V bias voltage, simultaneously. Therefore, the
piezo-phototronic effect greatly increases the rate of radiative
recombination, thereby promoting the competition of radiative
recombination on nonradiative recombination and weakening
the self-heating effect. The application of piezo-phototronic
effect to suppress the self-heating effect of LEDs is a novel and
simple way that can provide economical solutions to the heat
dissipation and thermal management of high-brightness
HPLED and micro-LED displays.

Conclusions. In summary, the piezo-phototronic effect is
proved to enhance the radiative recombination and suppress
the self-heating effect of LED devices. Compared with
traditional strain-free LEDs, the operating temperature of
LEDs under 0.1% applied external strain is reduced by 50.00%
and 47.62% at 6 and 7 V bias voltages, respectively.
Furthermore, the physical mechanism by which external strain
decreases the self-heating effect of LEDs is discussed. By
introducing external strain to adjust the piezoelectric polar-
ization charge at the interface, the energy band of the LEDs
quantum well and the carrier recombination process can be
effectively modulated, thereby dramatically enhancing the
competitiveness of radiative recombination against non-
radiative recombination and finally decreasing the self-heating
effect of the LEDs. This work deepens the understanding of
the piezo-phototronic effect in nitride-based LEDs and
proposes a systematic method to suppress the self-heating
effect of LEDs through external strain, which has cutting-edge
scientific value and broad application prospects.

Methods. Fabrication of InGaN/GaN MQWs LEDs. First,
we fabricated the mesa area of each device by photolithography
and ICP etching technology and then deposited the Ti/Al/Ni/
Au (20 nm/120 nm/4S nm/5S nm) multilayer metal on the
exposed N-type GaN layer by electron beam evaporation. It
was annealed at 800 °C for 30 s in the N, atmosphere to
prepare an n-electrode with good Ohmic contact. As a good
current diffusion layer, ITO thin film has high transparency in
the visible spectrum, and its good conductivity is convenient
for collecting current. Therefore, before making the p-
electrode, we first sputtered the ITO layer by RF magnetron
sputter and then annealed it in the air at 550 °C for 10 min.
Finally, we sputtered the Ni/Au (30/150 nm) onto the sample
surface by magnetron sputter as the p-electrode and annealed
it at 500 °C for 2 min in the N, atmosphere.

Optical, Electrical, and Thermal Characterizations. The
XRD measurement was performed using the Bruker D8
system. The experiment used FLS980-5252-STM equipment
(xenon lamp as the excitation source) for temperature-
dependent PL and precise low-temperature control through
liquid helium. The Raman measurement with 532 nm laser and
PL with 325 nm laser under different strains were performed
with a micro-Raman spectrometer (LabRAM HR Evolution) at
room temperature. The infrared band of the microscopic
infrared hot spot location measurement system (GMARG-A4)
is 8—14 pm, and the image resolution is about S ym. The I-V
characteristics are measured using a Keithley 2450 source
meter.
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