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Metal-Insulator-Semiconductor Structure-Based
InGaN/GaN Micro-Light-Emitting Devices with
Superior External Quantum Efficiency

Jian Yin, Reza Chaji, Ding Li, Zhong Lin Wang, Md Soyaeb Hasan, and Dayan Ban*

In this article, InGaN/GaN micro-light-emitting diodes (micro-LEDs) with
innovative device structures are fabricated to suppress surface nonradiative
recombination and improve device efficiency. A metal-insulator-semiconduct-
or (MIS) sidewall structure enables the application of sidewall bias to adjust
the surface recombination of micro-LEDs. MIS micro-LEDs with various mesa
dimensions are fabricated and characterized. Current density-voltage
(J-V) measurements show the increase in surface defects-assisted tunneling
current is attributed to a positive sidewall bias lowering the energy difference
between the surface defect states and electron energy states, thereby decreas-
ing the surface recombination and enhancing the external quantum efficiency
(EQE) of the device. The increase or decrease in measured device EQE is
approximately proportional to the magnitude of the positive or negative
sidewall bias, which is well-explained by the analytical model. The EQE of the
MIS micro-LED with a mesa dimension of 8 μm can be enhanced from 20.0%
to 30.7% at a low injection current density (0.625 A cm−2) by applying a +20 V
sidewall bias, which is comparable to the performance of state-of-the-art
organic-LEDs (OLEDs). More importantly, the maximum EQE of the 8 μm
MIS micro-LED is measured to be ≈53.9% at 23.3 A cm−2, which is the
highest reported EQE to the best of the knowledge.

J. Yin, M. S. Hasan, D. Ban
Department of Electrical and Computer Engineering
Waterloo Institute Nanotechnology
University of Waterloo
Waterloo, ON N2L 3G1, Canada
E-mail: dban@uwaterloo.ca
R. Chaji
Vuereal InC.
440Philip Street,Unit 100,Waterloo,ONN2L5R9, Canada
D. Li, Z. L.Wang
Beijing Institute ofNanoenergy andNanosystems (BINN)
ChineseAcademyof Sciences (CAS)
Beijing 101400, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/lpor.202500791

© 2025 The Author(s). Laser & Photonics Reviews published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/lpor.202500791

1. Introduction

Ever since the indium gallium ni-
tride/gallium nitride (InGaN/GaN) blue
LED was first demonstrated in the 1990s,
it has become one of the most popular
light sources for various applications.
The InGaN/GaN blue LED offers several
advantages, including high efficiency,
high brightness, low power consump-
tion, good chromaticity, and long life-
time, all of which meet the requirements
for high-resolution displays. The primary
drawback of InGaN/GaN LEDs is the
so-called efficiency droop, which refers to
the reduction of efficiency as the current
increases. The primary origin of effi-
ciency droop is the carrier recombination
out of the active region due to the dis-
parity in mobilities and concentrations
between electrons and holes.[1–3] This
issue has been significantly mitigated
by developing an electron blocking layer
(EBL) between the active region and the
p-GaN region.[4,5] Therefore, InGaN/GaN
blue micro-LEDs were considered the

most promising candidates for high-resolution display pixels a
few years ago.
However, as theminiature high-resolution displays developed,

OLED displays gradually dominated the electronic market. The
latest electronic products from Apple, Samsung, or other con-
sumer electronics companies, including smartphones, smart-
watches, tablets, laptops, virtual reality (VR) and augmented re-
ality (AR) applications, either already use or plan to use OLED
displays. One of the main factors contributing to the low compet-
itiveness of InGaN/GaNmicro-LED displays is the observed EQE
degradation as the size ofmicro-LEDs decreases. Figure 1a shows
the peak EQE versus current density for several reported state-of-
the-art OLEDs from[6–13] and state-of-the-art InGaN/GaN micro-
LEDs from.[14–19] While themaximumEQE values ofmicro-LEDs
are comparable to those of OLEDs, the current density values re-
quired to achieve peak EQE are significantly higher for micro-
LEDs than for OLEDs. At a current density of 1 A cm−2, the EQE
values of blue InGaN/GaNmicro-LEDs reported in[16–19] drop be-
low 1%. However, micro-LEDs can still achieve a luminance of
thousands or even tens of thousands cd m−2 at 1 A cm−2, exceed-
ing the highest luminance requirements for high-resolution dis-
play applications. Figure 1b presents the EQE values of OLEDs
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Figure 1. a) The extracted peak EQE versus current density of OLEDs with various colors (triangle markers) from published literature[6–13] and In-
GaN/GaN micro-LEDs with different mesa (circle markers) dimensions from.[14–19] The black marker is the peak EQE of MIS micro-LEDs with an 8 μm
mesa dimension in this work. b) The extracted EQE values at <1 A cm−2 from.[14–19] The EQE values of OLEDs from[6–13] were at their highest measured
luminance (≥ 104 cd∕m2). The black marker is the EQE value at 0.625 A cm−2 of MIS micro-LEDs with an 8 μmmesa dimension in this work. The red,
green, blue colors represent the color of the emitted light from micro-LEDs.

from[6–13] at their highest measured luminance, all of which ex-
ceed 104 cd m−2. In contrast, the EQE values of blue micro-LEDs
in[16–19] at < 1 A cm−2 are significantly lower. The exceptions are
the green quantum-dot (QD) micro-LEDs proposed in,[14,15] but
they required expensive deposition techniques to grow the QDs,
such as molecular beam epitaxy (MBE) and metal-organic vapor
phase epitaxy (MOVPE). Consequently, the EQE degradation of
InGaN/GaNmicro-LEDs at low working current densities has re-
placed efficiency droop as the primary challenge limiting themar-
ket competitiveness of blue InGaN/GaNmicro-LED displays. De-
spite this limitation, the unique advantages of InGaN/GaN sys-
tems, such as high brightness, fast response, slim thickness, and
long lifespan, continue to propel research efforts toward achiev-
ing high-efficiency blue micro-LEDs.
In this work, we proposed micro-LEDs with metal-insulator-

semiconductor (MIS) structures on the mesa sidewalls to im-
prove the EQE performance. MISmicro-LEDs with various mesa
dimensions (8, 15, 20, and 50 μm in diameter) were fabricated
and characterized. The measured J–V curves indicated that ap-
plying sidewall biases lowers the energy gap between the surface
defect states and the active region electron energy states, thus
reducing the surface recombination velocity and increasing the
EQE of the devices. Quantitative calculations based on our ana-
lytical model andmeasured EQE performance demonstrated that
the increase or decrease in EQE is proportional to the sidewall
bias applied to theMISmicro-LEDs. Specifically, the EQE at 0.625
A cm−2 for the 8 μm MIS micro-LED increased to ≈30.7% and
the peak EQE was enhanced to ≈53.9% at 23.3 A cm−2. The effi-
ciency performance of this 8 μm MIS micro-LED is comparable
to state-of-the-art OLEDs and surpasses any reported state-of-the-
art InGaN/GaN micro-LEDs, as shown in Figure 1a,b.

2. Device Growth and Fabrication

The c-plane InGaN/GaN LED epitaxial structures were grown by
metal–organic chemical vapor deposition (MOCVD) on a non-
patterned 4″ sapphire substrate. The epi-layers and device geom-
etry of the MIS micro-LEDs are shown in Figure 2b. The epi-

layers consist of a GaN template layer, a 2 μm silicon-doped (Si-
doped) n-GaN layer, an 18-period Si-doped superlattice, nine pe-
riods of InGaN/GaN multiple quantum wells (MQWs) and Si-
doped quantum barriers (QBs), a 30 nm aluminum gallium ni-
tride (AlGaN) EBL, a 70 nm magnesium-doped (Mg-doped) p-
GaN layer, and a 220 nm indium tin oxide (ITO) layer. The ITO
layer provides a good and transparent ohmic p-contact, which im-
proves the device performance of the MISmicro-LEDs. The peak
emission wavelength is ≈430 nm.
Before the fabrication process, a solvent sonification procedure

was carried out to clean potential contamination. Following the
cleaning steps, a silicon dioxide (SiO2) layer and a chromium
(Cr) layer, serving as the dry etching hard mask, were deposited
on the wafer by plasma-enhanced chemical vapor deposition
(PECVD) and electron-beam (e-beam) evaporation, respectively.
The double-layer hard mask enhanced the quality of the dry-
etched mesas by reactive ion etching (RIE). Circular mesas with
dimensions of 50, 20, 15, and 8 μm (denoted herein as devices
M50, M20, M15, and M8, respectively) were defined using ultra-
violet (UV) lithography and etched through the ITO layer down
to the n-GaN layer by RIE. During the RIE process, EKC265 post-
etch residue remover was used to remove etching contamination
thoroughly. The GaN RIE recipe required maintaining the boron
trichloride (BCl3) ratio to chlorine (Cl2) above 15% to ensure
smooth mesa sidewall surfaces.[20] After dry etching, the mesas
underwent sidewall treatment with piranha solution for 1.5 min
at room-temperature, followed by potassium hydroxide (KOH)
treatment for 30 min at 80 °C. The piranha solution formed a
simple current aperture,[21] while the high-temperature KOH so-
lution reduced sidewall surface defects and smoothed the mesa
sidewalls of devices.[17–19,22]

After sidewall treatment, a 100 nm aluminum oxide (Al2O3)
layer was deposited on the mesa sidewalls as the sidewall insu-
lator layer in the MIS structure using atomic layer deposition
(ALD). Al2O3 ALD is one of the most advanced sidewall passi-
vation techniques and can effectively suppress surface defects on
device sidewalls.[18] Following Al2O3 deposition, a ≈150 nm Al
layer was sputter-deposited on the Al2O3 layer as the sidewall
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Figure 2. a) The schematic diagram of MIS structures on the mesa sidewall of the fabricated MIS micro-LEDs. b) Cross-sectional schematic of the
epitaxial layers of fabricated MIS micro-LEDs. c) The 3D schematic diagram of the MIS structures; d) The SEM image of the ring-shaped sidewall
electrode covered the 8 μmmesa.

metal layer in the MIS structure. The sidewall electrodes were
then defined and etched by RIE. Figure 2a,c show the 2D and
3D cross-section schematic diagrams of the MIS structure on
the sidewall of micro-LEDs. Figure 2d displays a top-view scan-
ning electronmicroscope (SEM) picture of the sidewall electrode,
showing an Al ring covering the mesa and its extended part for
subsequent operations. The patternedAl sidewall electrodeswere
then protected by a 300 nm SiO2 layer.
In the following fabrication process, selective areas of Al2O3

were removed by RIE to create electrode windows. The ohmic n-
contacts were formed by depositing 30/10 nm of Cr/Gold (Au) via
e-beam evaporation and a lift-off process. Moreover, a ≈750 nm
Al layer was sputter-deposited on the wafer to ease subsequent
wire bonding. The patterns of wire-bonding pads for three differ-
ent electrodes were defined on the Al layer and etched using Al
etchantD. Finally, thewafer was diced into 8× 8mmchips, which
were mounted onto the designed printed circuit boards (PCBs)
and wire-bonded for device measurement. Since the MIS micro-
LEDs have three electrodes, a multi-channel source meter unit
(SMU) was used to power the MIS micro-LEDs. Channel A of
the SMU served as a current source connected to the anode of an
MIS micro-LED, while channel B provided the voltage bias to the
sidewall electrode. The cathode of the MIS micro-LED was con-

nected to the common ground. The measurement setup used for
the characterization of theMISmicro-LEDs is shown in Figure 3.
The devices were operated in pulsed mode, and the emitted sig-
nal was collected using a Newport 818-UV/DB photodetector. The
optical power measured using this setup was calibrated by com-
paring the EQE values obtained with a Labsphere 3P/4P-GPS-X
general-purpose integrating sphere at our partner company. By
carefully reproducing themeasurement process andminimizing
noise under completely dark conditions, the EQE values could be
reliably measured in our laboratory.

3. Device Characterization and Discussion

Figure 4a shows the J–V characteristic curves ofMISmicro-LEDs
with variousmesa dimensions,measured using a semiconductor
parameter analyzer (4200A-SCS) with a shielding box and vibra-
tion isolation system. The analyzer has a noise floor of ≈10 fA,
which is sufficiently low to capture the actual dark current of the
MIS micro-LEDs. The leakage current densities for M50, M20,
M15, andM8 are all≈3× 10−8 A cm−2, corresponding to dark cur-
rents of ≈550, 90, 50, and 15 fA, respectively. The extremely low
leakage current density observed in MIS micro-LEDs with vari-
ous mesa diameters indicates that the impact of surface defects
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Figure 3. The schematic diagram of the characterization setup for MIS micro-LEDs measurements.

on the sidewalls has been effectivelyminimized throughmultiple
optimization methods. These include the use of a double-layer
hard mask for RIE, an optimized GaN RIE recipe, KOH treat-
ment, and Al2O3 sidewall passivation, as detailed in Section 2.
Another supporting result is the extremely low ideal factor 𝜂ideal,
further demonstrating the minimal influence of surface defects
on the sidewalls of MIS micro-LEDs. 𝜂ideal is a parameter used
to describe the deviation of a diode from ideal behavior and is
defined as.

𝜂ideal =
q
kT

(
d
dV

lnI
)−1

(1)

where q is the elementary charge, k is the Boltzmann constant,
and T is the room-temperature. In actual measurements, the
measured 𝜂ideal may be excessively high due to the influence of
the diode’s parallel resistance at low forward voltages or its se-
ries resistance at high forward voltages.[23] Thus, 𝜂ideal should be
interpreted as the minimum value measured as a function of
voltage and current density. The lowest measured 𝜂ideal is ≈1.5 at
≈2.55 V (the turn on voltage Vturn-on), as shown in Figure 4b. For
InGaN/GaNmicro-LEDs, 𝜂ideal is normally higher than 2.[23] This
exceptionally low 𝜂ideal demonstrates that extremely low surface
recombination has been achieved.
Figure 4c illustrates the effect of sidewall biases on the J–V

characteristic curves, using M8 as an example. The J–V curves
indicate that sidewall biases do not influence the leakage current
from −4 V to a small forward voltage. For M8 with negative side-
wall biases, the J–V curves remain close to the J–V curve with
zero sidewall bias. However, positive sidewall biases increase the
leakage current at forward voltages (V < Vturn-on). This increased
leakage current is attributed to surface defects-assisted tunnel-
ing current, as shown in Figure 5.[24] According to our previ-

ously published paper,[24] forward voltages on the anodes of de-
vices lower the energy barrier ΔE0 between the surface defect
states and the electron energy states in the active region due to
quantum-confined stark effect (QCSE).
In addition, the sidewall biases can adjust the energy level

of surface defects, thereby tuning the energy barrier ΔE0. In
the MIS structure, the accumulated charges at the insula-
tor/semiconductor (Al2O3/GaN) interface Qs can be calculated
by[25]

Qs = −CMIS Vsidewall (2)

where CMIS is the effective capacitance of MIS structure. On the
other hand, Qs can be calculated using

[25]

Qs = ∓
√
2𝜀skT
qLD

×

√√√√[
exp

(q𝜓s

kT

)
−
q𝜓s

kT
− 1

]
+

n2i
N2

D

[
exp

(
−
q𝜓s

kT

)
+
q𝜓s

kT
− 1

]
(3)

where ND is the donor concentration in the n-doped active re-
gion, ni is the intrinsic carrier concentration, 𝜀s is the material
permittivity constant, and the Debye length LD is given by

LD =

√
kT𝜀s
NDq2

(4)

𝜓s is the surface potential (band bending of the semiconductor),
which is the variation of energy level of surface defects as well.
Considering that the surface potential 𝜓s of the n-doped active

Laser Photonics Rev. 2025, 19, e00791 e00791 (4 of 10) © 2025 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. a) The current densities as functions of driving voltages of MIS micro-LEDs with different mesa dimensions at zero sidewall biases; b) The
ideal factor 𝜂ideal for MIS micro-LEDs with different mesa dimensions; c) The current densities as functions of driving voltages of M8 with different
sidewall biases; d) The calculated surface defects-assisted tunneling current densities (the markers) match the measured data of M8 in sub-threshold
region (the curves).

region is sufficiently small, Qs from Equation (3) can be approxi-
mated as

Qs ≈ −
𝜀skT
qLD

√√√√(
1 +

n2i
N2

D

)(q𝜓s

kT

)2
= −

𝜀s𝜓s

LD

√√√√1 +
n2i
N2

D

(5)

Substituting Equation (2) into Equation (5) gives

𝜓s =
CMISLDND√(
N2

D + n2i
)
𝜀s

Vsidewall (6)

Equation (6) describes that the variation of energy level of sur-
face defects 𝜓s in the n-doped active region is linearly propor-
tional to the sidewall biasVsidewall, provided𝜓s is sufficiently small.
To verify the surface defects-assisted tunneling current shown

in Figure 5, the tunneling probability P is given by[24–27]

P ∼ exp

[
− 8
3ℏ

(
2𝜀sm

∗

NT

)0.5

ΔE

]
(7)

where ℏ is the reduced Planck constant, m* is the effective mass
of electrons, and NT is the defect-state density. ΔE represents the
tunneling barrier between electron energy level and surface de-
fect state level, which can be expressed as[24,28,29]

ΔE = ΔE0 − 𝜓s − 24
( 2
3𝜋

)6 q2V2m∗L4QW
ℏ2L2AR

(8)

where LQW is the length of the QWs and LAR is the length of the
active region. The last item in Equation (8) is the QCSE item. Ac-
cording to Equations (7) and (8) increasing the forward voltage V
reduces ΔE, thereby increasing the surface defects-assisted tun-
neling current. By using Equations (7) and (8), the calculated sur-
face defects-assisted tunneling current densities outstandingly
match the measured J–V data of M8, as shown in Figure 4d. The
increasing surface defects-assisted tunneling current of M8 re-
sults in an unwanted leakage current in the sub-threshold region.
Fortunately, this tunneling current remains much smaller than
the total current when M8 is operating above its turn-on volt-
age. When the driving voltage exceeds 2.55 V (Vturn-on), the J–V
curves of M8 with positive sidewall biases in Figure 4c show no

Laser Photonics Rev. 2025, 19, e00791 e00791 (5 of 10) © 2025 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 5. The 3D schematic diagram of the band structure illustrates the surface defects-assisted tunneling recombination process.[24]

significant differences compared to the J–V curve with zero side-
wall bias.
Moreover, the surface recombination velocity S0 in n-doped ac-

tive region is given by[30]

S0 =
Sp

1 + exp
[
q(Et−Ei)

kT

] ≈ Spexp

[
−
q
(
Et − Ei

)
kT

]
(9)

where Sp is the surface recombination velocity of holes, Et is
the energy level of surface defects, and Ei is the intrinsic fermi
level. By incorporating sidewall bending 𝜓s from Equation (6)
into Equation (9), the new surface recombination velocity S1 is
expressed as

S1 ≈ Spexp

[
−
q
(
Et − Ei + 𝜓s

)
kT

]
= S0 exp

(
−
q𝜓s

kT

)

≈ S0
(
1 −

q𝜓s

kT

)
(10)

and

ΔS = S0 − S1 =
qCMISLDND√(
N2

D + n2i
)
𝜀skT

S0Vsidewall = KS0Vsidewall (11)

Equation (11) demonstrates that the variation in surface re-
combination velocity is proportional to the sidewall biasesVsidewall.
For calculation simplicity, we useK as a constant coefficient in the
discussion below.
Even though the above discussion provides expressions for 𝜓s

and ΔS in terms of sidewall biases Vsidewall, these two parameters

are very difficult to experimentally characterize. The most easily
quantifiable parameter for MIS micro-LEDs is still the EQE or
IQE. To include the effect of surface recombination, the revised
ABC model is presented as[31]

𝜂IQE = Bn2

R
= Bn2(

A0 +
4S
D

)
n + Bn2 + Cn3

(12)

where R, A0, B, C, S and n are the total recombination rate in
micro-LEDs, the bulk SRH recombination coefficient, radiative
recombination coefficient, the Auger recombination coefficient,
surface recombination and the carrier density, respectively. The
total recombination rate R can be calculated by

R =
J

qLQW
=
(
A0 +

4S
D

)
n + Bn2 + Cn3 (13)

where D is themesa dimension of themicro-LED.When themesa
dimension D decreases, the ratio r of surface recombination on
the sidewall to the active region volume is given by

r = S
𝜋DLQWn

𝜋

(
D
2

)2
LQW

= 4
D

Sn (14)

Therefore, the item 4S
D
n in the ABC model represents the sur-

face defects-assisted SRH recombination in a micro-LED with
mesa dimension D in Equation (12). At low current density,
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where Auger recombination can be neglected, the efficiency vari-
ation calculated from Equation (12) is given by

ΔIQE = 𝜂′IQE − 𝜂IQE =
4
(
S0n0 − S1n1

)
DR

(15)

where n0 and n1 are the carrier densities before and after apply-
ing sidewall bias Vsidewall. Substituting Equation (11) into Equa-
tion (15) gives

ΔIQE =
4S0
DR

(
n0 − n1 + KVsidewalln1

)
(16)

The carrier density n0 and n1 can be derived fromEquation (13)
as

n0,1 =

√(
A0 +

4S0,1
D

)2
+ 4BR − A0 −

4S0,1
D

2B
(17)

Using the low current density approximation (A0 +
4S0,1
D
)2 ≫

4BR, substituting Equations (10), (11) and (17) into Equation (16)
gives

ΔIQE ≈
4S0
D

A0 +
4S0
D

−
4(1−KVsidewall)S0

D

A0 +
4(1−K)S0

D

=
4KVsidewallS0

D
A0(

A0 +
4S0
D

) [
A0 +

4(1−KVsidewall)S0
D

] (18)

Equation (18) demonstrates that ΔIQE is constant with a fixed
Vsidewall and independent of current density at low current density.
If KVsidewall ≪ 1, Equation (18) can be further simplified as

ΔIQE =
4KS0A0

D
(
A0 +

4S0
D

)2Vsidewall (19)

In this scenario, ΔIQE is in proportional to the sidewall bias
Vsidewall.
The above calculations quantitatively analyze how the sidewall

biases enhance the device efficiency. From the perspective of the
underlying physical mechanisms, applying a positive sidewall
gate voltage attracts electrons toward the sidewall, resulting in
a downward bending of the conduction band edge and electron
accumulation at the mesa edge through surface-defect-assisted
tunneling recombination. As a result, the surface defect states
become filled with electrons. The lifetime of tunneling-assisted
recombination is expected to be relatively long, leading to the sat-
uration of surface recombination and a reduction in the availabil-
ity of defect states for SRH recombination. Consequently, the sig-
nificant suppression of surface SRH recombination contributes
to the improvement of the efficiency.
To verify the above analysis, the EQE performance of M8 with

different sidewall biases is exhibited in Figure 6a. In Figure 6a,

the markers represent the measured results, while the curves de-
pict the simulated results based on our revised ABC model

𝜂EQE = 𝜂LEE
Bn

A0 +
4(S0− ΔS

V
Vsidewall)

D
+ Bn + Cn2

(20)

The fitting parameters are provided in Table 1. The light ex-
traction efficiency 𝜂LEE was extracted from the ray tracing model
in APSYS. From 50 to 8 μm MIS micro-LEDs (D varies from 50
to 8), 𝜂LEE varies only slightly (from 70% to 72%). The simulated
results from Equation (20) closely match the measured results.
The EQE versus J curves indicate that the EQE improvement for
M8 is more significant at low current densities.
Figure 6b,c show the EQE variation of M8 at different current

densities as sidewall biases increase or decrease. In Figure 6b,c,
the increase or decrease in EQE is proportional to the sidewall
biases, as described by Equation (19). It can be observed that the
EQE enhancement for M8 with positive sidewall biases (2.8 per-
centage points per +5 V) is more significant than the efficiency
degradation with negative sidewall biases (2.3 percentage points
per −5 V). This discrepancy arises because, as the active region
band bends upward under negative sidewall bias, the effective
donor concentration ND in the active region decreases slightly.
As ND decreases, 𝜓s∕Vsidewall also decreases (according to Equa-
tion 6), leading to a reduced ΔEQE∕Vsidewall. Figure 6b,c further
show that as the absolute values of sidewall biases increase, the
EQE improvement begins to deviate from a linear relationship
slightly. This deviation occurs because the sidewall band bending
𝜓s of the active region is no longer sufficiently small, as assumed
in Equations (6), (10), and (11). Figure 6b,c also verify that at low
current densities, the increased or decreased EQE values remain
roughly constant for a fixed sidewall bias, as demonstrated by
Equation (18). With a +20 V sidewall bias, the increased EQE val-
ues can reach ≈10.7 percentage points at current densities below
3 A cm−2, representing an over 50% increase in the EQE of M8
(from 20.4% to 31.0%) at 0.625 A cm−2. The EQE value of 31.0%
at 0.625 A cm−2 for M8 is comparable to that of state-of-the-art
OLEDs (Figure 1b). The EQE improvement demonstrates that
the MIS structure can significantly enhance the EQE of micro-
LEDs, especially at low operating current densities. The maxi-
mum EQE value of M8 is ≈53.9% at 23.3 A cm−2, which, to the
best of our knowledge, exceeds any reported peak EQE values for
published micro-LEDs with mesa dimensions below 20 μm.
In addition to EQE, Figure S2 (Supporting Information)

presents the wall-plug efficiency (WPE) of the M8 device as a
function of current density, both without sidewall bias and with
a +20 V sidewall bias. At low current densities, the WPE values
closely follow the EQE trend.With a+20 V sidewall bias, theWPE
increases from 21.1% to 32.2% at 0.625 A cm−2, corresponding to
an≈52% improvement. The low gate current of theMIS sidewall
electrode (≈2 pA) has a negligible impact on WPE when the MIS
micro-LED is operating. Notably, the maximum WPE of the M8
device with +20 V bias reaches ≈50.8% at 7.81 A cm−2, which is
also the one of the highest reported WPE value for InGaN/GaN
micro-LEDs.
To further validate the reliability of the MIS structure and the

revised ABCmodel (Equation 20), Figure 6d,e show the EQE val-
ues as functions of current densities for MIS micro-LEDs with

Laser Photonics Rev. 2025, 19, e00791 e00791 (7 of 10) © 2025 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 6. a) The EQE values as functions of current densities of M8 with different sidewall biases. b) The increased EQE of M8 with different positive
sidewall biases at different current densities. c) The decreased EQE of M8 with different negative sidewall biases at different current densities. d) The
EQE values as functions of current densities of MIS micro-LEDs with different mesa diameters at 0 V sidewall bias and e) at 20 V sidewall bias. f) The
increased EQE values of MIS micro-LEDs with different mesa diameters at 1 A cm−2 and the peak. g) The decreased current densities of MIS micro-LEDs
with different mesa diameters at peak EQE. The markers are the measured results, and the curves are the simulated results based on Equation (20) in
Figures (a), (d), and (e).

differentmesa diameters at 0 and+20 V sidewall biases. The sim-
ulated results from Equation (20) closely align with themeasured
data. The revised ABCmodel (Equation 20) and the fitting param-
eters presented in Table 1 are well suited for describing the char-
acteristics of our micro-LEDs with different sizes. With a +20 V
positive bias applied to the sidewall electrodes, the EQE perfor-

mance of M8 approaches that of M15 and M20. At 1 A cm−2,
the increased EQE of M8 (10.7% points) is more than double
the increase observed in M15 and M20, as exhibited in Figure 6f.
However, at the peak EQE, the rise in EQE of M8 is only 3.5%
points, while the increase in EQE of M20 can be considered neg-
ligible. Figure 6f reaffirms that the EQE improvement for MIS

Laser Photonics Rev. 2025, 19, e00791 e00791 (8 of 10) © 2025 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH

 18638899, 2025, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202500791 by U

niversity O
f W

aterloo, W
iley O

nline L
ibrary on [03/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Table 1. The fitting parameters in the revised ABC model for various dimensions.

Bulk SRH
recombination
coefficient

Radiative recombination
coefficient

Auger
recombination
coefficient

Light extraction
efficiency

Surface recombination
velocity

Increase in surface
recombination velocity

per sidewall bias

A0

(s−1)
B

(cm3s−1)
C

(cm6s−1)
𝜂LEE S

(m/s)
ΔS∕V

(m s−1V−1)

3.2 × 106 1.3 × 10−10 4 × 10−29 70–72% 31 0.78

Figure 7. The ΔEQE/Vsidewall of MIS micro-LEDs as a function of the re-
ciprocal of the mesa diameter.

micro-LEDs is more pronounced at low current densities. This
is advantageous, as most miniature high-resolution displays op-
erate at low current densities, as discussed in the introduction.
Additionally, applying a +20 V sidewall bias reduces the current
densities at peak EQE for MIS micro-LEDs with different mesa
diameters, as illustrated in Figure 6g. The largest reduction in
current density at peak EQE, 13.9 A cm−2, is observed for M8,
significantly more significant than the reductions for M15 and
M20. This result highlights that MIS structures are more effec-
tive for micro-LEDs with small mesa diameters.
To summarize and predict the efficiency improvement of MIS

micro-LEDs with different sizes, an empirical formula is pro-
posed. Figure 7 shows the increase in EQE per unit sidewall bias
as

ΔEQE
Vsidewall

=
4.5%p

MesaDiameter
(21)

which predicts that MIS structures can provide even greater EQE
improvements for smaller MIS micro-LEDs.

4. Conclusion

This work addresses the significant EQE degradation issue in In-
GaN/GaNmicro-LEDs as device sizes are reduced to themicrom-
eter scale, which is a critical bottleneck for their widespread ap-
plication. By introducing an MIS structure on the sidewall of the
device mesa, we demonstrated an effective method to suppress
surface nonradiative recombination and enhance EQE. Using
advanced fabrication techniques, MIS InGaN/GaN micro-LEDs

with various mesa diameters were fabricated, and the device per-
formance was characterized. The measured J–V curves revealed
that applying a positive sidewall bias to the sidewall electrode of
the MIS structure effectively reduces the energy difference be-
tween surface defect states and electron energy states in the ac-
tive region. This reduction decreases the surface recombination
velocity of the MIS micro-LEDs. Detailed quantitative analyses
explained the underlying mechanisms and calculated the rela-
tionship between the applied sidewall biases and the variation
of EQE values in MIS micro-LEDs. The increase or decrease in
the measured EQE was found to be approximately proportional
to the magnitude of the positive or negative sidewall bias applied
to the MIS micro-LEDs in the range of −20 to +20 V. An ana-
lytical model based on the ABC model was developed to explain
the experimental results, which closelymatch themeasured data.
ForMISmicro-LEDs with an 8 μmmesa dimension, the EQE im-
proved from 20% to 30.7% (an increase of 10.7% points) at 0.625
A cm−2 by applying a+20 V sidewall bias. This EQE value is com-
parable to those of state-of-the-art OLEDs, showing the great po-
tential of MIS micro-LEDs for miniature high-resolution display
applications. Furthermore, the maximum EQE of the 8 μmMIS
micro-LED was measured to be ≈53.9% at an injection current
density of 23.3 A cm−2, which is the reported highest EQE among
state-of-the-art InGaN/GaN micro-LEDs to date.
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the author.
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