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Abstract

In this work, the (20-21) semipolar micro-LEDs with
nearly wavelength-shift free performance have been
demonstrated. The semipolar epitaxial process reduced
the impact of quantum confined Stark effect on the active
region. Furthermore, a high-quality atomic layer depos-
ited passivation layer reduced the leakage current by a
few order, further improved the micro-LEDs perfor-
mance and reliability.

1. Introduction

The gallium nitride-based (GaN) light-emitting diodes
(LED) have been widely used in solid-state lighting, optical
communication, and display technology [1]. The commercial
available GaN-based LEDs are normally grown on the con-
ventional (0001) c-plane sapphire substrates, the epitaxial
technology of c-plane GaN-based LED has been quite mature
in the past decades. However, the LED fabricated by c-plane
substrates were suffer from the quantum confined Stark effect
(QCSE) and the efficiency droop that resulting in emission
wavelength-shift and the efficiency reduction [2]. The micro-
LED display will face the color-shift problem due to the driv-
ing conditions have to modulate according to the variation of
ambient light brightness, such as the display of the mobile
phone under indoor or outdoor environment. The generation
of QCSE is because of the built-in electrical field caused by
the polarization field. The natural structure of GaN is a hex-
agonal crystal with wurtzite structure that the existence of
spontaneous polarization and piezoelectric polarization due
to the highest symmetry compatible [3]. Furthermore, a large
piezoelectric field in the order of MV/cm can be induced in
the multiple quantum wells with the strained layers in LED
structure [4]. These internal polarization fields along c-plane
(z-axis) result in the accumulation of charge at heterojunction
of quantum barrier (QB) and quantum well (QW) further tilt
the energy bandgap of QB and QW, also caused the spatial
separation between the wave-function distribution of holes
and electrons. This will cause a red shift of emission wave-
length and decrease of the transition probability. Thus, the c-
plane-grown GaN materials are subject to strong built-in elec-

tric fields because of spontaneous and piezoelectric polariza-
tion. The LEDs based on the c-plane epitaxial wafer can only
operate at low current densities due to the significant decrease
of efficiency as the current density increases which means se-
rious droop phenomenon. The common approach to address
the QCSE in c-plane epitaxy process is to insert the strain re-
lief layer before multiple quantum well during the epitaxial
process. Reduced the influence of piezoelectric polarization
through the release of stress. But this method can only elimi-
nate a small proportion of QCSE.

The promising technology to improve these phenomena
is to replace the conventional c-plane LED epitaxial wafer
with a nonpolar or semipolar epitaxial wafer. Growth of opti-
cal devices on nonpolar or semipolar orientations of
InGaN/GaN represents an additional approach to droop re-
duction and circumvents the issues associated with polariza-
tion-related electric fields in conventional c-plane structure.

In this work,a 50 pum X 50 pum chip size, (20-21) sem-
ipolar micro-LED with great performance improvement by
polarization reduced and defects control during epitaxial pro-
cess. Compared with the c-plane LED by similar multiple
quantum wells (MQWs) design, (20-21) semipolar micro-
LED shows only 3.7 nm emission peak wavelength shift
which better than 12.0 nm shift of c-plane LED. The droop
phenomenon was also greatly improved because the carrier
recombination rate increased and the lower level of the elec-
tron overflow. This micro-LED shows just 10% droop under
200 A/cm? current density. Moreover, the sidewall pas-
sivation using atomic layer deposition (ALD) has been
demonstrated. The ALD passivation provides excellent film
quality and uniformity that significantly reduced leakage cur-
rent by 102 A/cm? at -4 V and shows very low leakage current
density that lower than 10 A/cm?. This great improvement
was contributed by lower sidewall defects and surface recom-
bination through ALD passivation.

2. Results and discussion

Figure 1 shows the schematic diagram of the crystal plane
of (20-21) semipolar and the scanning electron microscope
(SEM) image of (20-21) semipolar GaN bulk layer is grown
on the specific patterned sapphire substrates. The SEM image
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clearly shows that the (20-21) orientation bulk GaN layer was
successfully merged together by epitaxial layer overgrowth
process.

Figure 2 presents the power-dependent electrolumines-
cent spectrum of semipolar micro-LED and the device light-
ing image. The peak wavelength of the semipolar micro-LED
only changes 3.7 nm with a blue shift under 200 A/cm?. Com-
pared with the c-plane micro-LED of wavelength shift issue,
semipolar micro-LED shows good color stability which ben-
efit to apply into display applications, as shown in figure 2(b).

Semipolar micro-LED characteristic between w/ and w/o
ALD passivation of leakage current density and output power
as shown in figure 3. Because of the effective passivation
ability, the reduced leakage current was contributed by re-
duced the sidewall defects and surface recombination. The
leakage current has been reduced by 2-order under -4 V with
the excellent passivation in semipolar micro-LED device.
Furthermore, the related output power also increasing by 35%
with ALD passivation layer due to increasing inject current
caused by the reduction of leakage current, and total internal
reflection reduced. This results also helps to improve the re-
liability of the micro-LED device.

Figure 4 shows the normalized external quantum effi-
ciency (EQE) of semipolar and c-plane micro-LED. The sem-
ipolar micro-LED shows only 10% droop under 200 A/cm?
current density which much better than 55% droop of the c-
plane sample. It’s because of the improved of the QCSE and
high carrier recombination rate and low electron overflow.
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Patterned sapphire substrate

Fig. 1. (a) The schematic diagram of the crystal plane of
(2021) semipolar GaN (b) The SEM image of (2021) semipolar
GaN bulk layer.
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Fig. 2. (a) The power-dependent electroluminescent spectrum of
semipolar micro-LED (b) Wavelength-shift comparisons between c-
plane and semipolar micro-LED.
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Fig. 3. Semipolar micro-LED characteristic between w/ and w/o
ALD passivation of (a) leakage current density and (b) output power.
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Fig. 4. The normalized EQE of c-plane and semipolar micro-LED.

3. Conclusions

A nearly wavelength-shift free micro-LED fabricated by
(20-21) semipolar epitaxial wafer has been demonstrated.
With the excellent passivation layer deposited by ALD, the
output power increased by 35% and leakage current density
reduced by 2-order. Compared with the c-plane sample, sem-
ipolar micro-LED provided much better emission color sta-
bility and efficiency performance.
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