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This study presents a comprehensive investigation into the optimization of AlGaInP-based red micro-light emitting diodes (LEDs)
by implementing double dielectric passivation layers. We employed a two-step passivation process that combined atomic layer
deposition (ALD) for a thin Al2O3 layer and plasma-enhanced chemical vapor deposition (PECVD) for a thicker dielectric layer to
passivate the sidewalls of the LEDs. After double-passivation, the devices exhibited significantly reduced leakage current
compared with their non-passivated counterparts. Notably, the passivated LEDs consistently demonstrated lower ideality factors
across all size variations. The Al2O3-SiNx passivated devices exhibited a remarkable 38% increase in optical power at a current
density of 1000 A cm−2, along with a noteworthy 41% improvement in the external quantum efficiency (EQE) at a current density
of 7 A cm−2 compared to the reference devices. In addressing the challenge of efficiency degradation in AlGaInP-based red micro-
LEDs, this study underscores the effectiveness of dual dielectric passivation, emphasizing the superiority of Al2O3-SiNx as a
passivation material. These findings hold promise for micro-LED technology and microdisplays, particularly in applications such
as augmented reality by significantly enhancing electrical and optical performance.
© 2024 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
2162-8777/ad23ff]
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Micro-LEDs have gained significant attention as promising
display light sources in recent years because of their numerous
advantages, such as high brightness, high contrast, energy efficiency,
and long lifespan.1–4 They are particularly well suited for augmented
reality (AR) displays, which demand excellent outdoor visibility and
light-weight design. Achieving a pixel density of 5000 pixel per inch
or more is crucial for AR displays because of their close viewing
distance, necessitating the miniaturization of each red, green, and
blue subpixel to approximately 5 μm.5–7

However, a critical challenge arises as the size of micro-LEDs
decreases: a reduction in external quantum efficiency (EQE).8–10

Many studies have attributed this phenomenon to dangling bonds of
the sidewall surface and plasma-damaged region, leading to in-
creased non-radiative Shockley-Read-Hall (SRH) recombination at
the edges of the device.11–13 AlGaInP-based red LEDs suffer more
severe efficiency degradation at smaller sizes compared with InGaN-
based blue or green LEDs because of their higher surface recombi-
nation velocity.14,15 The underperformance of red micro-LEDs
currently hinders the development of microdisplays, prompting
investigations into mitigating efficiency degradation, such as through
solution treatment and dielectric film passivation.16–19

Commonly employed dielectric materials for passivation layers
in LED devices are SiO2 and SiNx.

20–22 Among the various methods
for depositing dielectric materials, atomic layer deposition (ALD) is
highly effective in passivation for micro-LEDs.23,24 ALD, which is
primarily employed for dielectric film passivation, is a process in
which vaporized chemicals react with the substrate to coat a thin
chemical film along the surface. This process deposits a single layer
of thin film in each cycle, allowing precise thickness control,
uniformity across large areas, and excellent step coverage.25–27

Moreover, ALD can be performed at low temperatures, minimizing
interference with other layers. Nonetheless, ALD’s low deposition
rate poses challenges for mass production and cost efficiency

because of its single atomic layer accumulation per cycle. To
address this, researchers have sought to mitigate the sidewall effect
by employing the double-passivation approach, which first deposits
a thin layer using ALD and then forms a thick dielectric layer using
plasma-enhanced chemical vapor deposition (PECVD). However,
most studies have focused on InGaN-based blue or green LEDs,
overlooking AlGaInP-based red LEDs.28–30

This study presents various sizes of AlGaInP red micro-LEDs
with double dielectric passivation layers created via ALD and
PECVD, with a focus on performance and mass production
considerations. Specifically, Al2O3-SiO2 and Al2O3-SiNx were
used as double passivation layers, and their electrical and optical
characteristics were thoroughly examined.

Experimental

AlGaInP-based red LED wafers were grown on GaAs substrates
via metalorganic chemical vapor deposition (MOCVD). The epi-
layers included a sequence of GaInP etching stop layer, n+-GaInP
contact layer, n-AlInP cladding layer, AlGaInP MQWs, p-AlInP
cladding layer, p-AlGaInP tensile strain barrier reducing(TSBR)
layer, p-GaP window layer, and p+-GaP contact layer. After the
growth of the epitaxial LED structure, the LED mesa was dry-etched
using an inductively coupled plasma system. A 300 nm SiO2 layer
was deposited on only one side of the LED mesa for electrical
isolation via PECVD. For the n-type electrode, a Pd/Ge/Au (30 nm/
30 nm/300 nm) layer was deposited, whereas for the p-type elec-
trode, an AuBe/Au (50 nm/400 nm) layer was used. Both p- and n-
type ohmic contacts were obtained by thermal annealing at 250 °C
for 30 min in an ambient N2 atmosphere. Upon completing device
fabrication, a double-layer passivation process was employed to
reduce sidewall damage. Initially, a 10 nm Al2O3 passivation layer
was deposited on the entire surface using thermal ALD.
Subsequently, a 300 nm SiO2 or SiNx layer was deposited as the
second passivation layer via PECVD. Finally, the passivation layers
on the p-pad and n-pad were removed using reactive-ion etching.
The electrical and optical characteristics of the packaged sampleszE-mail: dslee66@gist.ac.kr; fd1kcm@kopti.re.kr
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were measured using an integrating sphere in conjunction with a
spectroscope and sourcemeter (Keithley KE2612A).

Results and Discussion

The first passivation layer plays a crucial role in reducing leakage
current by filling the dangling bonds on the surface with stable
atoms. Therefore, the film quality of the first passivation layer is an
important factor in reducing leakage current. To find a suitable
material as the first passivation layer, the roughness of 10 nm thick
Al2O3, SiO2, and SiNx thin films was measured using an atomic
force microscope (AFM) as shown in Fig. 1. The Al2O3 film was
deposited using ALD at 150 °C, and the SiO2 and SiNx films were
deposited using PECVD at 300 °C. The measured root-mean-square
values of Al2O3, SiO2, and SiNx were 0.138, 1.454, and 0.881 nm,
respectively. The Al2O3 layer appeared as a very uniform film. By
contrast, the SiO2 and SiNx layers appeared as rough films that could
be distinguished by grains. On the basis of the film quality measured
by AFM, we selected the Al2O3 material as the first passivation
layer.

Figure 2 illustrates the fabrication process of the AlGaInP red
micro-LED with double-layer passivation. To facilitate direct
comparison, a reference LED was initially fabricated using a
standard semiconductor process, followed by the application of a
double passivation layer across the entire reference LED surface.
Subsequently, the passivation layer was removed from the pad to
create a passivated LED.

In Fig. 3a, we observe scanning electron microscopy (SEM)
images capturing LEDs with different dimensions including 10 × 10
μm2, 20 × 20 μm2, 50 × 50 μm2, and 100 × 100 μm2. To ensure

consistent light-emitting areas regardless of variations in the LED
mesa size, we kept the ratio of the SiO2 layer’s insulating area to
mesa area and the metal area to mesa area constant at 20%,
respectively. In Fig. 3b, we present an image of 10 μm sized
AlGaInP LEDs fabricated using the double-layer passivation tech-
nique. The passivation layer covers the entire LED surface area
except for the pads, as shown. Figure 3c shows a cross-sectional
view of the double-passivated LED obtained by SEM. The top layer
represents the carbon coating applied during a focused ion beam
(FIB). The thicknesses of the SiO2, p-metal, and double passivation
layers were 292, 431, and 308 nm, respectively. Notably, all layers
were applied without cutting off on both the LED mesa and the
sidewalls of the LED.

Figure 4 shows the current density-voltage characteristics of
reference and double-passivated LEDs according to various device
sizes. Smaller LEDs exhibited higher leakage currents in the reverse-
bias region. Specifically, the 10 μm micro-LED exhibited a reverse
current approximately one order of magnitude higher than that of the
100 μm micro-LED, regardless of passivation, which is consistent
with previous findings.9,10

Figures 5a and 5b show the current density-voltage character-
istics of the reference, Al2O3 single-passivated, and double-passi-
vated LEDs for device sizes of 10 × 10 and 100 × 100 μm2,
respectively. Under reverse bias, LEDs with a passivation layer
exhibited reduced leakage current compared to the reference devices.
When the device size was 100 × 100 μm2, the difference in leakage
current between single and double passivation was not significant.
However, for the device size of 10 × 10 μm2, the device with double
passivation layers showed better leakage-current characteristics than

Figure 1. Atomic force microscopy images of the 10-nm-thin film on sapphire: (a) Al2O3, (b) SiO2, and (c) SiNx.

Figure 2. Schematic diagram of the fabrication steps of AlGaInP micro-LED device with double passivation.
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with the single passivation layer. For the 100 × 100 μm2 LED, the
Al2O3-SiO2 and Al2O3-SiNx LEDs had a leakage current reduction
rate of 68.7% and 81.8%, respectively, compared to the reference
LED. Further, in the case of the 10 × 10 μm2 LED, the Al2O3-SiO2

and Al2O3-SiNx LEDs also had a leakage current reduction rate of
57.4% and 83.9%, respectively, compared to the reference LED.
Thus, the leakage current reduction rates were similar when applying
double passivation, regardless of the chip size. Notably, the SiNx

layer, which has a higher dielectric constant and superior insulating
properties,31,32 is slightly more effective than SiO2 in reducing
leakage current. We believe that the more densely the second layer is
deposited, the more it helps the first layer to stably fill the dangling
bonds on the surface. Considering the AFM results presented in
Fig. 1, it is clear that the best device performances resulted from
Al2O3-SiNx passivation layers because the SiNx layer had better film
quality than SiO2.

Figure 6a shows electroluminescence images according to the
passivation layer for a 10 × 10 μm2 LED device. At a current
density of 10 A cm−2, all devices showed similar brightness levels;
however, at the lower current densities (1 A cm−2), the Al2O3-SiNx

passivated LED demonstrates superior emission compared to the
others. Figure 6b illustrates the ideality factor of both the reference
and double-passivated LEDs, varying with device size. The ideality
factor of LEDs can be determined using the following equation:

⎛
⎝

⎞
⎠

= ∂
∂

[ ]
−

n
q

kT

nIl

V
1

1

where n represents the ideality factor, q is the electron charge, k is
the Boltzmann constant, T is the absolute temperature, I is the
forward current, and V is the applied voltage. Generally, an ideality
factor close to 2 indicates that the SRH recombination is
dominant.33,34 Across devices of all sizes, the ideality factor falls
within the range of 1.8 to 2, regardless of the passivation layer. As
the device size decreases below 50 μm, the ideality factor increases
because of the higher density of surface states.11 However, double-
layer passivated LEDs exhibit a smaller ideality factor than reference
LEDs. This result suggests that double-layer passivation mitigates
sidewall defects caused by plasma dry etching.

Figure 7a presents the measurement light output power for 50 μm
× 50 μm2 LEDs with different passivation methods at current
densities ranging from 8 to 2400 A cm−2. Due to limitations with
our measurement equipment, it was impracticable to measure the
light output power for LEDs of smaller dimensions, specifically
those measuring 10 μm and 20 μm. Consequently, the analysis was
confined to 50 μm LED devices. Both the Al2O3-SiO2 LED and
Al2O3-SiNx LED exhibited increased light output power, with gains

Figure 3. (a) Scanning electron microscope images for different sizes of AlGaInP red micro-LEDs with double passivation and (b) Microscope photograph of
reference LED, Al2O3+SiO2 passivated LED, and Al2O3+SiNx passivated LED and (c) Scanning electron microscope images of the double passivation layer.

Figure 4. Current density-voltage (J-V) characteristics for different sizes of AlGaInP red micro-LEDs (a) reference, (b) Al2O3+SiO2 passivation, and
(c) Al2O3+SiNx passivation.
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Figure 5. Current density-voltage (J-V) characteristics of (a) 10 × 10 and (b) 100 × 100 μm2 AlGaInP devices with different passivation.

Figure 6. (a) Electroluminescent images of different passivation LED sizes of 10 × 10 μm2 at current densities of 1 A cm−2 and 10 A cm−2 (b) Ideality factor of
different sizes of AlGaInP micro-LEDs with and without passivation.

Figure 7. (a) Light output power characteristics of 50 × 50 μm2 AlGaInP devices with different double passivations (b) EQE performance of 50 × 50 μm2

AlGaInP devices with and without passivation.
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of 35% and 38%, respectively, compared with the reference LED at
a high current density of 1000 A cm−2. The enhanced light output
power in the passivated LED appears to result from the improved
light extraction efficiency. A more comprehensive explanation of
this phenomenon is provided in subsequent sections. Figure 7b
shows the EQE as a function of the injection current densities for
50 μm LEDs. Passivated LEDs, whether Al2O3-SiO2 or Al2O3-SiNx

LED, demonstrated improved EQE. Specifically, the EQE of the
Al2O3-SiNx LED increased by 1.41 times at low current densities
(7 A cm−2) and 1.28 times at high current densities (104 A cm−2)
compared with the EQE of the reference LED.

To clarify the increase in light output power, we conducted
transmittance measurements on two samples: (i) where SiO2 film
was deposited onto Al2O3 and (ii) where SiNx film was deposited
onto Al2O3 (see Fig. 8a). The transmittance of SiO2 was 93.3%,
while that of SiNx was 97.3% at 625 nm, which is in proximity to the
emission region. SiNx proves to be a more suitable passivation
material in the red spectral region than in the blue and green spectral
regions. This preference arises not only from SiNx’s higher
transmittance relative to SiO2 but also from its transmittance
declining in the wavelength region below 580 nm.

Next, we measured the refractive indices and extinction coeffi-
cients of the two passivation materials using ellipsometry. As
depicted in Fig. 8b, the refractive indices of SiO2 and SiNx in the
emission region were 2.17 and 1.45, respectively. Assuming normal
incidence on the interface and loss-free dielectric, given the near-
zero extinction coefficients of both materials at an emission
wavelength of approximately 625 nm, we can calculate the Fresnel
power transmittance using the following equation:35,36

=
( + )

[ ]n n

n n
T

4
21 2

1 2
2

where T represents the Fresnel power transmittance, while n1 and n2
denote the refractive indices of the passivation layer. Neglecting the
multiple reflections at each interface for simplicity, the transmittance
of a double passivation layer can be expressed as the product of the
transmittance at each interface.37 In the emission wavelength range,
the refractive indices of GaP, Al2O3, SiO2, and SiNx are 3.3, 1.77,
1.45, and 2.17, respectively. Consequently, the Fresnel power
transmittances of the reference LED, Al2O3-SiO2 LED, and
Al2O3-SiNx passivated LED were calculated to be 71.3%, 86.9%,
and 77.7%, respectively. Notably, the Fresnel power transmittance of
the double-passivated LEDs surpassed that of the reference LED. In
addition, the Fresnel power transmittance of the Al2O3-SiO2 passi-
vated LED was higher than that of the Al2O3-SiNx passivated LED
primarily because of its lower refractive index. Despite the
Al2O3-SiNx passivated LED exhibiting lower Fresnel power transmit-
tance than the Al2O3-SiO2 passivated LED, the improved electrical

and optical properties appear to reduce the leakage current sufficiently
to compensate for the reduced Fresnel power transmittance.

Conclusions

In this study, we successfully fabricated AlGaInP red micro-
LEDs with double dielectric passivation using ALD and PECVD.
The deposition of this double-passivated layer of micro-LED side-
walls was structurally sound and devoid of cracks, thereby reducing
the presence of dangling bonds. Notably, as the LED size decreased,
the double passivation effect proved particularly effective in redu-
cing the leakage current than single passivation. Furthermore,
regardless of the device size, the ideality factor consistently
improved in the double-passivated device, showing enhanced
electrical characteristics. Consequently, both light output power
and EQE showed significant improvements in the double-passivated
LED devices. It is worth mentioning that both the electrical and
optical properties of the Al2O3-SiNx passivated LED surpassed those
of the Al2O3-SiO2 passivated LEDs, which suggests that SiNx can
serve as an effective passivation layer for red LEDs.
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