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Abstract
InGaN-based light-emitting diodes (LEDs) are at the forefront of solid-state lighting technologies due
to their superior efficiency and broad spectral emission.However, their performance is often
compromised by leakage currents, which lead to reduced external quantum efficiency. Passivation of
surface defect, the need of which arises from either epitaxial growth ormesa etching, emerges as a
promising strategy tomitigate leakage currents and enhance LEDperformance. This study compares
the effects of different sidewall passivation using two dielectricmaterials, Al2O3 and SiO2, on the
reliability and long-term stability performance of InGaNLEDs. The study conducts a comprehensive
analysis to evaluate the impact of eachmaterial on reducing leakage current and improving overall
device efficiency. The experimental findings of our study indicate that the LEDswithAl2O3 sidewall
passivation have better long-term stability performance, lower series resistance, higher breakdown
voltages, significantly lower leakage current, and up to a 19% increase in light output power compared
to SiO2 sidewall passivation. These superior properties of Al2O3-passivated LEDs increase device
reliability and stability. Conversely, SiO2-passivated LEDs demonstrate relatively higher leakage
currents, which can be attributed to lower dielectric constant, non-uniform film deposition and
incomplete defect passivation.

1. Introduction

Light-emitting diodes (LEDs) based on IndiumGalliumNitride (InGaN)have emerged as indispensable
components in awide range of optoelectronic applications such as solid-state lighting, displays, optical
communications and sensors (Nakamura and Fasol 1997, Pimputkar et al 2009). Their exceptional
performance, characterized by high efficiency, outstanding brightness, and remarkable reliability, has
positioned them at the forefront of technological advancements in these fields (Ji and Liu 2006). Despite their
remarkable achievements, InGaN-based LEDs still face a significant challenge that hinders their optimal
performance: leakage currents. The emergence of these undesired currents, often originating from intrinsic
defects present in the epitaxial layers or surface imperfections introduced during subsequent fabrication
processes, can significantly compromise the external quantum efficiency of the LEDs (Miikkulainen et al 2002,
Lin et al 2013). Leakage currents essentially represent non-radiative recombination pathways, diverting essential
charge carriers away from the intended light-emitting processes and ultimately diminishing the overall
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efficiency of the device. This phenomenon translates directly to reduced performance, limiting the full potential
of InGaN-based LEDs in practical applications, and hindering further technological advancements.

To overcome the detrimental effects of leakage currents and unlock the full potential of InGaN-based LEDs,
researchers have investigated various passivation techniques (Chang et al 2001, Adivarahan et al 2000, Kim et al
2002, Yang et al 2012, Liu et al 2014,Wong et al 2018, Sheremet et al 2018). Passivation both electrically and
chemically repairs the LED surface and sidewalls created after etching processes duringmicrofabrication. It aims
to neutralize active surface states andminimize defect densities by forming a protective layer. This layer
effectively suppresses current leakage, leading to enhanced device performance and improved reliability (Elam
et al 2003, Nakamura and Fasol 1997, Zhang andZhou 2014). Among the various passivation approaches,
Atomic LayerDeposition (ALD) and Plasma-EnhancedChemical VaporDeposition (PECVD)have emerged as
promising contenders due to their ability to deposit conformal and high-quality thin filmswith precise control
over thickness and composition (Demirtaş et al 2018,Demirtaş et al 2020).

ALDoffers distinct advantages over other passivationmethods, particularly in terms of precise control over
film thickness and composition and its ability to achieve conformal coverage even on complex geometries. This
is achieved through the sequential deposition of atomic layers, ensuring uniform coverage of the LED surface,
including sidewalls and high-aspect-ratio structures (Lin et al 2013). This unique characteristicmakes ALD
particularly well-suited for addressing the challenges associatedwith leakage currents in InGaN-based LEDs, as
it can effectively passivate surface defects andminimize current leakage pathways.

Previous researchhas explored various passivation techniques tomitigate leakage currents in InGaN-based
LEDs. Investigations by Lin et al (2013) explored alternative approaches to address leakage currents and enhance the
performance of InGaN-basedLEDs .However, further optimization is still needed tounlock the full potential of
these devices anddrive technological advancements in variousfields.Wong et al (2019) reported that the
combinationofALD-coated SiO2 andKOHchemical treatment improved the ideality factor and external quantum
efficiency (EQE)ofmicro-LEDs.AhybridQD-NR-μLEDwith anALDpassivation layer and efficient non-radiative
energy transfer (NRET)demonstrated a 143.7% increase in light-emitting intensity, reduced exciton recombination
lifetime, improvedNRETefficiency (66.4%versus 53.6%), and excellent color performance (Chen et al 2019). In
2020, Ley et al (2020) employed chemical etching andAl2O3 dielectric passivation tomitigate sidewall defects,
leading to improvedEQE.Theuse ofALD sidewall passivation inAlGaInPmicro-LEDswas also shown to enhance
electrical andoptical performance by reducing leakage, boosting light output, and increasing EQEbyover 150%,
making them ideal for red emitters in full-colorμLEDdisplays (Wong et al2020). Lai et al (2022)demonstrated that
ALD sidewall passivation significantly improved the temperature stability, light extraction efficiency, and current
density distributionofmini-LEDs, thereby enhancing their overall performance and reliability.Moreover,Wong
et al (2024) showed that a novel deep-ridge laser structurewithALD sidewall passivation improvedoptical
characteristics, reduced internal loss, and enhanced the optoelectrical performance and lifespanof 8 μmridgewidth
III-nitride violet lasers on freestandingm-planeGaNsubstrates.

This study investigates the impact of sidewall passivationusing twodielectricmaterials, Al2O3 andSiO2, on the
reliability and long-term stability performance of InGaNLEDs. A thoroughanalysiswas performed to assess how
eachmaterial influences leakage current reduction andoverall device efficiency. The experimental results show
that LEDswithAl2O3 sidewall passivation exhibit superior and long-term stability performance, reduced series
resistance, higher breakdownvoltages, significantly lower leakage current, andup to a 19% increase in light output
power compared to thosewith SiO2 passivation.These enhanced characteristics ofAl2O3-passivated LEDs
contribute to greater device reliability and stability. In contrast, SiO2-passivated LEDs exhibit higher leakage
currents, likely due to a lower dielectric constant, non-uniformfilmdeposition, and incomplete defect passivation.

2.Materials andmethods

The epitaxial structure and fabrication steps of LED is illustrated infigure 1. InGaN-based LED sampleswere
prepared usingmetalorganic chemical vapor deposition (MOCVD) on c-plane sapphire substrates. The
epitaxial structure consisted of a 3 μmthick undopedGaNbuffer layer, a 2 μmthick n-typeGaN layer,multiple
InGaN/GaNquantumwells (QWs)with varying indium composition and a 200 nm thick p-typeGaN layer. The
growth temperaturewasmaintained at 1050 °C, and theflow rates of trimethylgallium (TMGa),
trimethylindium (TMIn), and ammonia (NH3)were adjusted to achieve the desired indium content andQW
thickness. The structure consists of 15 pairs of InGaN/GaNquantumwells, with each pair consisting of a 3 nm
InGaNwell and a 13 nmGaNbarrier layer. The indium content in thewell is 15% (In0.15Ga0.85N).

The LED structures grown usingmetalorganic chemical vapor deposition (MOCVD)were employed.
Commercial LED structures are typically grown on sapphire substrates. In addition to light emission, ensuring
the efficient extraction of light is essential due to differences in refractive indices. One fundamentalmethod for
achieving this is epitaxial growth on patterned sapphire substrates, facilitating the scattering of light produced in
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the active region. LEDs grownon patterned sapphire substrates exhibit lower total internal reflection compared
to those grown onflat sapphire substrates, resulting in higher optical efficiency (Zhou et al 2015).

Another advantage of LED layer grownon patterned sapphire substrates is the lower defect density
compared to LEDs grown onflat sapphire substrates due to themismatch in lattice constants between sapphire
andGaN crystals. These defects, affecting electrical and optical properties such as electronmobility and radiative
recombination efficiency, shorten device lifetimes. Lower defect density leads to higher light output power.
Figure 2 presents opticalmicroscope images illustrating the passivation films both before and after LED
fabrication, including the passivation film etch process.

The device dimensions are 850 μm× 850 μm.The p-contact area is formed by coating the topmost p-GaN
layerwith ITO, excluding the etched regions. The n-contact area is approximately 250 μm× 250 μm.

Twodielectricmaterials were employed in this study: aluminumoxide (Al2O3) and SiliconDioxide (SiO2).
For Al2O3 passivation, Beneq TFS200ALD systemwas used. Trimethylaluminum (TMA) andwater vapor
(H2O)were used as precursors, with a deposition temperature of 250 °Cand a pulse/purge sequence of 0.1 s/3 s.
Ultrahigh pureN2 gas is continuously used as both the carrier and purge gas during the precursor delivery and
pumping processes. Throughout the deposition process, theN2flow rate ismaintained at 300 sccm. After the
coatings were applied, a 75 °C solution of 85%phosphoric acid (H3PO4)was used to remove Al2O3films

Figure 1. Fabrication steps. (a)The epitaxial structure of the fabricated LEDs. (b) lithography stage (c) ICP etching (d) sample etched
down to the n-GaN layer (e) sidewall passivation (Al2O3 and SiO2) (f) coating of contactmetals.
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deposited byALD from the regions outside the sidewalls. TheH3PO4 solutionwas heated on a hot plate at 75 °C.
Subsequently, the samples were immersed in theH3PO4 solution and kept submerged. After approximately 90 s,
the sampleswere removed from the phosphoric acid, rinsedwith deionized (DI)water, and driedwith nitrogen
gas. The etching rate in this recipewas approximately 40–45 nmmin−1.

The SiO2 films grownby Plasma-ThermPECVDwere produced at 250 °Cusing a gasmixture of 50 sccm 2%
SiH4/N2 and 1000 sccmN2O. The SiO2 layers etched in buffered oxide etchant (BOE) for approximately 80 s.
The passivationfilms on the sidewalls were protected by photolithography using a photoresist. The growth
recipe and etching procedure can be found in (Ay andAydinli 2004,Demirtaş et al 2018,Demirtaş et al 2020,
Demirtaş andAy 2020).

Figure 3 illustrates Spectroscopic Ellipsometer (SE), and x-ray reflectance (XRR)measurements conducted
on dielectricmaterials deposited onto a Si substrate. TheXRRmeasurements were performed using the Rigaku
Smartlab XRD system,while spectroscopic ellipsometrymeasurements were conductedwith the J.A.Woolam
M2000 instrument. The SEmeasurements aimed to determine the refractive index, thickness, and surface
roughness of the deposited films. The SE datawere analyzed at various angles (60°, 65°, 70°, and 75°), andmean
square error (MSE) values were calculated from themeasurements to evaluate thefit quality between the
experimental andmodeled data, thereby assessing the roughness and thickness of the samples. TheCauchy and
Sellmeier equations are employed asfitting functions for Al2O3 and SiO2, respectively (Al-Ani 2008, Tan 1998).
The results revealed that theAl2O3films exhibited lower bothMSE and roughness compared to the SiO2 films,
indicating a better agreement between themeasured andmodeled data.

XRRmeasurements, performed via the reflection of x-ray beams at grazing incidence above a critical angle,
serve to determine crucial parameters such as thickness, density, and interfacial roughness, essential for this
investigation. The blue curves represent themeasured data, while the red curves depict calculated values based
on thesemeasurements, with accompanying fit results presented in a table within the XRR graphs. In the fitting
process, three additional layers were considered besides the substrate: ‘Layer1’ accounts for thematerial
interface between the substrate and the coated dielectric, incorporating factors such as substrate impurities,
residual atoms, and latticemismatch effects. ‘Layer2’ represents the coated dielectricmaterial, while ‘Layer3’
addresses potential surface contamination from residual atoms in the reactor chamber and impurities from the
external environment. Comparison of interface roughness between SiO2films andAl2O3films deposited on Si
reveals that the Al2O3 films exhibit abrupt interfaces. The distinctive density observed in ‘Layer1’ suggests the
formation of a thin SiOx layer between the Si substrate andAl2O3, potentially arising fromoxygen diffusion
through the deposited Al2O3film or reaction of Si surface groupswithH2Oduring Al2O3 deposition (Renault
et al 2002, Naumann et al 2012a, 2012b, Gakis et al 2019). These findings highlight the superior suitability of
Al2O3 for sidewall passivation, attributed to its smoother atomic interface and higher density compared to SiO2.

Figure 2.Opticalmicroscope images showing the (a) passivationfilms before LED fabrication, (b) after passivation film etching, and
(c) upon completion of LED fabrication.
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TheXRR and SEmeasurements have provided consistent results for the thickness and roughness of the thin
films analyzed. The thickness values obtained fromboth theXRR and SE techniques exhibited close agreement,
indicating the reliability and accuracy of themeasurements across different experimentalmethods.

Figure 3.Optical characterization of passivation layers. The SEmeasurements depicting refractive index versus wavelength for (a)
Al2O3 and (b) SiO2 layers, alongside theXRRmeasurements illustrating (c)Al2O3 and (d) SiO2.
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Additionally, the roughness parameters determined through theXRR analysis were found to be consistent with
the roughness values obtained from the SE, further corroborating the coherence and reliability of the data.

Figure 4 illustrates cross-sectional scanning electronmicroscopy (SEM) images depicting the sidewall
profiles of the fabricated LEDs. Infigure 4(a), the sidewall is depictedwithout any passivationfilm coating.
Subsequently, figure 4(b) displays Al2O3 passivation films coated on the sidewalls, whilefigure 4(c) showcases
LEDswith SiO2 coating on the sidewalls. Scanning electron images were obtainedwith an acceleration voltage of
18 kV and amagnification of 50 kXusing the FEINovaNanoSEM450.

Following the passivation step, the n-type contact layer of the samples was coatedwith Ti/Al/Ti/Au. The
p-type contact layer was coatedwithNi/Au/ITO acts both as an ohmic contact and current-spreading layer.
Rapid Thermal Annealing (RTA)was applied to the contacts to ensure ohmic behavior. The thickness of the
deposited filmswasmeasured using aVeeco surface profilometer.

Current–voltage (I-V)measurements were performed using a semiconductor parameter analyzer (Keithley
2425) to assess the leakage currents of the passivated LEDs. The optical properties of the devices were evaluated
using a calibrated spectroradiometer (OceanOpticsMaya2000 Pro) tomeasure the electroluminescence spectra
and output power. To prevent accidental overcurrent beforemeasurements, current limiting is applied and then

Figure 4.Cross-sectional scanning electronmicroscopy (SEM) images illustrating sidewall profiles of fabricated LEDs. (a) Sidewall
without passivation film coating, with passivation coatings of (b)Al2O3, and (c) SiO2.

6

Phys. Scr. 100 (2025) 045902 HMBayramlı et al



the current is increased at a controlled rate using a computer. The current and voltage values are recorded
simultaneously. Due to the small size of the LED chips, the probe tips are gently touched to the n-type and p-type
contacts with the aid of amicroscope. Using thismethod, several LEDswith various geometries weremeasured
to create current–voltage curves. The curves provide valuable insights into the electrical characteristics of the
LEDs, such as their turn-on voltage, forward current, and reverse breakdown voltage. These parameters are
essential for designing and optimizing LED circuits and predicting LEDperformance in different applications.

The surfacemorphology of the passivated LED samples was examined using atomic forcemicroscopy
(AFM). TheAFMmeasurements were conductedwith aNanomagnetics ezAFM system in tappingmode.

Average roughness (Ra)measurements were conducted usingAFMon 20 μm× 20 μmareas deposited on Si
substrate. The roughness of the Si substrates was∼0.58 nm. ForAl2O3films ranging from5 to 100 nm in
thickness, the average roughness is∼0.71 nmbased on fourmeasurements and remained stable as the thickness
increased. Additionally, PECVDgrown SiO2 layer deposited on Si substrate has an average roughness of 2.61 nm
(the results provided in the supplementary document).

3. Results

It was previously noted that p-type doping ofGaN crystals withMgdoes not increase the conductivity of p-GaN
layers, evenwith doping levels exceeding 5× 1017Mg cm−3 (Amano et al 1989,Nakamura et al 1992, Li et al
2016). Therefore, contacts to the p-GaN layerwere placed at the top and designed to cover thewidest possible
area to reduce series resistance. The doping concentrations used in the study are as follows: n-GaN= 3× 1018

cm−3 and p-GaN= 4× 1017 cm−3. Inductively coupled plasma (ICP) reactive ion etchingwas employed to etch
down to the n-GaN layer at the other end of the diode. This process allowed access to the n-GaN layer, with a
portion etched in a thinfinger geometry. After applying the passivation layer, windowswere opened in the
passivationfilm on themetal n-GaN layer, and n-type contacts were applied. Despite the small size of the
n-contact area, the high doping level of the n-GaN layermakes it a good conductor, leading to current spreading
in this layer and consequently increasing optical efficiency and reducing series resistance. Figure 5 provides a side
view of the produced LEDs, where increasing the number of n-contacts reduces the p-contact area and tends to
increase series resistance.

As depicted infigure 6, it can be observed that SiO2-passivated LED exhibits higher current density at low
voltage values and higher leakage current compared toAl2O3-passivated LED. Therefore, it can be inferred that
the threshold voltage (approximately 1.7 V for the SiO2-passivated LEDs) is lower. The excess current values
observed at low voltages near the threshold current under forward bias are related to leakage currents, while the
high voltage values are associatedwith series resistance. The leakage current caused by sidewall defects, defects in
the active region, and low barrier height results in a lower threshold voltage in diodes (Li et al 2004,
Schubert 2006).

Figure 7 illustrates that the typical series resistance for the Al2O3-passivated LED is 11.8Ω, while for the
SiO2-passivated LED, it is 12.5Ω. The high series resistance is due to the fact that the LEDs are notflip chips and
themasks are designed to compare the two passivation techniquesmore effectively. It was found that the
Al2O3-passivated LEDs exhibited lower series resistance compared to the SiO2-passivated LEDs, indicating
better electrical performance. The series resistance can be attributed to factors such as high contact resistance,
surface damage, surface cleanliness, lattice constantmismatched heterostructures, layers with low carrier
concentration, and temperature effects (Cao et al 2004). The higher series resistance in the SiO2-passivated LEDs
can be explained by the increase in non-radiative recombination, which elevates the device temperature

Figure 5.The schematic view of the fabricated LEDswith sidewalls and contacts.
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(Schubert 2006). Another contributing factor to the increased series resistance in the SiO2-passivated LEDsmay
be the re-exposure to plasma during the passivationfilm deposition, leading to the passivation of p-GaN layer by
hydrogen atoms, thereby increasing the resistance of the p-GaN layer.

Figure 6.The current–voltage (I-V) characteristics around the threshold voltage of the Al2O3-passivated and SiO2-passivated LEDs.

Figure 7.Measurement of the series resistance of fabricated LEDs passivated with (a)Al2O3 and (b) SiO2.
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TheAl2O3 and SiO2-passivated LEDs are investigated for their leakage current effects under reverse bias
voltages ranging from−5V to 0V. Figure 8 illustrates the current density under reverse bias of bothAl2O3 and
SiO2-passivated LEDs.Notably, the Al2O3-passivated LED exhibits an extremely low leakage current density,
approximately 10−9 A/cm2. Thesefindings underscore the significant role of Al2O3 passivation inmitigating
leakage current and preventing sidewall damages across all structures.

The optical powermeasurements of bothAl2O3 and SiO2-passivated LEDswere conducted using aNewport
PowerMeterModel 1936-C powermeter. The optical powermeasurement involved collecting light emitted
from the produced LEDs using a lens with a diameter of 25mmand a focal length of 5 cm,whichwas then
directed toward the detector of the powermeter. Figure 9 presents the current density (I) - optical power (P)
graphs for Al2O3 and SiO2-passivated LEDs. It is observed that the optical power of the Al2O3-passivated LEDs is
superior to that of SiO2-passivated LEDs. This phenomenon can be attributed to higher dielectric constant and
the better passivation of sidewall surface defects and the near-sidewall non-radiative recombination centers by
ALD, thereby increasing the probability of radiative recombination. As a result, the Al2O3-passivated LEDs
exhibit reduced non-radiative recombination centers near the sidewalls and prevent the temperature increase
resulting fromnon-radiative recombination, leading to higher light power compared to the SiO2-passivated
LEDs.

The ExternalQuantumEfficiency (EQE) andWall Plug Efficiency (WPE) are also evaluated as functions of
the driven current. The LEDs passivatedwithAl2O3 exhibit superior EQE andWPE compared to those
passivatedwith SiO2 (the results provided in the supplementary document). Thesefindings suggest that Al2O3

more effectively passivates sidewall defects. Particularly at lower current levels, the EQE values are influenced by

Figure 8.Typical reverse voltage-current density graph of bothAl2O3 and SiO2-passivated LEDs.

Figure 9.The I-P (current and optical power) graph of theAl2O3-passivated and SiO2-passivated LEDs.
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defects and non-radiative recombination processes. Additionally, the enhanced performance can be attributed
to the superior step coverage capability of the Atomic LayerDeposition (ALD) technique.

The Electroluminescence (EL)measurements of the LEDswere conducted using theOceanOptics
Maya2000 Pro spectrometer. Figure 10 presents the emission spectra of Al2O3 and SiO2-passivated LEDs. The
light intensity of Al2O3-passivated LED is higher than that of SiO2-passivated LED. Additionally, both LEDs
exhibit peakwavelengths at 450 nm, indicating no significant impact of passivation on thewavelength. The
lower light intensity in the SiO2-passivated LEDs, which is less effectively passivated at the sidewalls compared to
the Al2O3-passivated LED, can be attributed to the higher density of defects in the sidewalls of SiO2-passivated
LEDs, resulting in higher non-radiative recombination.

To evaluate reliability and long-term stability performance, LEDs stored under normal conditions for 4 years
were used. Using these LEDs, analyses were conducted by investigating thewavelength variation of light emitted
from the device, IVmeasurements, and optical powermeasurements.

Figure 11 shows thewavelength variation of light emitted from the device with increasing current. For both
devices, the epitaxial structure, device design, andmicrofabrication process are identical. Therefore, the
wavelength shift can be attributed to sidewall defects. The increase in defect density on the sidewalls and the
higher likelihood of non-radiative recombination lead to a greater wavelength shift with increasing current in
LEDs passivatedwith SiO2 due to heating. This serves as an indicator of reliability (Keppens et al 2010; Raypah
et al 2016).

Figure 12(a) graph shows the IV characteristicsmeasured after the initial (fresh)microfabrication of the
devices and after 4-years. In this graph, an increase in voltage is observed for both devices. However, the

Figure 10.The emission spectra of bothAl2O3 and SiO2-passivated LEDs. Both emissions are at 450 nm.

Figure 11.Thewavelength variation of light emitted as a function of current fromAl2O3 and SiO2 passivated LEDs stored 4-years
under normal conditions.
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degradation in LEDswith SiO2 passivation is significantly higher thanAl2O3 passivation. Therefore, it has been
observed that sidewall passivation performedwith ALD andAl2O3 improves device reliability. Figure 12(b)
relates to the power variation of the devices over the years, and a power decline has been observed in both
devices. The reduction in power has been particularly significant in devices with SiO2 passivation.Moreover,
while SiO2-passivated LEDs showed degradation at currents exceeding 750mA, the LEDs passivatedwith Al2O3

continued to operate at current levels above 800mA.
In addition to the passivation effects, the optical properties of the films, such as refractive index,

transmittance, and thickness, significantly influence the photoelectric performance of LED chips. Al2O3 films
typically exhibit a higher refractive index (around 1.70) compared to SiO2 (around 1.45), which can enhance
light extraction efficiency, especially in thin-film coatings.Moreover, the thickness of the passivation layer plays
a critical role in optical performance. Thinner films tend to have higher transmittance, thereby potentially
improving light output. They also provide better conformity andmore efficient coverage of surface defects,
which reduces non-radiative recombination. In our study, the use of thinner Al2O3 films resulted in superior
passivation effects, whichwere crucial for enhancing the optical performance of the LED chips. Thus, while the
sidewall passivation effect is important for reducing non-radiative recombination, the optical properties of the
films also contribute significantly to the overall photoelectric performance of the LED chip.

Figure 12. (a)Comparison of I–Vcurves at the initial stage (fresh) and after a 4-years. Dashed and solid lines show fresh and 4-years
old LEDs. (b)Optical power versus current for 4-years old LEDs.
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4. Conclusion

This study comprehensively evaluated the effectiveness of passivation techniques in enhancing InGaN-based
LEDs. In terms of electrical performance, Al2O3-passivated LEDs exhibited lower series resistance (11.8Ω)
compared to SiO2-passivated LEDs (12.5Ω), indicating superior electrical performance. Additionally,
SiO2-passivated LEDs demonstrated higher current density and leakage currents under forward bias, resulting
in a lower threshold voltage of around 1.7 V compared to Al2O3-passivated LEDs. Under reverse bias
conditions, Al2O3-passivated LEDs displayed an extremely low leakage current density of approximately 10−9

A/cm2, whereas SiO2-passivated LEDs exhibited higher leakage currents. Optical powermeasurements and
electroluminescence (EL)measurements both showed that Al2O3-passivated LEDs had superior light output
and intensity compared to SiO2-passivated LEDs, while both having peakwavelengths at 450 nm.Our
findings reveal that Al2O3 films offers superior passivation compared to SiO2, leading to significantly reduced
leakage currents and enhanced device reliability. This advantage can also be fromALD’s precise control over
film deposition and composition, achieved through its sequential atomic layer-by-layer growth process. By
effectively passivating side wall surface defects andminimizing leakage pathways, Al2O3 films increase LED
performance, resulting in higher external quantum efficiency and improved reliability. Our work reinforces
the importance of ongoing research inmitigating leakage currents in InGaN-based LEDs. Future explorations
of novel passivationmaterials and deposition techniques hold promise for further performance and reliability
advancements. Overall, this study contributes significantly to the advancement of InGaN-based LED
technology by showcasing the potential of ALD deposited Al2O3 films for achieving high-performance and
reliable optoelectronic devices across diverse applications.
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