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Heterogeneous and Monolithic 3D Integrated Full-Color
Micro-Light-Emitting Diodes via CMOS-Compatible Oxide
Bonding for µLEDoS
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Micro-light emitting diode (µLED) based LED on silicon (LEDoS) is a
promising candidate for next-generation AR and VR displays due to superior
pixel performance and potential for high resolution. Traditional RGB pixels are
placed on a single plane, which limits the resolution. To overcome this,
vertically stacked RGB pixels using heterogeneous and monolithic 3D
integration (M3D) have been explored. However, previously reported vertical
µLED pixels have not considered the heat dissipation capability of the pixels,
which is indeed important in future micro displays, and utilized materials
incompatible with standard CMOS processes, further limiting their
practicality for LEDoS. The critical regions for constraint, the bonding
medium, are typically organic polymer materials. Therefore, to handle issue,
vertically stacked full-color µLEDs are demonstrated using silicon oxide (SiO2)
and yttrium oxide (Y2O3), as bonding mediums. These materials are
CMOS-compatible and offer thermal conductivity at least 10 times higher
than conventional polymers. The InGaN/GaN blue µLEDs bonded with oxides
show improved thermal management, leading to higher external quantum
efficiency (EQE) and better color characteristics, including narrower full width
at half maximum (FWHM) and higher color purity. Precise control over
bonding layer thickness is achieved, minimizing pixel thickness and
enhancing manufacturability for high-resolution displays.
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1. Introduction

Recent advancements in display tech-
nology have focused on providing users
with immersive experiences in virtual
environments through near-eye head-
mounted displays. Attributes such as
ultra-high resolution, high brightness,
and precise color accuracy are essential to
achieve exceptional viewing experiences
in extended reality (XR) devices, includ-
ing AR and VR glasses. Among poten-
tial solutions, micro light-emitting-diode
(μLED) based LED on silicon (LEDoS) has
emerged as a promising candidate, offer-
ing the necessary specifications for next-
generation displays.[1–7]

To realize near-eye display-oriented LE-
DoS, the LEDoS display must achieve
high resolution, low power consumption,
and low operation temperature in the
display module perspective. However,
the conventional transfer method of
μLED pixels limits achieving high resolu-
tion. The conventional transfer method
involves the mechanical transfer of
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Figure 1. Schematic of vertically stacked full-color μLED with 3 different wafer bonding layer components (BCB, SiO2, Y2O3). a) Fabrication process of
vertically stacked full-color μLED. b) Thermal comparison of polymer bonding and oxide bonding via heat simulation.

individual sub-pixels to the CMOS wafer, making precise place-
ment atmicrometer scale challenging due to the limitedmechan-
ical alignment accuracy, and thus limiting the display resolution
that must be achieved for near-eye display.[8,9]

Heterogeneous and monolithic 3D integration (HM3D) ad-
dresses these limitations by stacking diverse heterogenous epi-
taxy layers (R, G, B) and sequentially fabricating full-color μLEDs,
as illustrated in Figure 1a.[10–21] The sequential process integra-
tion of HM3D enables denser integration by the vertical arrange-
ment of the sub-pixels and lithographic alignment, enabling the
achievement of over twice the high pixels per inch (PPI), com-
pared to mechanical alignment in conventional mass transfer.[10]

However, self-heating of the pixels can be the limitation in
the vertically stacked pixels.[22] Considering that these devices
are aimed at near-eye LEDoS, which must have low operating
power and temperature, the advantages in resolution of verti-
cally stacked pixels can be deteriorated due to the self-heating
of the device. The increased temperature of the LED due to self-
heating induces higher non-radiative recombination, resulting in
degradation of external quantumefficiency (EQE) and power con-
sumption efficiency. Furthermore, the increased temperature of
the pixels can induce red shift in the emission wavelength due to
bandgap narrowing, distorting color reproduction during display
operation.[23]

In this study, we first demonstrate a vertically stacked full-
color μLED utilizing an oxide bonding medium selected for its
process suitability and heat dissipation capability. This approach
shows superior CMOS compatibility and enhanced heat dis-
sipation properties, highlighting the potential of this method
for advanced display applications. As shown in Figure 1b,[24–27]

simulations comparing temperature variations under the ver-
tically stacked full-color μLED structure with the same power
dissipation indicate that oxide bonding achieves more effec-
tive heat sinking to the substrate, resulting in a lower junc-
tion temperature. Additionally, to clarify the appropriate bond-
ing layer for vertically stacked full-color μLED, we fabricated
InGaN/GaN-based μLEDs with different bonding layers: Ox-
ide bonding [Silicon oxide (SiO2) / Yttrium oxide (Y2O3) /
SiO2] and polymer [Benzocyclobutene (BCB)] layers and sys-
tematically compared the electrical, optical, and thermal char-
acteristics of devices. Based on the comparative analysis, our
device fabricated with oxide bonding showed the highest color
purity and narrowest full width at half maximum (FWHM)
among reported 3D stacked full-color μLEDs. We believe that
the technologies described in this study will serve as signif-
icant milestones and standards for vertically stacked μLEDs
toward the realization of future ultra-high resolution dis-
plays.
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Figure 2. Electrical and Optical characteristics of μLEDs with 3 types of bonding layer (BCB, 3.3 μm SiO2 + Y2O3, 300 nm SiO2 + Y2O3). a) Schematic
of a μLED constructed with three types of bonding layers. Sample A: BCB bonding layer, Sample B: 3.3 μm oxide bonding layer, and Sample C: 300 nm
oxide bonding layer. b) Light output power-current density and voltage-current density curves of Sample A, B, and C. c) EQE-logarithmic current density
curve. d) Normalized EQE-logarithmic current density curve from maximum EQE to 300 A cm−2 e) Peak wavelength-logarithmic current density curve.
f) FWHM depending on current density. g) EL spectra of Sample A, B, and C at 1.6 and 167 A cm−2 (The EL spectra were extracted through Gaussian
fitting). h) Color coordinate of Sample A, B, and C with increasing current density (red arrow direction means increasing current density).

2. Comparison of µLED Device Characteristics
Based on Polymer and Oxide Bonding Layer

The thermal-related coefficients vary depending on the bond-
ing material, significantly impacting overall performance of the
μLEDoS display. To compare the effects of bonding materials,
Sample A employed a BCB polymer bonding layer with a thick-
ness of≈2 μm,while Samples B and C utilized oxide bonding lay-
ers with different thicknesses. As illustrated in Figure 2a, three
types of bonding layers were used to fabricate InGaN/GaN-based

blue μLEDs on Si substrates. The oxide bonding layers consist of
stacked structures of SiO2 andY2O3, where Y2O3 serves as a bond-
ing interface with a total thickness of<20 nm. Although Samples
B and C used the same bonding materials, their bonding layer
thicknesses differed: Sample B has a 3.3 μm-thick bonding layer,
while Sample C has a 300 nm-thick layer. The vertical stacking
of red, green, and blue LEDs inherently increases the overall de-
vice thickness, as it adds up the thickness of active layers for each
color LEDs and the intermediate bonding layers. This increased
device thickness presents challenges inHM3D-based display fab-
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rication technology, particularly in photolithography and mesa
structures etching processes. Polymer bonding layers made with
BCB generally result in relatively thick layers due to the spin coat-
ing process, making precise thickness control more challenging.
In contrast, SiO2 bonding layers enable precise thickness control
and can be fabricated ultra-thin through deposition and chemical
mechanical polishing (CMP) processes. Therefore, three distinct
samples were fabricated to systematically evaluate the impact of
bonding layer materials and thicknesses.
The light output power-current density (L-I) and voltage-

current density (V-J) characteristics of Sample A, B, and C, for
60 × 60 μm2 μLED, are shown in Figure 2b. The light output
power increases linearly with current density, and the continuous
output across all regions confirms effective carrier injection and
emission. Furthermore, Sample C (300 nm oxide bonding) ex-
hibits the highest light output power across all current densities.
Figure 2c presents the EQE for μLEDs, with different bonding
layers, where the device size is 60 × 60 μm2. The maximum ef-
ficiencies of Samples A, B, and C were recorded as 9.8%, 11.1%,
and 11.3%, respectively. The polymer bonding in Sample A re-
sulted in slight lower efficiency compared to the oxide bonding
in Sample B and C. The difference can be attributed to internal
quantum efficiency (IQE) and light extraction efficiency (LEE).[28]

IQE degradation due to thermal effects can be observed.
IQE can be represented by the ABC + f (n) model,

IQE = Bn2

An + Bn2 + f (n)
(1)

where A and B are the coefficients for Shockley-Read-Hall (SRH)
recombination and radiative recombination. The f (n), which in-
cludes the term Cn3 (C is Auger coefficient), relates to non-
radiative recombination mechanisms, such as leakage and n is
the carrier concentration. As the temperature increases, SRH re-
combination rises, primarily influenced by impurities and de-
fects. Simultaneously, the contribution of the “f(n)” term in-
creases, leading to enhanced carrier leakage and a reduction in
radiative efficiency. These two mechanisms contribute to the de-
creased IQE of LEDs at high temperatures.[29] The impact of the
heat generation during the LED operation can be observed in
Figure 2d,e. Figure 2d illustrates the normalized EQE graph. The
normalized EQE graph shows that: starting at 50 A cm−2, Sample
A’s droop begins to exceed that of the other two samples, and as
the current density increases, the droop becomes even steeper.
(We calculated the EQE droop ratio for each sample in Figure
S4 (Supporting Information), and Sample C exhibits the overall
lowest droop ratio.) This suggests that in Sample A, the EQE de-
creases more sharply in the high current density region due to
increased Auger recombination caused by self-heating.[30] Addi-
tionally, Figure 2e illustrates the peak wavelengths of the emis-
sion spectra for each sample with 60 × 60 μm2 μLED, as a func-
tion of current density. Typically, in InGaN/GaN-based LEDs, the
peak wavelength shift is influenced by two factors. First, an in-
creased carrier injection leads to a blue shift in the electrolu-
minescence (EL) peak due to the quantum confined Stark ef-
fect (QCSE).[31,32] Second, rising temperature from self-heating
in μLEDs induces bandgap narrowing, causing a red shift in the
peak wavelength.[33,34] As shown in Figure 2e, with increasing
current density, the peak wavelengths of Sample B and C shift to-

ward blue, indicating the dominance of QCSE. In contrast, Sam-
ple A shows a different trend compared to the other two samples.
Above 100A cm−2, the red shift becomesmore dominant than the
blue shift. This indicates that in Sample A, the red shift caused by
significant heat generation surpasses the conventional blue shift
observed at higher injection. In other words, the results showed
that Sample A generated more heat compared to Sample B and
C. Overall, Figure 2d,e confirms that as current density increases,
enhanced heat generation leads to a thermally dominated effect
on both the EQE and peak wavelength shift.
LEE is influenced by the structure of the device and optical fac-

tors such as the absorption and reflectance of the layers thatmake
up the device. These factors play a crucial role in light extrac-
tion efficiency, and the LEE can vary significantly depending on
the characteristics of bonding layer (In this study, all aspects are
identical except for the composition of the bonding layer). Unlike
the SiO2 layer in oxide bonding, the BCB layer used in polymer
bonding absorbs ≈30%, resulting in an overall reduction in LEE
(The absorption and LEE simulation is summarized in Figures
S5–S7, Supporting Information).[35] The peak wavelength shift
can alter the refractive index and absorption of the bonding layer,
thereby affecting LEE. Additionally, as the thickness of the bond-
ing layer increases, Fabry-Pérot resonance induces multiple re-
flectionswithin the layer, leading to interference effects at specific
wavelengths and subsequent variations in reflectance. However,
the impact of these factors on LEE is relatively minor compared
to the changes caused by absorption in the bonding layer.
In summary, the EQE differences observed in Figure 2c can be

attributed to twomain factors. First, due to absorption in the BCB
bonding layer, Sample A exhibits lower LEE compared to Sam-
ples B and C. Second, the self-heating effect contributes to the
difference. As shown in the IQE plot in Figure S8 (Supporting In-
formation), the IQE difference due to self-heating increases with
higher current density, which leads to a larger EQE difference.
Additionally, the minor EQE difference in IQE-comparable re-
gion is influenced byminor LEE variations caused by wavelength
shifts and changes in reflectance.
To achieve precise and vivid color representation in high-

resolution displays, a narrow FWHMand high color purity are es-
sential. Figure 2f illustrates the FWHM of each sample as a func-
tion of current density for μLED with a size of 60 × 60 μm2. The
FWHMof all three samples tends to increase with higher current
density due to the band filling effect.[36] However, FWHM differs
between the samples, increasing in the order of Sample C, Sam-
ple B, and Sample A. As mentioned earlier, Sample A potentially
generates the greatest amount of heat. When the temperature
rises, lattice vibrations and electron-phonon interactions inten-
sify, leading to energy level broadening. This results in EL peak
broadening and an increase in FWHM.[37] Consequently, Sam-
ple A exhibits the broadest FWHM, as confirmed in Figure 2g.
At 1.6 A cm−2, all samples have a similar FWHM values. How-
ever, at 167 A cm−2, Sample A exhibits the broadest spectrum
with minimal peak shift, attributed to a red shift by heat (The
EL spectra at other current densities are provided in Figure S3,
Supporting Information). The color coordinates corresponding
to different current densities are plotted in Figure 2h within the
CIE 1931 color space (As current density increases from 1 to 167
A cm−2, the coordinates shift in the direction indicated by the red
arrows). In Sample A, bending toward the green coordinate first
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Figure 3. Measurement of device temperature of sample A, B, and C. a) 2D thermal profile, which measured at four different current densities. b)
Thermal resistance-power dissipation curve.

occurs at 100 A cm−2, which coincides with the red shift point in
Figure 2e. This bending in the CIE 1931 causes the color coordi-
nates to deviate from the dominant wavelength, leading to color
purity degradation at higher current densities (Figure S9, Sup-
porting Information presents the color purity of each sample).
Additionally, a comparison of the displayable color gamut, using
the same red and green coordinates, reveals that this bending re-
duces the color gamut.

3. Heat Characteristics of µLED Devices
Depending on the Bonding Layer

Thus far, we have confirmed heat generation in each sample by
observing its impact on EQE, emitting wavelength, and color
purity. Notably, the impact varied with the type of bonding

layer used. In this section, we employed CCD-based thermal re-
flectance microscopy (TRM) to intuitively measure heat genera-
tion and to analyze the actual heat dissipation behaviors of the
samples.[38–40] Thermal measurements were performed on de-
vices with a size of 60 × 60 μm2 and different bonding layers,
across various current densities, as shown in Figure 3a. At low
current injection of 4.2 A cm−2, Sample A and B (thick oxide
bonding layer) showed almost similar thermal mapping images
with an average temperature of 31.8 °C. However, as the current
density increases to 31.3 A cm−2, Sample A exhibited more ex-
tensive red mapping data across the entire mesa area, indicating
a higher temperature. Specifically, the average temperatures of
samples A and B are 39.6 and 35.8 °C, respectively, while their
maximum temperatures reached 56.1 and 47.9 °C. Sample A ex-
hibited a higher temperature across the whole mesa area. This

Laser Photonics Rev. 2025, 19, 2402116 2402116 (5 of 9) © 2025 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH
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higher temperature and nonuniformity would impact the emit-
ting behaviors, which was shown as a large FWHMof EL spectra.
In contrast, sample C consistently shows the lowest temperature
across all current density ranges, with its maximum temperature
≈20 °C lower than sample A at 31.3 A cm−2. These results sug-
gest the oxide bonding layers dissipate heatmuch effectively than
polymer bonding layers, a finding that aligns with the red shift
trends in the peak wavelength observed in Figure 2. By analyz-
ing the average temperature change and power extracted at each
current density, we calculated thermal resistance, as shown in
Figure 3b. Thermal resistance represents the degree to which a
material resists heat transfer, and increases with the material’s
thickness.[41] Consistently, Sample C exhibited lower thermal re-
sistance than Sample B across all power dissipation levels. Lower
thermal resistance indicates better heat dissipation, suggesting
that Sample C canmaintain high performance at elevated current
densities without suffering from efficiency degradation, reduced
lifespan, or color shift due to thermal effects. From the analysis
of TRMmeasurement data, we identified two key factors that in-
fluence the temperature differences between samples. The first
factor is the thermal conductivity of the bonding layer. For ex-
ample, BCB has a thermal conductivity about one-fourth that of
SiO2, causing it to retain more heat and leading to higher tem-
peratures in Sample A compared to Samples B and C. The other
factor is the thickness of the bonding layer, which affects thermal
properties even for the same bonding material.

4. Demonstration of Vertically Stacked Full-Color
µLED with Oxide Bonding Layer

In the previous sections, we clearly identified several advantages
of using oxide bonding layers rather than conventional polymer-
based bonding layers. These advantages include minimizing re-
ductions in IQE caused by thermal effects, reducing LEE loss due
to absorption, and maintaining high color quality, which are crit-
ical for ultra-high-resolution display applications. Consequently,
we introduced oxide materials for the bonding layer in form-
ing full-color pixels and successfully demonstrated the vertically
stacked full-color μLED. The transmission electron microscope
(TEM) images are shown in Figure 4a. From the TEM images
and the selected area diffraction (SAED) pattern obtained, we
confirmed that the red, blue, and green epitaxy layers were suc-
cessfully bonded without any defects/voids and exhibited high
crystallinity demonstrating excellent structural integrity. The suc-
cess of the bonding is attributed to the wafer bonding technique,
which preserves the quality of each epitaxial layer without dam-
age during the bonding process. The electrical and optical charac-
teristics of the fabricated full-color μLED are presented in Figure
S13 (Supporting Information). The turn-on voltages determined
from the linear J-V curve plot were 2.75, 2.64, and 2.83 V for
the red, green, and blue μLED, respectively. The maximum EQE
of vertically stacked full-color μLEDs were 0.42%, 0.62%, and
8.4% for the red, green, and blue, respectively. Here, we have
not much considered the LEE in this work, thereby, the EQE
seems to be relatively low, but it can be improved in future stud-
ies. In the full-color μLEDs, each LED exhibits slightly different
device sizes due to the alignment margins inherent in the se-
quential top-down photolithography process, with dimensions of

57.5 × 57.5, 26.7 × 26.7, 44.1 × 44.1 μm2 for the red, green,
and blue μLED, respectively (Figure S14, Supporting Informa-
tion). As shown in Figure 4b, our device successfully emitted
a full range of colors including yellow, orange, cyan, pink, pur-
ple, and white, with the corresponding EL spectra illustrated in
Figure 4c. Figure 4d demonstrates the color coordinates of the
full-color μLED within the CIE 1931 color space. The CIE 1931
coordinates for red, green, and blue are (0.6964, 0.2939), (0.1171,
0.0762), and (0.2945, 0.6805), respectively. The calculated color
purity based on the RGB coordinates is 97.3% for red, 93.2% for
green, and 99.2% for blue, with a 94.4% overlap with the DCI-P3
color gamut. The color purity of each R, G, and B component rep-
resents the highest values reported to date for full-color μLEDs.
In high-resolution displays, such as those used in AR/VR, where
pixel density is extremely high, precise color representation and
accurate color differentiation are crucial. Therefore, both color
purity and FWHM are key factors. Based on the data extracted
from Figure 4c,d, we plotted color purity as a function in terms of
FWHM including the state-of-the-art vertically stacked full-color
μLEDs, presented in Figure 4e and Table S1 (Supporting Infor-
mation). Among the full-color stacked devices reported to date,
each μLEDs in this work achieves the highest color purity and the
narrowest-level FWHM. Overall, the red, green, and blue μLEDs
demonstrate exceptional color characteristics. We benchmarked
the key performance metrics, such as the bonding layers prop-
erties, device size, and color characteristics, of reported vertically
stacked full-color μLED displays including the device presented
in this work,[15–17] as shown in Table S1 (Supporting Informa-
tion). Our full-color μLED, which utilizes an oxide bonding layer,
is demonstrated for the first time compared to all previous works
that used polymer bonding and exhibit superior thermal perfor-
mance, attributed to differences in thermal conductivity. More-
over, it features the superior color characteristics discussed ear-
lier and achieves the highest overlap of 94.4% based on the DCI-
P3 color gamut, resulting in more accurate and vivid color repro-
duction on high-resolution displays.

5. Conclusion

In summary, we have first demonstrated a CMOS-compatible
vertically stacked full-color μLED using an oxide bonding layer
and HM3D technology for μLEDoS applications. To validate this
demonstration, we compared polymer-based and oxide-based
bonding by fabricating samples with BCB and SiO2 + Y2O3 bond-
ing layer, respectively, and evaluated their electrical, optical, and
thermal properties. The comparison revealed that the oxide bond-
ing samples exhibited an overall higher EQE due to lower LEE
degradation and minimized IQE degradation caused by absorp-
tion and thermal effects in the BCB bonding layer. Additionally,
we observed that the thermal characteristics of oxide bonding
layers depends on their thickness, with thicker layers exhibit-
ing increased efficiency degradation at higher current densities
due to heat. Using TRM, we measured the device temperature
and confirmed that the polymer bonding layer generates signifi-
cantly more heat than oxide bonding layer. Subsequently, we suc-
cessfully fabricated a full-color μLED that demonstrated excellent
color characteristics.
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Figure 4. Vertically stacked full-color μLED with oxide bonding layer for μLEDoS display. a) TEM image of vertically stacked red, blue, and green epitaxy
layers. b) EL image of full-color μLED showing red, green, blue, yellow, orange, cyan, pink, purple, and white through RGB color mixing. c) EL spectra
at each color. d) Color coordinate of μLED in the CIE 1931 color space with DCI-P3(dashed line). e) Comparison of color purity-FWHM plots for each
group of full-color μLEDs.

6. Experimental Section/Methods
Epitaxial Growth of InGaN-Based Blue µLED: The nitride-based blue

μLEDs were fabricated using epitaxial wafers grown on 8-inch Si (111)
substrates through the process of metal-organic chemical vapor deposi-
tion (MOCVD). To mitigate the high defect density and cracking result-

ing from the lattice constant mismatch between Si (111) substrates and
GaN, a buffer layer was employed. The buffer layer comprises an AlN seed
layer, an AlGaN/AlN superlattice, and an AlGaN buffer layer. Following
this, Si-doped n-type GaN layers were deposited, succeeded by a 20-pair
InGaN/GaN (1.3 nm/2 nm) superlattice for strain relief. This was followed
by a 6-pair InGaN/GaN multi quantum wells (MQW) layer with a thick-
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ness of 2.7 nm/10.8 nm. The structure of the nitride-based blue μLED was
completed with an AlInGaN electron blocking layer and aMg-doped p-type
GaN layer.

Epitaxial Growth of InGaN-Based Green µLED: The structure of the
nitride-based green μLED is identical to that of the nitride-based blue
μLED, except for the InGaN/GaN superlattice and theMQW layers. The su-
perlattice consists of 32 pairs of InGaN/GaN (5 nm/2 nm), while theMQW
layer is composed of InGaN/GaN with thicknesses of 2.7 and 13.5 nm, re-
spectively.

Epitaxial Growth of Phosphide-Based Red µLED: The phosphide-based
red μLEDs were grown on a 4-inch GaAs substrate. The overall structure
consists of an N+ GaAs buffer layer, an n-type AlGaInP layer, MQW struc-
ture, and p-type AlGaInP and GaP layers. The MQW structure was com-
posed of a 7 nm GaInP quantum well and a 14 nm AlGaInP quantum bar-
rier.

Preparation Before Bonding Process: Silicon and nitride-based wafers
intended for bonding were first diced into dimensions of 2 × 2 cm2 and
1.8 × 1.8 cm2, respectively. The diced wafers were then subjected to se-
quential cleaning using acetone, methanol, and isopropyl alcohol. Follow-
ing the cleaning process, a 200 nm thick indium tin oxide (ITO) transpar-
ent electrode was deposited via electron-beam evaporation. To establish
the ohmic contact, the nitride-based blue LED was annealed at 550 °C for
5 min in an air-ambient environment.

SiO2 Bonding Process: SiO2 was deposited on a nitride-based wafer
using plasma enhanced chemical vapor deposition (PECVD) at 400 °C.
To achieve oxide bonding, it is essential to maintain a root mean square
(RMS) surface roughness of <1 nm across the epi surfaces to ensure uni-
form bonding without voids. However, atomic force microscopy (AFM)
measurements revealed that the RMS value of the SiO2 layer deposited
via PECVD exceeded 1 nm. Therefore, CMP was employed to achieve the
necessary surface roughness. Subsequently, Y2O3 was deposited via sput-
tering, and bonding was carried out using heat and pressure.

BCB Bonding Process: A layer of BCB was applied onto Si wafer pieces
via spin coating. Following the coating process, the samples were pre-
baked at 150 °C for 10 min. The BCB-coated Si substrate was then placed
in a bonder, and a nitride-based blue LED intended for bonding was posi-
tioned on top. After establishing a vacuum, the pressure was gradually
increased to 2–4 kg cm−2. The temperature was then ramped up at a
rate of 10 °C min−1 to 150 °C, where the sample was baked for 10 min.
Subsequently, the temperature was further increased to 250 °C at a rate
of 5 °C min−1, and bonding was performed for 1 h at 250 °C. After the
bonding process, the temperature was gradually reduced, and once ambi-
ent temperature was reached, the bonded sample was removed from the
bonder.[42]

Full-Color µLED Bonding Process: To fabricate a full-color vertically
stacked μLED, nitride-based blue and green LEDs, along with a phosphide-
based red LED, were prepared. The epitaxial wafers were diced into 2 cm ×
2 cm sections, followed by sequential cleaning using acetone, methanol,
and isopropyl alcohol. A 200 nm thick ITO transparent electrode was de-
posited via electron-beam evaporation. For ohmic contact formation, the
nitride-based blue and green LEDs were annealed at 550 °C for 5 min in
an air ambient environment, while the phosphide-based red LED under-
went annealing at 200 °C and 200 mTorr for 5 min. Subsequently, a SiO2
bonding layer was deposited using PECVD. The surface roughness was
minimized to an RMS value below 1 nm via CMP. Y2O3 was then sputter-
deposited, and thermal compression bonding was performed under heat
and pressure. The silicon substrate was removed through dry etching, and
due to the etching selectivity between the n-GaN buffer layer and the sili-
con substrate, etching was stopped at the n-GaN buffer layer. Afterward,
an additional SiO2 bonding layer was deposited on the red and blue bond-
ing samples, followed by CMP to achieve the required surface roughness.
The green LED was then bonded in a similar manner, and the silicon sub-
strate was removed using the same process. Mesa structures for the red,
green, and blue LEDs were formed using inductively coupled plasma reac-
tive ion etching (ICP-RIE). Finally, aluminum oxide (Al2O3) was deposited
using atomic layer deposition (ALD), and contact metal areas were de-
fined on each mesa. Metal electrodes were deposited via electron-beam
evaporation, completing the fabrication of the full-color μLED.[43]

Measurement Method: The electrical characteristics of the devices
were measured using a Keysight B1500A. The optical properties were ex-
tracted by calibrating data measured with a 4-inch integrating sphere,
an optical spectrum analyzer, and a silicon photodiode connected to the
Keysight B1500A. The chromaticity was determined based on EL spec-
tra and color coordinates obtained from the integrating sphere and op-
tical spectrum analyzer. To quantitatively analyze the thermal profile of the
μLEDs at specific current densities, TRM was employed. A 2 Hz voltage
pulse was applied using a Keithley 4200, while images were captured at a
30 Hz frame rate over 10 s. To eliminate reflectance changes due to optical
emission from the μLEDs, a bandpass filter with a central wavelength of
661 nm (FWHM ∼10 nm) was used in the light input path, and a 660 nm
(FWHM ∼10 nm) filter was placed in front of the CCD camera (Pco Edge
4.2 LT) to ensure that only reflectance changes due to thermal effects were
observed. The thermal reflectance coefficient was calculated by measur-
ing the average reflectance change in the mesa region of the device as the
temperature was incrementally increased from room temperature.

Simulation: The absorption of BCB bonding layer was investigated us-
ing rigorous coupled-wave analysis (RCWA). The simulated structure and
environment were configured to be identical to those of the actual device
in this work. The n and k values of the BCB material were extracted based
on transmission and reflection measurements. Additionally, the LEE sim-
ulation for each sample was carried out using a 3D finite-difference time-
domain (FDTD) simulation program by Lumerical Inc.
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