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ABSTRACT: In recent years, research into implementing
microdisplays for use in virtual reality and augmented reality
has been actively conducted worldwide. Specifically, inorganic
light-emitting diodes (LED) have many advantages in
microdisplays, so much effort has been made to implement
them in various ways. However, it is still challenging to realize
a display with high resolution using only inorganic LEDs
without color conversion layers because a typical LED chip is
designed to emit only one color on a single wafer. In this
study, we integrated high-efficiency red, green, and blue
(RGB) LED material systems on the same sapphire substrate.
Since the blue and green LED structures comprised the same
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GaN semiconductor, a metalorganic chemical vapor deposition method was used to integrate them. Meanwhile, the red LEDs
made from another semiconductor were incorporated into the blue/green LEDs using a wafer-bonding technique. The
fabricated hybrid RGB LEDs were able to cover a wide color space. In addition, the RGB LED material systems consisting of a
high-quality single crystal were stably combined on the sapphire substrate without any structural defects. We show the
possibility of their use in displays by integrating the RGB LEDs on one chip and suggest that their utilization could range from

large-area LED displays to ultrahigh-resolution small displays.

KEYWORDS: micro LEDs, micro displays, selective area growth (SAG), wafer bonding, RGB full color, monolithic integration

Inorganic light-emitting diodes (LEDs) are made of single-
crystal compound semiconductors, so they have higher
luminous efficiency and stronger durability than other light
sources such as incandescent lamps, fluorescent lamps, and
organic LEDs.' Due to these advantages, inorganic LEDs have
been widely used not only in lighting but also in display
applications such as digital signage and the backlight of liquid
crystal displays.”® However, in the display industry, there is a
growing demand for self-emitting displays with a very wide
color gamut and high resolution.

Recently, as the interest in microdisplays for use in virtual
reality and augmented reality has increased, much effort has
been made to adopt highly efficient inorganic LEDs as a light
source for these applications.”® However, it is difficult to
realize a display with high resolution using conventional
inorganic LED manufacturing technology alone. First, there is
a limit on reducing the size of the LED chip itself. When
cutting a thick LED wafer using a laser or a dicing saw, a kerf
loss of a few tens of gm or more occurs around the chip; thus,
the chip size cannot be smaller than the kerf loss size.”*
Second, it is difficult to realize highly efficient red, green, and
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blue (RGB) emissions on a single wafer, because the material
system of the high-efficiency red LED structure is different
from those of the high-efficiency blue and green LED
structures. Theoretically, the InGaN material system can
cover the entire visible spectrum from infrared (0.69 V) to
ultraviolet (3.4 eV) by varying the composition of In in an
InGaN alloy.” However, it is difficult to form high-quality
InGaN films with excessive compositions of In experimentally
due to its re-evaporation from the growth surface.'” In
addition, the internal and external quantum efliciencies of
InGaN-based LEDs decrease abruptly toward the red spectral
region.'' In short, it is challenging to realize high-efficiency red
emission (~630 nm) from InGaN/GaN LEDs. For these
reasons, an InGaN LED structure has been used for high-
efficiency green and blue emission and a high-efficiency
AlGaInP LED structure has been used for red emission.'”"” In
other words, each RGB LED chip fabricated from three
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Figure 1. Schematic of the fabrication process of the hybrid RGB LEDs: (a) the fabrication process of the blue/green dual-color LEDs using
selective area growth (SAG), (b) the process for the formation of the red pixels using adhesive bonding, and (c) top and (d) cross-sectional views

of the final device.

different LED wafers was required to form a pixel, resulting in a
limitation in resolution.

Several epitaxial structures and fabrication methods have
been suggested to emit various colors on a single wafer. Some
research groups have introduced InGaN/GaN structures with
multifacets, such as nanorods, pyramids, and donuts, and
demonstrated various color emissions by varying the current
injection density into GaN multifacets."*~"” Other groups have
implemented polychromatic wavelengths by vertically or
laterally growing two or more active regions with different
emission wavelengths.lg’19 However, it is difficult to
independently control both each RGB color and its brightness
because all LEDs using these methods have only two electrode
terminals in common. These methods could be suitable for
implementing white LEDs for illumination rather than the
application of a display direct light source.”

Much research has been carried out recently to achieve high-
resolution microdisplays by arranging RGB LED thin films
accurately and effectively, resulting in a pixel size of under a
few tens of micrometers.”' ** Currently, the most widely
attempted methods for creating micro-LEDs are picking and
placing a number of LED thin films without a substrate via
laser lift-off (LLO) or chemical lift-off. The major technical
issue with this approach is acquiring all of the RGB thin-film
LED pixels and placing them on the display panel without any
missing pixels. Therefore, many research groups and
companies are studying this methodology and attempting to
solve the problem of transfer yield. Nevertheless, the thin-film
LED pixel transfer method still has a limited resolution because
it depends on the pick-and-place machine accuracy rather than
the photolithography resolution. In short, this thin-film LED

pixel transfer method may be suitable for 100—400 pixel-per-
inch (PPI) level display applications, such as smart watches,
TVs, and mobile phones. However, higher-resolution displays
above 1000—2000 PPI, such as head-mounted displays, smart
glasses, and pico projectors, remain a challenge.

Other research groups have attempted monolithic methods
that form a lot of pixels using only a photolithography process
on a single wafer to achieve a higher resolution than the pick-
and-place method.” For example, CEA-LETI implemented
monochromatic micro-LEDs with a resolution of approx-
imately 2500 PPI using a monolithic method.”® Here, the
biggest challenge with the monolithic approach is realizing
RGB full color, and many research groups have tried this in a
variety of ways such as with wavelength conversion layers and
nanowires.”” >° However, to achieve ultrahigh-resolution
displays with both a very wide color space and high efficiency,
it is advantageous to form RGB self-emitting light sources
rather than wavelength conversion layers on a single wafer.

In this study, we demonstrated the integration of red
(AlGaInP), green (InGaN), and blue (InGaN) LEDs
composed of high-efficiency inorganic material systems onto
a single wafer and showed their applicability for displays. To
realize this, we first attempted to integrate both the green and
the blue LEDs composed of the same material system
(InGaN) monolithically on a sapphire substrate through a
selective area growth (SAG) method (Figure 1a). Next, for the
realization of the red LEDs, a highly efficient AlGaInP system
was combined with an InGaN system via an adhesive bonding
technique (Figure 1b). A detailed description of the fabrication
process is presented in the Methods section. Unlike conven-
tional methods that require repetitively picking-and-placing
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Figure 2. Electroluminescence (EL) spectra of the (a) blue, (b) green, and (c) red LEDs measured by varying the injection current (2, 4, 6, 8, and
10 mA), (d) an EL spectrum of a hybrid RGB LED in the white mode (blue, 8 mA; green, 2 mA; red, S mA), and (e) microscopic images of the
hybrid RGB LEDs in (top to bottom) blue, green, red, and white color modes.

Table 1. Peak Wavelengths and fwhms of the EL Spectra for the Hybrid RGB LEDs Measured by Varying the Injection

Current (2, 4, 6, 8, and 10 mA)

blue LED green LED red LED
injection current (mA) 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
peak wavelength (nm) 482 479 477 476 476 530 529 527 528 524 636 637 638 639 640
fwhm (nm) 33 35 35 35 35 35 37 37 37 37 14 15 16 17 18

each RGB pixel, we only used a standard semiconductor
process on a single wafer, entailing a potential to improve the
resolution and pixel yield. In addition, it is meaningful in that
RGB full-color LEDs were realized without the high-cost LLO
or a color conversion material. We analyzed the operation and
color of the fabricated hybrid RGB LEDs using electro-
luminescence (EL) measurements, and their overall structure
and unique characteristics were intensively studied using
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), microphotoluminescence (u-PL), and
atomic force microscopy (AFM).

B RESULTS AND DISCUSSION

EL Spectra of the Hybrid RGB LEDs. In general, the color
and brightness of a pixel in a display are determined by the
grayscale of each RGB light source. In this experiment, we
controlled the grayscale of the hybrid RGB LEDs by varying
the injection current, as shown in the EL spectra of each RGB
LED (Figure 2a—c). As the injection current applied to each
RGB LED increased from 2 to 10 mA in 2 mA increments, the
EL intensity of each RGB LED was increased by dividing it
into five gray levels (one for each increment). Here, the EL
peak wavelengths and full-widths at half-maximum (fwhms) of
the blue, green, and red LEDs were 479 and 35 nm, 529 and
37 nm, and 637 and 1S5 nm, respectively (@ 4 mA). However,
the spectra exhibited peak wavelengths that were slightly
shifted as the injection current increased (Table 1). The peak
wavelengths of the InGaN/GaN-based blue and green LEDs

were blue-shifted due to the band-filling effect, while the peak
wavelength of the AlGalnP-based red LEDs was red-shifted
due to the Joule-heating effect caused by the lower thermal
conductivity of the SU-8 (0.3 W/m °C) than GaAs (55 W/m
°C).30_32 In addition to the monochromatic blue, green, and
red emission, we were able to attain the white color by
manually tuning the injection currents applied to each RGB
LED, as shown in Figure 2d. The spectrum of the white color
had triple peak wavelengths at 476, 530, and 637 nm. As a
result, each RGB LED was independently operated in its
respective emission region, which is shown in the microscope
images of the device in Figure 2e.

Additive Color Mixing of Hybrid RGB LEDs. In a display
using inorganic LEDs as a self-radiative light source, the color
of a pixel is produced by the additive color mixing of the three
light sources (the RGB LEDs). To express the desired color
accurately, it is important to control the optical power of each
light source. Equations 1—4 represent the relationship between
the three light sources’ optical powers and the chromaticity
coordinates of the produced color:

L= E(/II)H + }_’(/11)P1 + Z(/ll)Pl (1)
L, =%(1)B + 7 (1,)B, + Z2(4)B, (2)
L, = x(23)P + 7 (43)P, + Z(43)P, (3)

x Ly + x50, + x305

_ ylLl + yzLZ + y3L3
Li+L,+L, '

Li+L,+ L, (4)
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Figure 3. Color performance of the hybrid RGB LEDs: (a) chromaticity coordinates, (b) photographs for 10 color modes, and (c) EL spectra for

two- and three-color mixing.
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Figure 4. (a) Tilted-view scanning electron microscopy (SEM) image of the dual LEDs, and (b) a low magnified cross-sectional scanning
transmission electron microscopy (STEM) image of the regrown boundary region, microphotoluminescence (PL) plots of the (c) nonregrown and
(d) regrown regions, and high-magnification STEM images of the (e) blue and (f) green MQWs.

where [%(4), y(l)y Z(4)], [Py, P, Py], and [(x,, )’1); (%3, yz)r
(%3, ¥3)] are the color matching functions, optical powers, and
chromaticity coordinates of the three light sources, respec-
tively.

This optical power can be controlled by varying the injection
current or the duty ratio of the pulse-width modulation
according to the driving circuit.”>*" In this experiment, we
controlled the optical power by tuning the injection current,
and the ten-color modes were produced as follows: [(blue/
green/red)] = [(3:0:0), (2:1:0), (1:2:0), (0:3:0), (0:2:1),

(0:1:2), (0:0:3), (1:0:2), (2:0:1), (1:1:1)] (Supporting
Information 1, Table S1).

We first measured the CIE chromaticity coordinates of
individual RGB LEDs to check the color range that the hybrid
RGB LEDs were able to express. As shown by the CIE
coordinates in Figure 3a, the fabricated LEDs were able to
cover the RGB full-color range. Specifically, the color space of
the hybrid RGB LEDs (solid line) covered approximately 80%
of the BT.2020 color space (dashes) used as the color
evaluation item in an ultrahigh definition display, thus,
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Figure S. (a) Electroluminescence (EL) spectra and (b) current—voltage (I—V) characteristics of the green LEDs with/without the regrowth
process. (c) Schematic diagram illustrating the mechanism for the change in electrical and optical properties caused by regrowth.

demonstrating a fairly wide color space.”” Although the color
space of the hybrid RGB LEDs is narrower in the blue and
green regions compared to the BT.2020 color space, we expect
that the color coordinates near these regions can be expanded
further by tuning the growth parameters of InGan/GaN and
shifting the blue and green light’s emission wavelengths toward
467 and 532 nm, respectively.

Not only the CIE coordinates of the individual RGB LEDs,
but also those of two- and three-color mixing were measured to
verify that color control was as intended. The chromaticity
coordinates of the two-color mixing were plotted on a straight
line connecting those of the two light sources to approximately
three equal parts. In short, each chromaticity coordinate of the
mixed light became the internal division point weighted by the
optical power ratios of the two light sources. Moreover, the
chromaticity coordinates in the white mode were located in the
center of gravity of the color triangle.

Figure 3b presents a series of photographic images
corresponding to the CIE chromaticity coordinates in Figure
3a. The hybrid RGB LEDs emitted various light colors ranging
from blue (~475 nm) to red (~635 nm) and even to colors
that could not be realized with a monochromatic wavelength
(pink and white). In addition, the colors of the mixed light
were consistent with those of the chromaticity coordinates in
Figure 3a. The EL spectra for the two- and three-color mixing
had a spectrum shape that superimposed the individual
spectrum of each light source (Figure 3c). In conclusion,
through measurements of the chromaticity coordinates and the
EL spectra, we demonstrated that the hybrid RGB LEDs
covered a very wide range of full colors and could be controlled
as intended.

Analysis of the Regrown Epistructure of the
Monolithic Dual LEDs. Figure 4a shows a tilted-view SEM
image of the dual LEDs, in which the white dotted line

represents the boundaries between the regrown and non-
regrown epilayers. For an in-depth analysis, a TEM specimen
was prepared, as indicated by the red lines in Figure 4a. In the
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images (Figure 4b), it can be
seen that the regrown epilayer consisted of two active regions
laminating the blue and green MQWs. The thickness of the
regrown epilayer (p-GaN/MQWs/n-GaN) was approximately
570 nm (140/50/380 nm), which was much thinner than that
of a typical LED epilayer. This monolithic blue/green
integration is significantly meaningful in that the use of the
sapphire substrate and the total growth time were reduced,
thus resulting in cost savings when compared with the
conventional method requiring three LED wafers.

To understand the multijunction structure of the monolithic
dual LEDs more fully, y-PL measurements were conducted,
the results of which were compared with the EL results (Figure
2). The nonregrown region consisted of only green MQWs, so
only a single peak wavelength of 506 nm was observed in the
inner circle (Figure 4c). In contrast, two peaks at wavelengths
of 460 and 506 nm were observed in the regrown region (ring-
shaped) because it consisted of both blue and green MQWs
(Figure 4d). Although the dual peak wavelength from the PL
excitation was observed in the regrown region (ring-shaped),
the green EL emission in this region could not be intentionally
produced, as shown in Figure 2e. This is because the holes in
the p-GaN material were only injected into the green MQWs
in the nonregrown region (inner circle) with a current
spreading layer. In other words, the green MQWSs in the
regrown region (ring-shaped) were not used as a radiative
recombination layer.

Meanwhile, in the regrown region (ring-shaped) laminating
the two different active regions, an unintended optical
absorption phenomenon could occur due to the interactions
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Figure 6. Bonding reliability of the hybrid RGB LEDs: photographs of (a) the AlGaInP-based red LED thin film transferred completely onto the
blue/green dual LED chip and (b) the sample where the red pixel was formed through the photolithography process, (c) tilted-view and (d) cross-
sectional scanning electron microscopy (SEM) images of the transferred red LED thin film, and atomic force microscopy (AFM) images of (e) the
transferred red LED thin film, (f) the red LED wafer, and (g) the red LED wafer etched from the p-GaP surface down to the etching stop layer.

between the energy bandgaps and emission wavelengths of the
two different active layer regions. Specifically, as the intensity
of the blue EL emission generated in the blue MQWs (ring-
shaped) increased, the unintended PL excitation in the
underlying green MQWs (ring-shaped) could be generated
by the blue EL emission because the green MQWs (~2.34 eV)
absorbed the blue light (~2.65 eV). However, as can be seen in
Figure Sla, only a single wavelength of 475 nm was observed
despite applying a high current to the blue LED. In short, the
influence of the green PL excitation caused by the blue EL
emission was negligible, so no unintended color modulation
was observed (Supporting Information 2, Figure S1).

Figure 4e and f shows high magnification HAADF-STEM
images of the blue and green MQWs, respectively. The upper
active region emitting the blue light is uniformly comprised of
five-period MQWSs. Meanwhile, in the case of the underlying
green active region consisting of six-period MQWs, a few
points of QWs had lower HAADF-STEM intensity than the
others. This lack of uniformity of the green MQWs appears to
have occurred during the regrowth process. To understand
how this affected the green LEDs, we prepared green LEDs
fabricated without the regrowth process as a reference. For a
fair comparison, both the regrown and reference samples were
extracted from the same green LED wafer and the same
fabrication process was carried out simultaneously, except for
the regrowth step. The EL spectra and the current—voltage (I—
V) characteristics of the green LEDs of the two samples are
displayed in Figure Sa and b, respectively. It can be seen that
the EL spectrum of the regrown sample was blue-shifted by S
nm compared to the reference sample at the same current
injection. In the electrical characteristics of the regrown
samples, there was little change in the series resistance and
only the turn-on voltage increased by 0.4 V. These slight
changes in the optical and electrical properties of the green
LED are probably due to the unintended QW interdiffusion®
that occurs during the regrowth (Figure 4f). Due to the effect
of the regrowth temperature (~960 °C), which was relatively
higher than the active region growth temperature (~750 °C)
during regrowth, the indium in the MQWs slightly

interdiffused into the adjacent region, thereby causing a
reduction in their indium content. This resulted in the energy
band gap in some of the MQWSs becoming larger than before
the regrowth (Figure Sc). This change in bandgap energy
directly affected the emission wavelength (1 = hc/E,) and turn-
on voltage (Vy, = E,/e), so the phenomenon causing the blue-
shifted spectrum and the turn-on voltage increase was well
interpreted by the QW interdiffusion mechanism.

Although the changes in the optical and electrical character-
istics of the green LEDs after regrowth are not severe,
optimization studies to minimize unintended QW interdiffu-
sion are needed to acquire high-quality two-color emission
wavelengths. However, the regrowth process should be
designed in consideration of not only the unintended QW
interdiffusion of the underlying LED structure, but also the
regrown epitaxial quality, since the crystallinity of the GaN
material may be adversely affected when the regrowth
temperature is set too low.”’ We used high-resolution
transmission electron microscopy (HRTEM) to check the
crystallinity of the two active regions (Supporting Information
3, Figure S2). The interplanar spacings of the c-GaN barriers in
both the blue and green active regions measured from the
HRTEM images were approximately 5.2 A, which was almost
consistent with the lattice constant of GaN (¢ = 5.186 A). In
addition, the clear diffraction patterns of the fast Fourier
transform (FFT) were regularly arranged, confirming that the
blue and green active regions had a high-quality monocrystal-
line.

Analysis of the Bonding of the AlGalnP-Based Red
LEDs. To implement the red pixels using our adhesive bonding
strategy, the entire red LED thin film was transferred onto a
dual LED chip through GaAs substrate removal and then
pattered via a standard semiconductor fabrication process.
Although we used a commercial red LED wafer designed for
substrate removal in this experiment, replacing the substrate
removal process with an epitaxial lift-off process by inserting a
sacrificial layer into the red LED structure will further improve
the process throughput and provide donor wafer reusability,
thus, resulting in a cost reduction.>®*°
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The important point of our bonding technique is that the
thin-film LED is transferred only once without an intermediate
substrate, which could be advantageous in terms of transfer
yield. The bonding transfer yield of the AlGalnP red thin film
can be best visualized in the photographic image in Figure 6a.
We succeeded in transferring the entire red LED film at a yield
of almost 100% on the dual LED chip with a quarter-sized 2-in.
wafer. Furthermore, in the sample where the red pixels were
formed through the photolithography process, there were no
missing pixels among approximately 350, as shown in Figure
6b, because the red pixel yield was directly related to the
transfer yield of the entire thin film.

To check whether the transferred red LED thin film was
stably bonded, the bonding interface of the sample was
observed via the SEM images in Figure 6¢,1d. The bonding
material integrated the AlGaInP/InGaP and InGaN/GaN
systems without any air gaps or cracks, and the transferred red
LED epilayer additionally showed no cracks or damage. To
further study the transferred red LED thin film, its surface was
measured using AFM, as shown in Figure 6e—g. The root-
mean-square (RMS) of the surface roughness of the transferred
LED was 0.383 nm, which was lower than the red LED wafer’s
surface RMS (1.526 nm). However, the surface of the red LED
wafer was p-GaP, which differed from the surface (etching stop
layer: GaInP) of the transferred red LED thin film. For a
similarity comparison, a reference sample was prepared by wet-
etching the red LED wafer down to the etching stop layer from
the p-GaP surface. The surface RMS of the reference sample
was 0.629 nm, confirming that the surface of the transferred
red LED was fairly uniform. It is worth noting that the
AlGalnP-based and InGaN-based LEDs were stably integrated
by the adhesive bonding without any transfer-yield degradation
of the red pixels.

Relevance of the Hybrid RGB LEDs for Display
Applications. For the fabricated hybrid RGB LEDs to be
applied in an actual display, they should be connected to the
latter’s drive circuit, such as CMOS or TFT. However, since
the hybrid RGB LEDs are composed of a stacking structure,
their electrodes are located at different heights. For this reason,
the position of their metal electrodes should be set to the same
height; thus, planarization and via-hole technologies may be
required. In this study, the hybrid RGB LEDs were probed in
the forward direction for easy and precise optical measure-

ments. However, a flip-chip structure that emits light toward
the reverse side of the chip is more suitable for display
applications.”” In this case, the hybrid RGB LEDs emit light
behind the chip through a transparent substrate, such as
double-side-polished sapphire (Figure 7a). Using this flip-chip
structure, the hybrid RGB LEDs could be used in various
applications ranging from low-resolution displays in which the
diced RGB LED chips are individually arranged to high-
resolution displays in which the RGB chip itself becomes a
display panel (Figure 7b).

B METHODS

Integration of the Blue and Green InGaN/GaN LEDs.
InGaN/GaN-based blue and green LED structures were
monolithically integrated on a sapphire substrate via the
SAG technique (Figure 1a). First, a 500 nm thick SiO, film was
deposited on the green LED wafer using plasma-enhanced
chemical vapor deposition and 300 ym diameter circle SAG
masks were formed using a standard photolithography process
(Figure 1la-i). When forming the SAG mask, a buffered oxide
etchant (BOE) wet-etching process was used instead of dry
etching to minimize p-GaN surface damage.”' Next, inverted
LED structures (n-GaN/blue MQWs/p-GaN) emitting blue
light were regrown on the green LED wafer with the SAG
mask pattern using metalorganic chemical vapor deposition
(Figure la-ii). The most important issue in the regrowth step
is minimizing the impact on the underlying green LED
structure during the process. The parameters that can affect the
green LED structure during regrowth include the regrowth
time and the temperature, which could cause degradation of
the active region of the green LED structure. To minimize the
regrowth influence on the green LED structure, we set the
regrowth temperature to 960 °C or less and the regrowth layer
thickness to less than 1 um. After regrowth, the SAG mask
patterns were completely removed with a BOE solution to
expose the common p-GaN region (Figure la-iii). Following
this, to form the blue pixels and expose the n-type GaN layer of
the green LEDs, circle etching masks were formed with a larger
size (500 um diameter) than that of the SAG patterns,
followed by inductively coupled plasma dry etching. Next,
indium tin oxide (ITO) layers were deposited onto the p-GaN
(green pixel region) and top n-GaN (blue pixel region) for
current spreading. In this step, we prevented a short circuit
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Figure 8. (a) Circuit configuration schematic of the hybrid RGB LEDs and (b) the equivalent circuit diagram of the circuit configuration.

between the common p-type and the top n-type layers by using
ITO patterns with a ~10 gm gap. Even though the top n-GaN
layer had a doping concentration as high as ~10'" cm™, ITO
deposition was nevertheless essential (Supporting Information
4, Figure S3). Finally, the Cr/Au (30/300 nm) layers were
evaporated onto the ITO layers and the bottom n-GaN layer
using an e-beam evaporator for the formation of the n- and p-
type electrodes of the two LED:s.

Integration of AlGalnP-Based LED and GaN-Based
LEDs. For realizing the RGB full-color LEDs using the dual
LED chip fabricated by the SAG technique, it needs to be
combined with an AlGalnP-based red one. In this experiment,
we integrated the RGB LEDs using adhesive bonding and
substrate removal techniques (Figure 1b). First, before
bonding the fabricated dual LEDs and the red LED wafers,
the surface treatment of each sample was implemented to
improve the surface adhesion of the two samples. For the red
LED wafer, the native oxide was removed with diluted HCI
solution and then coated with hexamethyldisilazane (HMDS).
In the case of the dual LED chip, only the HMDS treatment
was performed because the HCI solution could have attacked
the metal layer on it. After the surface treatment of the two
samples, the adhesive bonding material (SU-8) was coated on
the fabricated dual LED chip. Here, the amount of SU-8
needed to be used appropriately depending on the wafer area
and the thickness of the bonding layer. Subsequently, the red
LED wafer was stacked on the coated dual LED chip so that
the two LED epilayers faced each other (Figure 1b-i). To
remove any air voids in the SU-8 completely, the laminated
sample was placed in a vacuum at room temperature for 1 h
before curing (the optimized vacuum time can vary depending
on the pattern shape, wafer area, and viscosity of the bonding
material). Next, to cure the SU-8, the laminated sample was
baked at 200 °C for 2 h in a conduction oven under
atmospheric pressure. Afterward, the GaAs substrate was
removed and red LED pixels formed, as described in detail in
our previous research.”” Briefly, the GaAs substrate was
removed by a NH,OH-based solution, and the red LED pixels
(300 ym diameter circle) were formed using both wet and dry
etching processes. Since the cured SU-8 have approximately
90% transmittance, we were able to ensure the location of the
blue and green LEDs during the photolithography process of
the red LEDs. Figure 1c and d schematically provides top and
cross-sectional views of the final device (hybrid RGB LED),

respectively. Here, the dimension parameters of the red, green,
and blue LEDs are (150 pm)?, 7(150 pm)?, and 7(250 ym)?
— 7(150 um)?, respectively. Moreover, the hybrid RGB LEDs
have five electrode terminals (one less than individual RGB
LED chips), raising the possibility of making the geometric
features of the device simpler and smaller.

Circuit Configuration. To achieve full-color emission
using the fabricated device, the hybrid RGB LEDs should be
independently operated by their respective power sources. We
verified the full-color emission of the hybrid RGB LEDs using
three power supplies and five probes. In the fabricated device’s
structure, the blue and green LEDs share a common anode
(p(G, B)), which is unlike typical LED chip structures, so a
special circuit configuration is required to control them
independently, as shown in Figure 8a. Here, connecting the
p(G, B) to GND enables the two LEDs to be individually
separated in the circuit, as shown in the equivalent circuit
diagram in Figure 8b. As a result, the hybrid RGB LEDs could
be independently controlled by their respective power supplies.
Figure S4 describes the exceptional emission mode when the
monolithic dual LEDs were not individually separated in the
circuit (Supporting Information S, Figure S4).

B CONCLUSIONS

We demonstrated the manufacture and a thorough study of
hybrid RGB LEDs using SAG and adhesive bonding
techniques. These results are significantly meaningful in that
all of the inorganic RGB LEDs were integrated on a single
wafer, thus, increasing the possibility of their use in compact
display applications and reducing costs. The hybrid RGB LEDs
could be independently operated with a wide color space (80%
of the BT.2020 color space). In the regrowth process, both the
epitaxial quality of the regrown epilayer and the MQWs of the
underlying epilayer were considered to realize high-quality
two-color emission wavelengths. Furthermore, the entire
AlGalnP-based thin film was stably transferred without
transfer-yield degradation of the red pixels. Overall, we believe
that the strategy presented in this study shows great potential
for use in various display applications ranging from low-
resolution displays to high-resolution ones.
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