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ABSTRACT: We report on the vertically stacked color tunable
light-emitting diodes (LEDs) fabricated using wafer bonding
with an indium tin oxide (ITO) layer and transfer printing by the
laser lift-off process. Employing optically transparent and
electrically conductive ITO as an adhesion layer enables to
bond the GaN-based blue and AlGaInP-based yellow LEDs. We
find out that the interdiffusion of In, O, and Ga at the interface
between ITO and GaP allows the strong bonding of the
heterogeneous optoelectronic materials and the integration of
two different color LEDs on a single substrate. The efficacy of
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this method is demonstrated by showing the successful control of color coordinate from the vertically stacked LEDs by

modulating the individual intensity of blue and yellow emissions.
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norganic light-emitting diode (LED) has been focused as a

key component in solid-state lighting source because of its
intrinsic properties such as high internal quantum efficiency
(IQE), external quantum efficiency, low power consumption,
and long-term stability.' ™ Numerous efforts in past decade
have significantly developed the LED technology to satisfy the
diverse requirements for solid-state lighting systems including
general lighting and outdoor digital signage.”® Charge
separation in a GaN-based active region which reduces the
IQE has been improved using staggered quantum well
structures®” and nonpolar or semipolar GaN LEDs.* Epitaxial
lateral overgrowth (ELOG) and surface plasmon have been also
managed to increase the IQE,'"'" and surface texturing or
photonic crystal have been suggested for high light extraction
efficiency.'>"?

In addition, previous studies have introduced methods to
fabricate passive or active matrix monochromatic microdisplays
using GaN-based blue or green LEDs.'*™"7 These addressing
techniques show the feasibility for use in next-generation visual
systems that are high resolution, near-to-eye, or for projections.
However, different structural aspects between GaN-based LEDs
covering from blue to green and AlGalnP-based LEDs emitting
in the range from yellow to red make it difficult to grow and
integrate both materials on a same substrate.'® Current skills to
generate multicolor LEDs through the mechanical packaging of
different color LED chips in a lateral configuration impose a
limit on the resolution due to chip placement accuracy which is
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a few hundred microns.'” Therefore, the problematic issue of
integrating red, green, and blue primary color LEDs on a single
wafer should be challenged to expand its applications to high-
resolution full-color compact displays, biomedical, and
optogenetic applications which require multiwavelengths for
in vivo or in vitro illumination of biological units located on
tiny area.'” Previously, several studies have suggested
approaches to fabricate single wafer-based color tunable LEDs
using multifaceted GaN nanorods,*® high In-content InGaN-
based LEDs,*' and inkjet printing of organic color converters
on ultraviolet LEDs,”* but the external bias-dependent color
change and the degradation of emission efficiency because of
color converters still require breakthroughs to achieve full range
color tunability by controlling the emission intensity of the
primary colors.

Here, we report color tunable dual wavelength LEDs by
vertically stacking GaN-based blue LEDs onto AlGalnP-based
yellow LEDs using wafer bonding and transfer printing
processes. This scheme not only enables the construction of
heterogeneous materials on a single substrate for compact pixel
design using a simple fabrication process, but also provides a
wide range of color control by modulating the individual
intensity of highly pure blue and yellow emission. The bonding
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and transfer printing techniques provide a straightforward
pathway to produce high-efficiency LEDs in a lattice
mismatching system,”** vertical LED chips for high thermal
and electrical performance,®>® and flexible LED devices for
various shape deformations.””~>* However, there were no
reports on color tunable inorganic LEDs by integrating
inhomogeneous materials on a single wafer using the bonding
and transfer printing technology. The key strategy to this
approach was to employ optically transparent and electrically
conductive indium tin oxide (ITO) as an adhesion layer
between blue and yellow LEDs which had a high efficiency of
emission. Even though a few studies have reported that
transparent conducting materials such as ITO or ZnO can be
bonded to InGaAs or GaN layer using wafer fusion at high
temperatures,*>" their ability to bond GaN-based LEDs and
AlGaInP-based LEDs has not been investigated. To demon-
strate the efficacy of this method, we show the electro-
luminescence (EL) emission from the GaN-based blue and
AlGalInP-based yellow LEDs that were vertically stacked using
an ITO bonding layer and control the color coordinate on an
International Commission on Illumination (CIE) 1931 «x-y
chromaticity diagram by adjusting the injection current in each
LED.

Figure la presents a schematic describing the fabrication of
the vertically stacked color tunable LEDs using wafer bonding
to the ITO adhesion layer and transfer printing with the laser
lift-off (LLO) process. We grew a GaN-based InGaN/GaN
multiple quantum well (MQW) LED epilayer on sapphire for
blue emission (480 nm) and an AlGalnP-based LED epilayer
on GaAs for yellow emission (590 nm) using metalorganic
chemical vapor deposition (MOCVD) (see Figure Sl in the
Supporting Information for detailed structures of the GaN-
based blue and the AlGalnP-based yellow LEDs). The
complementary colors of blue and yellow were selected to
achieve coordinates on CIE x-y chromaticity diagram in the
white region. First, an 800 nm thick ITO adhesion layer was
deposited on top of the GaN-based epilayer by electron beam
(e-beam) evaporation of a compound source of In,O; (90 wt
%) and SnO, (10 wt %), followed by a rapid thermal annealing
process for ITO at 500 °C for 1 min. After bringing the two top
planes (the ITO of the blue LED and the GaP of the yellow
LED) in contact, wafer fusion bonding was carried out at 600
°C for 4 h under a weight pressure of 2.2 MPa. Just before the
wafer fusion process, the surfaces of both samples were cleaned
and the samples were directly stacked since the surface
cleanliness of the LED wafers is crucial in fusion bonding.**
The bonding temperature of 600 °C used for an ITO adhesion
layer was low enough to avoid the thermal stress on MQW
layers. This is important because the optical performance of
LEDs could be degraded during an annealing process at high
temperatures.®® Afterward, the blue LED epilayer was separated
from the sapphire substrate using a KrF excimer laser. The
transferred blue LED layer onto AlGalnP-based yellow LED
layer as shown in Figure 1b demonstrates that the bonding
between the ITO and the GaP is strong enough to allow an
LLO process without delamination of the ITO bonding layer
(see Figure S2 in the Supporting Information for detailed
chemical structures of the bonding interface after the bonding
process). The vertically stacked configuration using the
bonding and transfer printing process shown in Figure Ic
provides a stable platform to integrate different color LEDs on
the same substrate and it can reduce the area of microsize LED
pixels for high-resolution displays compared to the conven-
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Figure 1. (a) Illustration of the fabrication steps to generate color
tunable LEDs using wafer bonding and transfer printing. (b) Cross-
sectional SEM image of the ITO adhesion layer. (c) Photograph of
GaN-based blue LED film that was transferred onto the AlGalnP-
based yellow LED epilayer. The sample size was 1.5 X 1.5 cm” This
platform provides a stable way to integrate blue and yellow LEDs in a
vertically stacked configuration. (d) Tilted SEM image of the
integrated blue and yellow LEDs in a vertically stacked configuration
after completion of the fabrication process. The orange is the n-
electrode of the blue LED, and the red is the common p-electrode of
the blue and yellow LEDs.

tional lateral configuration of LED pixels. We believe that the
integration scheme of heterogeneous photonic materials by
using an ITO adhesion layer can be also used for other
optoelectronic devices such as photodetectors, solar cells, and
laser diodes.

Inductively coupled plasma-reactive ion etching (ICP-RIE)
and e-beam evaporation of Ti/Au were used to produce the
blue LED pixels and the electrodes through the photolitho-
graphically defined masks (see Figure S3 in the Supporting
Information for the LED pixelation process). Figure 1d shows
the top view of the color tunable LEDs. The n-electrode for the
blue LED is shown in orange on top of the architecture and the
red electrode on the exposed ITO region is the common p-
electrode for the blue and yellow LEDs. The transfer printing
process induces the inverted shape of the GaN-based LED,
resulting in an ITO-inserted n-p-n structure to be operated by
three terminals (the n-electrode for the AlGaInP-based yellow
LED is not shown in the figure). The three terminals (the two
terminals on the top and one terminal at the bottom) can
decrease the size of the color tunable LEDs by simplifying the
wire bonding.

To investigate the chemical structure of the bonding
interface between ITO and GaP, we prepared a partially
bonded sample at a slightly lower bonding temperature of 550
°C and a shorter bonding time of S min. The mildly bonded
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sample was then mechanically separated at the interface
between the ITO and the GaP. The morphology of the
surfaces of GaP and ITO was inspected using scanning electron
microscopy (SEM) as shown in Figure 2a, b. The small bright
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shown in Figure 2d. These results imply that In, O, and Ga are
associated with the bonding process.

Previous reports on Ohmic contacts between ITO and Ga—V
compound semiconductors have suggested the interdiffusion of
In/Sn/O and Ga at the interface.>*~3¢ Auger electron
spectroscopy depth profiling of the interface region showed
that In/O and Ga diffuse during annealing at 435 °C,
generating a mixed phase of In,Ga,0, at the interface between
GaP and ITO.*® We also believe that the EDX peaks of In and
O on the GaP surface and Ga on the ITO surface, as shown in
Figure 2c and d, can be attributed to the mixed interfacial layer
composed of In—Ga—O through diffusion at the ITO/GaP
bonding interface. Therefore, fusion bonding of blue and yellow
LEDs with an ITO interlayer at a higher temperature of 600 °C
for 4 h could enhance the diffusion of the elements to generate
a mixed interfacial layer that would enable strong bonding of
ITO and GaP.

Figure 3a shows the EL spectra of individually operated blue
and yellow LED:s in the vertically stacked configuration. Here,
we evaluated the optical properties of the LEDs at low injection
currents because the low optical output power of LEDs would
be sufficient for various applications such as displays and

—~

a)

Peak wavelength (nm)

(Before bonding) (After bonding)

Figure 2. (a) SEM image of the separated GaP surface after mild
bonding at 550 °C for S min. The arrows indicate the bonded regions.
(b) SEM image of the separated ITO surface corresponding to the
same area as in a. (c) Relative atomic composition measured using
EDX spectroscopy of In, Sn, O, Ga, and P on the GaP surface before
bonding (left bar) and the bonded region indicated by the red arrow in
(a) after bonding (right bar). (d) Relative atomic composition
measured using EDX spectroscopy on the ITO surface before bonding
(left bar) and the bonded region indicated by the red arrow in b after
bonding (right bar).

spots in the round shape indicated by the arrow on the
separated GaP and ITO surfaces in Figure 2a, b represent the
bonded regions formed at the initial stage of the bonding
process. The random distribution of the bonded regions
indicates that the bonding would start from more reactive sites
at the interface between the ITO and GaP layer. The atomic
composition of the bonded region on the surface of the
separated ITO and GaP was investigated using energy-
dispersive X-ray (EDX) spectroscopy to examine the change
in the chemical composition of the surfaces before and after
wafer bonding. We measured the EDX peaks of In, Sn, O, Ga
and P from one of the bonded regions on the GaP and ITO
surfaces (indicated by the red arrow in Figure 2a, b) and
compared the peaks with the atomic composition of the GaP
and the ITO surface before bonding (see Figure S4 in the
Supporting Information for the EDX spectra). As shown in
Figure 2c, the EDX analysis shows that the bonded region on
the GaP surface has 12.6% In and 5.7% O, whereas the GaP
surface before bonding had no In or O. Also, the bonded region
on the separated ITO surface had 9.2% Ga composition, as
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Figure 3. (a) Representative EL spectra from the individually operated
GaN-based blue (left) and AlGaInP-based yellow LED (right) at
various injection currents. The inset shows the peak wavelength
change of the blue (blue line with solid squares) and the yellow
(orange line with solid circles) LEDs as a function of the injection
current. (b) Representative L—I characteristics of the blue (blue line
with solid squares) and yellow (orange line with solid circles) LEDs.
The inset shows the I-V properties of blue (blue line) and yellow
(orange line) LEDs.

dx.doi.org/10.1021/am505415q | ACS Appl. Mater. Interfaces 2014, 6, 19482—19487



ACS Applied Materials & Interfaces

medical applications'®?’ (see Figure S5 in the Supporting
Information for the stability of the vertically stacked LEDs at
high driving currents). The peak wavelength of the blue LED
was blue-shifted by 6.5 nm from 479.5 to 473.0 nm as the
injection current increased from 1 mA to S mA. It is believed
that the band filling and screening of the quantum confined
Stark effect are the main causes of the blue-shift in GaN-based
LEDs.*® The yellow LEDs had emission peaks that were red-
shifted by 0.6 nm (from $94.3 to 594.9 nm) at an injection
current of 20 mA. Since there were no spontaneous and
piezoelectric polarization fields in the AlGaInP-based LEDs,*
the slight red-shift of the emission peak was caused by the
increased junction temperature because of Joule heating.***' In
fact, a change in the maximum wavelength with a different
injection current is undesirable for precise color control in
display applications. Recently, a state-of-the-art growth
technique for nonpolar or semipolar GaN LEDs was developed
to reduce the peak shift.*” The ELOG of the LED over the
reduced graphene oxide was also suggested to lower the
junction temperature in MQWs.* We also evaluated the full
width at half-maximum (fwhm) of the emission peak to
investigate the color purity. The fwhm value of the blue
emission peak was 29.2 nm at an injection current of 5 mA and
the fwhm of the yellow emission was 14.3 nm at 20 mA. This
means that the LEDs have a high color purity compared with
other light sources such as organic LEDs (OLEDs) that have
FWHMs in the range of 50—200 nm.*

Figure 3b shows the optical output power at different
injection currents for both LEDs. The linear increase of the
optical output power with the injection current (L—I) indicates
that the emission intensity of each LED can be controlled to
produce various colors. These attractive features of convenient
color tunability and color purity of the LEDs would be very
suitable for display applications. Finally, the typical rectifying
characteristics in the current—voltage (I-V) curve, as shown in
the inset of Figure 3b, and the linear behavior of the L—I
property imply that the LEDs were not thermally damaged
during the bonding and transfer printing process.

Figure 4a shows the change in the color coordinates on the
CIE x-y chromaticity diagram with various injection currents
into the yellow LED and at a constant injection current of 1 mA
into the blue LED. As the injection current into the yellow LED
increased from 3 mA to 15 mA in 3 mA increments, the color
coordinate shifted from the blue to the yellow region. The
gradual change in the position from (0.1812, 0.1860) to
(04271, 0.3123) through the white coordinate of (0.3424,
0.2696) (corresponding to a correlated color temperature of
4634 K) at 9 mA indicates that color tuning was successfully
controlled by the injection current. Figure 4b shows the EL
spectra corresponding to the color coordinates in Figure 4a. It
is notable that the EL intensity of the yellow LED can be
controlled only by using the injection current into the yellow
LED without any change in the EL intensity of the blue LED.
This result clearly demonstrates the advantage of integrating
different color LEDs on a single wafer, which can prevent any
dependence of the color change on an external bias®”*' or
efficiency loss due to down-conversion in phosphor-assisted
white LEDs. Finally, a series of EL emission from a randomly
selected LED pixel at various injection currents in the yellow
LED is shown in Figure 4c. The independently operated yellow
LED in the vertically stacked configuration shown in the upper
images of Figure 4c has diverse mixed colors in the far-field as
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Figure 4. (a) Change in the color coordinate on a CIE x-y
chromaticity diagram. The injection current into the yellow LED
was increased from 3 to 15 mA in 3 mA steps at a constant injection
current of 1 mA in the blue LED. The additional two points are from
the blue LED at 1 mA without yellow emission and the yellow LED at
15 mA without blue emission. (b) EL spectra corresponding to the
color coordinates with an application of 3 mA to 15 mA injection
current into the yellow LED while applying a fixed injection current of
1 mA in the blue LED. (c) Series of optical microscope images (upper
line) and photographs (lower line) of the EL emission from a
randomly selected LED pixel at various injection currents in the blue
and yellow LEDs.

shown in the lower images of Figure 4c, confirming the efficacy
of integrated LEDs for color tunability.

In conclusion, we investigate the ITO interlayer to vertically
integrate GaN-based blue LEDs and AlGalnP-based yellow
LEDs on a single substrate by using wafer bonding and transfer
printing processes. EDX and TEM analysis show that the
interdiffusion of In, O, and Ga and an amorphous layer at the
interface between ITO and GaP enable the strong bonding of
two heterogeneous optoelectronic materials. The successful EL
emission and the color tunability show that this method is
versatile and can be used to modulate a diverse range of colors
in a stable manner. It is therefore feasible to generate
polychromatic color emission by integrating different color
LEDs in a vertically stacked configuration on a single substrate
for various applications including high-resolution full-color
displays, biomedical, and optogenetic systems.
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The epitaxial structure of GaN-based blue and the AlGaInP-
based yellow LEDs, the chemical structure of the bonding
interface, the detailed pixelation process of the vertically
stacked LEDs, the EDX spectra of GaP and ITO surface before
and after the bonding process, and the I-V characteristics of
the vertically stacked LEDs at high driving currents. This
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