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Abstract

Study on heteroepitaxial growth of GaN
using sapphire nano-membrane for micro-
light-emitting diodes

Seungmin Lee
Department of Materials Science and Engineering
College of Engineering

Seoul National University

II-nitride based semiconductors have advantages such as high quality, high
efficiency, and long lifespan, and thus have attracted considerable interest in
optoelectronic device applications such as light-emitting diodes, lasers, and solar
cells over the past decades. The GaN epitaxial layer is mainly grown on
heterogeneous substrates such as Si, SiC, and sapphire because epitaxial growth
using the GaN substrate is not possible for economic and technical reasons. Among
them, the sapphire substrate is widely used due to its high quality, transparency, and
high temperature stability, but many problems arise due to the difference in lattice
constant from the epilayer and the difference in thermal expansion coefficient. Due
to the difference in lattice constant, high density of threading dislocation that directly
affect the efficiency of the optical device are generated in the epilayer, and due to the

difference in thermal expansion coefficient, a large compressive stress on the GaN
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thin film and wafer bow occurs during cooling at room temperature after the epilayer
growth at high temperature. These problems hinder the realization of high-efficiency
GaN-based optical devices.

Compared to existing display technologies such as liquid crystal displays or
organic light emitting diodes, micro light-emitting diodes (micro-LEDs) are in the
spotlight as a next-generation display technology because they have excellent
characteristics such as high brightness, fast response speed, ultra-high resolution,
and low power consumption. In particular, in fields such as virtual reality and
augmented reality, which are expected to be highly demanded in the future, displays
become closer to the human eye, and ultra-high-definition micro-displays are
required. However, low external quantum efficiency (EQE), high level of leakage
current, and immature micro-LED transfer technology are obstacles to
commercialization. The fabrication of conventional micro-LED uses a plasma
etching process to form individual micro-LEDs after growing a LED epilayer on a
substrate. Non-radiative recombination is increased by exposure of the multi-
quantum wells (MQWs) serving as an active layer, thereby causing high level of
leakage current and low external quantum efficiency.

In this study, a substrate with sapphire nano-membrane structures was proposed
to obtain a high quality GaN epitaxial layer and to solve the problems of micro-LEDs.
The growth of GaN on the sapphire nano-membrane was studied using an
metalorganic chemical vapor deposition.

The GaN epitaxial layer grows in various shapes depending on the growth
orientation and growth conditions, and various growth facets appear. In order to grow
the desired micro-GaN epilayer on the sapphire nanomembrane, the study on growth

behavior of GaN was first conducted to understand the growth aspect of the GaN on
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the sapphire nano-membrane. The fabrication of sapphire nano-membrane was
carried out by photolithography, amorphous alumina deposition using atomic layer
deposition (ALD), photoresist (PR) removal, and crystallization through a
subsequent heat treatment process. The amorphous alumina layer is crystallized into
a single crystal a-phase alumina (sapphire) through solid phase epitaxy in the heat
treatment process. In order to understand the growth behavior according to the
growth direction, the growth of GaN was observed by varying the angle of the stripe
pattern. The fastest lateral growth rate was seen in the stripe-shaped sapphire nano-
membrane along with the sapphire [112 0] direction, and it was confirmed that the
lateral growth rate repeats the maximum and the minimum every 30° rotation. By
measuring the growth rate of facets formed differently depending on the direction, it
could be understood that the growth shape of GaN was different according to the
orientation. In addition, GaN grown in the bottom region between the membrane
patterns was also observed. The Ga diffusion to the bottom region was inhibited by
the GaN layer grown laterally on the membrane, showing the possibility that the
GaN layer could be removed from the substrate by breaking the sapphire nano-
membrane.

Secondly, a discrete micro-sized GaN layers were grown by designing a pattern,
based on an understanding of the growth behavior on the sapphire nano-membrane.
Since the sapphire nano-membrane was a closed structure, ashing method using an
oxygen plasma was proposed to remove the PR. By controlling the thickness and
density of the membrane, the PR removal rate was observed, and as a result, sapphire
nano-membrane of various sizes could be successfully manufactured using suitable
conditions. The direction and size of the pattern were appropriately designed using

the direction with the fastest and slowest lateral growth rates, and the G_laN layers
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were merged only in the desired area, so that the micro-GaN separated from each
other was grown. The micro-GaN layer had a 40% decrease in threading dislocation
density (TDD) and a 36.5% increase in photoluminescence (PL) intensity compared
to GaN grown on a planar sapphire substrate.

Finally, a discrete core-shell-like micro-LED array was grown on the 100 nm-
thick sapphire nano-membrane without a harmful plasma etching process. It was
confirmed that the sidewalls of MQWSs were protected by p-GaN, and self-
passivation by p-GaN is expected to prevent the decrease in EQE caused by the
plasma etching process. TDD in the micro-LED formed on sapphire nano-membrane
was reduced by 59.6% due to the sapphire nano-membranes, which serve as
compliant substrates, compared to GaN formed on a planar substrate. In addition,
Enhancements in internal quantum efficiency by 44% and 3.3 times higher PL
intensity were also observed from it. Cathodic emission of 435 nm was measured in
the c-plane multi-quantum well, while negligible levels of emission were observed
in the lateral semipolar plane. Cathodoluminescence emission at 435 nm was
measured from c-plane multiple quantum wells (MQWs), whereas negligible
emissions were detected from semi-polar sidewall facets. A core-shell-like MQWs
were formed on all facets, hopefully lowering concentration of non-radiative surface
recombination centers and reducing leakage current paths. This study provides an

groundbreaking platform for micro-LEDs by using sapphire nano-membrane.
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Chapter 1. Introduction

1.1 III-nitride semiconductors

1.1.1 General properties of III-nitride materials

III-nitride materials, including gallium nitride (GaN), indium nitride (InN),
aluminium nitride (AIN) and their alloys such as InGaN and AlGaN, have received
considerable attention for optoelectronic device applications such as light-emitting
diodes (LEDs) and laser diodes (LDs).!'?! The IlI-nitrides and their alloys, typically
grown in the wurtzite structure, form a continuous and direct band-gap from 0.7 eV
(InN) to 6.2 eV (AIN), with GaN having a band-gap of 3.4eV. These optical
properties of Ill-nitride materials allow the fabrication of optoelectronic devices of
which wavelength ranges from infrared (IR) to ultraviolet (UV) region as well as
visible light region, as shown in Fig. 1.1.>#! In addition, I1I-nitride materials exhibits
superior properties such as large thermal conductivity, good thermal stability at high
temperature, good chemical stability, high electron velocity and good mechanical
strength. General properties of III-nitrides are illustrated in Table 1.1.55! Therefore,
III-nitride materials with their promising properties can be widely used not only for
LEDs, LDs, solar cell and photodetector, but also for electronic devices such as high

electron mobility transistor (HEMT) and field effect transistor (FET).!*!



1.1.2 GaN based LEDs and micro-LEDs

The II-nitride based LEDs have been considered as promising substitutes for
conventional incandescent light bulbs or fluorescent lamps due to their advantages
such as high efficiency, non-toxicity, long life span, and low energy consumptions.-]
The main field of research for Ill-nitride based LEDs has been the development of
GaN-based visible LEDs for solid-state lighting. GaN-based epitaxial layers are
often grown on foreign substrates such as Si, SiC and Al,Os.”» Among them, sapphire
(Al,O3) substrates are extensively used due to their high quality, transparency, and
high temperature stability.!'”) Figure 1.2 shows the schematic diagram of the
conventional lateral type GaN-based LED structure on a sapphire substrate.!'!! The
LED structure consists of a stack of GaN-based epitaxial layers including un-doped
GaN, n-GaN, InGaN/GaN multi-quantum wells (MQWs), p-GaN. The n and p-type
GaN layers are generally doped with Si and Mg, respectively. When a forward
voltage is applied to LED, radiative recombination of free electrons and holes occurs,
and photon is emitted from the nitride semiconductors accordingly.

Recently, micro-LED is attracting much attention for next-generation display
technology since it has many advantages over liquid-crystal display (LCD) and
organic light-emitting diode display (OLED), as summarized in Table 1.2.[' Low
energy consumption for mobile/portable devices, high pixel density, high brightness
for outdoor, and rapid response time are key performance factors. Micro-LED can
be utilized in various applications with wide pixel density ranges as shown in Fig.
1.3.1"2 Low pixel per inch (PPI) (~20), medium PPI (~500), high PPI (> 1000)
displays can be used for TV, smartphone, and virtual reality (VR) / augmented reality

(AR) applications, respectively.
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Figure 1.1. Bandgap of III-nitride versus lattice constant.



Table 1.1. General properties of III-nitrides.

Properties GaN AIN InN
Bandgap energy
(eV at RT) 3.39 6.2 0.7
. a=3.189 a=3.112 a=3.548
Lattice constant (A) ¢=5.185 =4.982 ¢=5.760
Thermal expansion coefficient da/a=5.59 da/a=5.27
(10°5/K) de/c=3.17 de/c=4.15
Thermal conductivity
(W/mK) 130 200
Index of refraction 2.4 2.15 29
Dielectric constant (&) 9.5 8.5
Electron effective mass (mj) 0.20 0.11
Melting point (°C) >2300 >2800 >1200
ke
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Figure 1.2. Schematic diagram of the typical lateral type GaN-based blue LED.[!!]



Table 1.2. Comparisons with LCD and OLED.!
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Figure 1.3. Various display applications with wide pixel density ranges.!'



1.2 Technical issues with GaN based LEDs and micro-LEDs

1.2.1 Lattice mismatch and high dislocation density in GaN epilayers

The epitaxial growth means he growth of a single crystalline film on top of a
crystalline substrate.[3] The substrate acts as a seed crystal and the crystal structure
of the epitaxial film follows the crystal structure of the substrate. There are three
types of epitaxy as follows: homoepitaxy; heteroepitaxy under fully strained state;
and heteroepitaxy under strain relaxed state as shown in Fig. 1.4. Homoepitaxy refers
to epitaxial film on a substrate with same material, whereas heteroepitaxy refers to
epitaxial film on a substrate with different material. In the case of Homoepitaxy, the
lattice constants of the substrate and thin film are the same, so high quality thin films
of strain-free and dislocation-free are deposited. However, GaN thin film is typically
deposited on other substrates, especially sapphire substrates, due to the size
limitations and the high cost of GaN substrates. In heteroepitaxy of GaN on the
sapphire substrate, the large lattice mismatch (~14%) between a sapphire substrate
(d = 2.748 A) and GaN film (d = 3.189 A) accounts for evolution of misfit
dislocations and high threading dislocation density in the GaN epitaxial film.l'¥ As
the thickness of the deposited thin film becomes thicker, the strain caused by the
lattice mismatch accumulates in the thin film, which eventually results in a strain-
relaxed state as shown in Fig. 1.4(c), inducing the generation of misfit dislocations.
The generated misfit dislocation, which occurs in the interface with the substrate,
propagate to the top surface of the thin film and is called the treading dislocation.

The threading dislocation are reported to be serve as undesirable non-radiative



recombination sites which results in the degradation of device performance.'>) A
typical GaN epilayers has a high threading dislocation density (TDD) of 108 ~ 10'°
cm?, so it is essential to lower the threading dislocation density to increase the

internal quantum efficiency (IQE) of LEDs.

1.2.2 Film stress and wafer bow

The difference in coefficient of thermal expansion (CTE) between GaN and
sapphire causes several severe problems in manufacturing high-efficiency
optoelectronic devices.!'® The CTE of sapphire substrate is known as 7.50 x 10 K-
! while that of GaN is 5.59 x 10 K'!, resulting in a 36% mismatch.!'”! Because the
CTE of sapphire is much larger than that of GaN, a severe wafer bow and a biaxial
compressive stress in GaN occurs after cool-down to room temperature from the high
growth temperature in metal-organic chemical vapor deposition (MOCVD).l!8!
Severe wafer bow impedes mass production of LEDs using large-area wafers and
causes difficulties in subsequent device processing steps after the epitaxial growth
of the LED structures.["”! Moreover, the large biaxial compressive stress causes
charge separation in InGaN/GaN MQWs with a piezoelectric polarization field,
leading to a reduction in the electron-hole wave function overlap and radiative
recombination efficiency due to the quantum-confined Stark effect (QCSE).*" To
reduce the large stress in GaN, researchers have several approaches such as insertion
of AIN/GaN superlattices?!, introduction of air voids in GaN film!?*%], control of
the sapphire substrate’s thickness?*?], and deposition of low CTE material on the
back side of the sapphire substrate!?!. Figure 1.5 shows the results of reducing the
stress of GaN thin film by deposition of a SiO» layer with a low CTE on the back

A
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side of the sapphire substrate.”! The resulting reduction in compressive stress
reduces the piezoelectric field in the LED structures, leading to an increase in IQE

of LED devices.

1.2.3 Low light extraction efficiency

Light extraction efficiency (LEE) is defined as the number of photons extracted
to free space per unit time to the number of photons emitted from active layer per
unit time.?” GaN film has a higher refractive index (ng.n = 2.43), compared to that
of air (n.ir = 1) and sapphires (Nsapphire = 1.7), leading to the low LEE.?®! Due to the
difference in refractive index, the photon generated in the active layer is difficult to
escape into the air and is reflected back inside , which is known as internal reflection.
Based on Snell's law, when light passes through the interfaces of two different
materials, the light is refracted and its velocity varies depending on the refractive
index of the materials. Therefore, when light escapes from Ill-nitride semiconductors
to air, the larger the refractive index of semiconductors, the smaller the critical angle,
which is the angle at which the refraction angle becomes 90°. The critical angle of
GaN/air is only 23.6°, calculated by using the refractive index of GaN and air. This
calculation indicates that light generated in the LED structure can only escape into
the air as much as the area of the escape cone determined by the critical angle as

shown in Fig. 1.6.
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1.2.4 Current issues with micro-LEDs

Micro-LEDs are defined as 1 ~ 100 um-sized LEDs, and have recently been
receiving a lot of attention and many studies have been reported. However, the

conventional micro-LED has the following inherent drawbacks.

(1) Low micro-LED effieciency and etching loss in micro-LED chip singulation
The chip singulation of conventional micro-LEDs is done by plasma etching of
the LED epitaxial film grown on the substrate. After chip singulation, the sidewalls
of MQWs are exposed and heavily ion damaged during plasma etching and act as
sites for non-radiative recombination, resulting in low external quantum efficiency
(EQE) as shown in Fig. 1.7. The reported EQE of 10 x 10 um? micro-LED is as low
as 10%, compared to ~70% for large area LEDs.[?*%] Moreover, as LED chip size is
reduced to obtain high PPI, a significant fraction of wafer is wasted. The chip

singulation by plasma etching process (“kerf loss” (= 2 um)) would generate an

unacceptable increase in cost.l'” For example, 40% of wafer is wasted for 1058 PPI

displays as shown in Fig. 1.8.

(2) Difficulty in micro-LED transfer process

Application of micro-LED to displays requires an appropriate transfer process
to move micro-LED chips to the target pixel. Millions of micro-LED transfer by
traditional pick-and-place techniques would be impractical for manufacturing.
Elastomeric stamp transfer, one of the typical pick-and-place techniques, is a low-

yield and expensive lift-off process due to weak van der Waals force between chip



and stamp. Likewise, electrostatic transfer process may possibly induce damage to
micro-LED due to charging/discharging phenomenon between chip and head.
Additionally, in case of small micro-LEDs, conventional soldering process with
small-pitch lateral contacts can cause short circuit problems due to the fine feature
size pads and spacers in the backplane. Therefore, for micro-LEDs to be used as the
next generation of display light sources, Many studies are needed for easy removal
of micro-LEDs from the sapphire substrate and for process techniques that simply

transfer large amounts of micro-LEDs to the target substrate.
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Figure 1.4. (a) Homoepitaxy, (b) heteroepitaxy of strained thin film, and (c)

heteroepitaxy of strain-relaxed thin film.
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1.3 Compliant substrate and pendeo epitaxy

In heteroepitaxy on a thick substrate, There are many defects including misfit
dislocation due to lattice mismatch. Compliant substrates represent one of the most
promising defect engineering approaches in heteroepitaxial growth. By using a
compliant substrate, the epilayer may be grown free from performance-degrading
defects, and strain caused by lattice mismatch accumulates on the compliant
substrate. Lo et al. first proposed the use of a compliant substrate to increase the
critical thickness, which is the maximum thickness at which misfit dislocations do
not occur.?!) As shown in Fig. 1.9, as the thickness of the substrate decreases, the
critical thickness increases. D. Zubia and S. D. Hersee calculated the strain
partitioning effect according to the thickness of the substrate and epilayer as shown
in Fig. 1.10.3%! As the substrate becomes thinner than the epilayer, the substrate takes
the strain caused by the lattice mismatch, and thus the misfit strain applied to the
epilayer decreases, thereby suppressing the occurrence of dislocations. In order to
suppress the occurrence of dislocations in heteroepitaxy as much as possible, many
studies have been conducted on compliant substrates. Figure 1.11 shows the results
of fabricating a membrane-type substrate to make a compliant substrate.33]

Epitaxial lateral overgrowth (ELOG) and pendeo epitaxy (PE) are
representative growth techniques to prevent the formation of dislocations, and many
researchers have studied them. ELOG means regrowth through and over a masking
layer previously deposited and patterned on a top a GaN seed layer, while PE means

regrowth from previously etched or exposed sidewalls in a GaN seed layer."*> Figure

1.12(a) and 1.12(b) shows pendeo-epitaxy of GaN on 6H-SiC(0001) and Si(111)



substrates, respectively. Since GaN regrows from the side of the GaN seed layer, the
threading dislocation newly generated at the interface between the substrate and the
epilayer decreases, and the threading dislocation is bent along with the lateral growth,
so that a low TDD GaN thin film can be obtained. In this study, a sapphire nano-
membrane that serves as a compliant substrate was used and GaN was grown with

pendeo epitaxy on the membrane to maximize the reduction of dislocations.
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Figure 1.9. Normalized critical layer thickness versus the normalized substrate

thickness for the growth of a mismatched heteroepitaxial layer on a compliant

substrate.!
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Figure 1.12. Cross-section SEM images of a pendeo-epitaxial grown GaN film on (a)

6H-SiC(0001) substrate and (b) Si(111) substrate.!
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1.4 Epitaxial growth of GaN on sapphire nano-membrane

1.4.1 Solid-phase epitaxy in amorphous Al203 nano-membrane

For the fabrication of sapphire nano-membrane, amorphous Al,Os is deposited
on photoresist (PR) pattern by atomic layer deposition (ALD), and amorphous
alumina must be crystallized into an alpha phase to make a template in which GaN
can grow. There have been several investigations on the solid phase epitaxy (SPE)
behavior of amorphous alumina layer formed by ion-implantation and e-beam
evaporation.”* While et al. reported that SPE of the amorphous Al,Os layer occurs
in two-step phase transformation from amorphous to metastable y-phase and then
subsequently to a-phase as shown in Fig. 1.13.B7! Due to difference in kinetics, a
phase transformation to y-phase occurs first, followed by a subsequent phase
transformation into a-phase at the interface between the substrate and preceding y-
phase alumina. Figure 1.14 shows results of TEM investigation on an alumina
membrane in which the SPE from a- to y-phase and from y- to a-phase are partially
proceeded.*”! Since the activation energy of each phase transformation is different,
all crystallization is performed in the y-phase first, and crystallization proceeds to

the alpha phase when the temperature is above a certain temperature.

1.4.2 The growth of GaN on ultra-thin sapphire nano-membrane

In order to solve the technical issues with GaN-based LEDs, recently, our group

proposed ultra-thin sapphire membrane for the growth of high quality GaN.*! The
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sapphire membrane was fabricated by photolithography, deposition of Al,O3; by ALD,
and crystallization by thermal treatment as shown in Fig. 1.15(a). Figure 1.15(b) and
(c) shows plan-view and cross-section SEM images of GaN on the membrane after
40 min growth, respectively. The thicknesses of GaN layer grown on the top sapphire
membrane and on the spacing regions were measured to be 1.4 um and 0.6 pm,
respectively. The GaN layers on the top sapphire membranes get closer to each other
during lateral growth and limit the diffusion of reactants to the spacing regions. Since
the sapphire membrane serving as a substrate is very thin, the strain generated by
lattice mismatch in the GaN layer is greatly reduced based on the strain partitioning
effect. As a result, as shown in Fig. 1.16, the average number of planes between
misfit dislocations at the GaN/sapphire interface increased from 7.3 to 10.2. Figure
1.17(a) and 1.17(b) shows panchromatic cathodoluminescence (CL) images of GaN
layers on the planar sapphire substrate, and on the ultra-thin sapphire membrane,
respectively. The TDD obtained by counting the number of black spots decreased by
25% compared to the planar substrate. In addition, since the sapphire membrane can
be easily modified in a desired shape by changing the pattern, it is expected that it

can be easily applied to various fields.
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Figure 1.16. Reconstructed TEM images after Fourier filtering of (a) GaN on the

conventional sapphire substrate and (b) GaN on the sapphire membrane.*!!
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Figure 1.17. Panchromatic CL images of GaN layers (a) on the conventional sapphire

substrate, and (b) on the sapphire membrane.[*!!
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1.5 Thesis contents and organization

In this thesis, the main goal is to realize high efficiency and dicing-free micro-
LEDs using the sapphire nano-membrane. Since the sapphire nanomembrane
structure serves as a compliant substrate, high-quality GaN having improved
crystallinity can be grown. In addition, the shape and size of the membrane can be
easily modified, making it a suitable technology for manufacturing micro-LEDs.
Therefore, the sapphire nano-membrane was proposed as a new concept of micro-
LEDs fabrication that can solve the technical problems of the conventional micro-
LED. This thesis includes the study on the growth behavior of GaN on sapphire
nano-membrane, the study on the growth of discrete micro-GaN layers with various

sizes, the fabrication and characterization of highly efficient micro-LED arrays.

1. Although many studies on the growth aspects of epitaxial lateral
overgrowth in GaN have been reported, there are few studies on the pendeo
epitaxy of GaN, a epitaxy mode of growing GaN on the sapphire nano-
membrane. In order to freely design the nano-membrane, observation of the
growth of GaN is required. The growth behavior of GaN on the stripe-
patterned sapphire nano-membrane with various orientations was observed
in the chapter 3. The growth shape of GaN changed according to the
direction of the sapphire nano-membrane, which was identified by
analyzing the growth rate of the growth facets in GaN generated differently
in each direction. In addition, by measuring the growth rate of GaN on the

spacing region for each orientation, it has been demonstrated that the GaN



epilayer can be easily transferred by breaking the sapphire nano-membrane

with mechanical force.

In a typical micro-LED, the active layer, MQWs, is exposed on the side of
the LED chip by plasma etching for chip singulation. Since the exposed
MQWs area, which increases as the size of the micro-LED decreases,
induces non-radiative recombination, the external quantum efficiency
decreases significantly as the chip size decreases. To prevent this problem,
the sapphire nano-membrane was used to grow GaN layers separated from
each other. A discrete micro-GaN array was grown on the sapphire nano-
membrane structure by using the growth behavior of GaN previously
studied. Pattern was designed by considering the lateral growth rate of
growth facets and 14 x 14 and 50 x 50 pm? discrete micro-GaN arrays were
grown by controlling the number and spacing of the membrane structure.
The improved structural and optical properties of micro-sized GaN layers
were analyzed due to the sapphire nanomembrane serving as a compliant

substrate.

3. Micro-LEDs are attractive as light sources of next-generation
displays, but their commercialization is limited due to problems such as low
efficiency and difficulty in transferring, etc. The fabrication of micro-LED
arrays using the sapphire nano-membrane has been proposed to overcome
technical issues of micro-LEDs. A 4 x 16 um? size micro-LED array was
grown on a sapphire nano membrane array. The structural properties such

as reduced film stress and threading dislocation density of GaN_epilayers _
1 i 11
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were analyzed. The self-passivation of MQWs was also investigated and
thereby improved optical properties were evaluated. In addition, the
emission properties of multi-facets, which are advantageous for displays,
and their causes were investigated. Finally, it was demonstrated that the
micro-LED array could be easily transferred using mechanical lift-off, and

vertical type micro-LED devices were fabricated and characterized.
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Chapter 2. Experiments and analysis

2.1 Growth equipment

2.1.1 Metalorganic chemical vapor deposition (MOCVD)

In this work, Thomas Swan 6 x 2” (incorporated 6 substrates of 2 inch size)
close-coupled showerhead MOCVD system was used to grow Ill-nitride epitaxial
layers. Trimethylgallium (TMGa, (CH3)3Ga) and trimethylindium (TMIn, (CH3)3In)
was used as precursors for group III sources, and ammonia (NH3) of 99.9999% purity
was used for group V sources. Bis(cyclopentadienyl)magnesium (CP.Mg,
(C,Hs5):Mg) and 10 ppm diluted silane (SiH4) was installed for p-type and n-type

doping, respectively. Schematic of gas delivery system of MOCVD is in Fig. 2.1.

2.1.2 Atomic layer deposition (ALD)

ALD system (Lucida D100) was used for the deposition of an amorphous
alumina (a-Al,O3) layer. Trimethylaluminum (TMA, (CHs)3;Al) and deionized water
(H20) were used as the precursors of Al and O, respectively. Nitrogen gas (N») with
the purity 0f 99.9999% with the oxygen content less than 0.2 ppm was used as carrier
gas and for the purge of non-reacted reactants and by-products. The gaseous sources
are transported sequentially by separate pulses into heated reaction chamber.
Subsequently, reactive chemical sources in vapor phase are used for the chemical

reaction on the substrate surface. The surface termination is controlled to actively
1 ©_+1]
Al —— | H
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react with the gaseous precursor before the other source is transported into the
reaction chamber. A pulse of TMA source provides the aluminum source of the Al,O;
layer (1* pulse). The first chemically reacted precursor bonds to the surface and
changes the dominant surface termination. After chemical adsorption when the entire
surface is terminated with CHs of TMA precursor, nitrogen gas removes the non-
reacted reactants and the gaseous by-products (1% purge). This step suppresses the
reaction of each reactant in the chamber and allows the reactants to be sequentially
deposited into the atomic layer. The same pulse and purge steps occur for H,O, the
second reactant, to provide the oxygen of Al,O; (2™ pulse - 2™ purge). The film

thickness can be easily controlled by adjusting the number of cycles in ALD system.
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Figure 2.1. Thomas Swan 6 x 2”” MOCVD system.
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2.2 Analysis tools

2.2.1 Field emission scanning electron microscopy (FE-SEM)

In each step of fabrication for sapphire nano-membrane and growth of III-
nitrides by MOCVD, structural characteristics such as the dimensional properties
and shapes were observed by FE-SEM (Hitachi S-4800). The growth morphology of
GaN epitaxial layers were also measured by FE-SEM operated at 15 kV. Platinum

was coated on the samples to avoid charging effects before measurements.

2.2.2 Transmission electron microscopy (TEM)

The TEM specimens were thinned to a thickness of ~100 nm by using focused
ion beam (FIB, NOVA 600 Nanolab). Bright-field and high-resolution TEM images
were obtained by JEOL JEM-2100F with the acceleration voltage of 200 kV. After
the thermal annealing, the sapphire nano-membrane with embedded cavities was
analayzed by selected area diffraction patterns. The thicknesses of InGaN/GaN

quantum wells on various growth facets were measured by scanning TEM (STEM).

2.2.3 Micro-Raman spectroscopy

Micro-Raman measurements was carried out for micro-sized GaN layers to
compare the amount of strain state. Raman spectra were taken using Horiba

LabRAM HR Evolution with a 633 nm He-Ne laser. A hydride vapor phase epitaxy
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(HVPE) GaN sample (stress-free bulk GaN) was used as a reference to calculate the

film stress in micro-sized GaN by obtaining the Raman shift.

2.2.4 Micro-photoluminescence (Micro-PL)

The optical properties of the samples were analyzed by Micro-PL system
(Dongwoo Optron micro-PL system). The PL measurement is a non-destructive
method of examining the electronic structure of materials. When the laser is incident
directly onto a sample, it is absorbed and transmits excess energy to the material in
a process called “photo-excitation”. The way to release this excess energy is through
the emission of light called photoluminescence. The PL intensity and spectra is a
direct measure of material properties such as bandgap energy, stress state and
crystallinity. PL measurement was performed at room temperature using He-Cd laser
325 nm line. The PL signal was dispersed by a monochromator and detected by
charge coupled device (CCD) detector. The laser spot size of micro-PL system used

in this study was 3 pm.

2.2.5 Cathodoluminescence (CL)

Gatan Mono CL4 system was used to evaluate luminescence properties of I11-
nitride epilayers as well as to investigate the density of threading dislocations by
measuring the dark spot density under panchromatic mode. Spatially-resolved CL
and monochromatic CL measurements from each facet of micro-LEDs were carried

out at room temperature with the acceleration voltage of 5 kV.
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Chapter 3. The study on growth behavior of GaN on

sapphire nano-membrane

3.1 Introduction

Light-emitting diodes (LEDs) use heterogeneous epitaxy to grow GaN on
foreign substrates such as sapphire, SiC, and Si due to the high price of GaN
substrates.[*! In these cases, a large number of threading dislocations are generated
that lowers the efficiency of the LED due to lattice mismatch between GaN and the
substrates.[*3) Some researchers investigated a compliant substrate to obtain high
quality epilayers of SiGe, GaN, and InGaAs as shown in Fig. 3.1.1°°! Using a
compliant substrate whose substrate thickness is smaller than the thickness of the
epilayer, the strain resulting from the lattice mismatch is distributed to the epilayer
and the substrate. This suppresses the generation of lattice mismatch dislocations of
the epilayer, and thus a high crystalline epilayer can be obtained. Our group reported
that the interval of lattice mismatch dislocations per unit length is reduced by 28%
by growing GaN on an ultra-thin compliant sapphire membrane of 26 nm
thickness.!'%

In order to grow a desired shape of GaN array for micro-LED application, it is
necessary to deeper understanding of the growth behavior of GaN on the sapphire
nano-membrane. The epitaxial lateral overgrowth (ELOG) of GaN on the sapphire
substrate has been demonstrated to reduce the threading dislocation density (TDD)
in GaN film.!''13] The rates of lateral overgrowth and the equilibrium facets depend
on both the crystallographic orientation and the parameters of growth such as

:l b
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pressure, temperature and V/III ratio in Metalorganic chemical vapor deposition
(MOCVD) system. K. Hiramatsu et al. investigated the morphology in ELOG of
GaN observing from either <1120> or <1100> orientation as a function of a reactor
pressure (P) or growth temperature (T) as shown in Fig. 3.2.!'"Y D. Kapolnek reported
anisotropic epitaxial lateral growth in GaN using star shape as shown in Fig. 3.3.[
Figure 3.4 illustrates the ideal structure of {1120} and {1122} facets, which
consists of Ga and N dangling bonds."'") Because the amount of dangling bond
density varies depending on the growth facets, the growth rate varies depending on
the facet of GaN. The growth of GaN on the sapphire nano-membrane is a pendeo
epitaxy, which has not yet been studied for growth aspects such as ELOG. In this
study, the observation of the growth of GaN was performed to analysis the growth
behavior of GaN on the membrane with various orientations by using different

growth rates of each growth facet in GaN,
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Figure 3.1. (a) Schematic diagram and (b) SEM image of InGaAs quantum well

structure grown on a disk-shaped compliant membrane.®
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Figure 3.4. The ideal structure of {1120} and {1122} facets exposed during the
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3.2 Experimental procedure

Figure 3.5 shows the schematics of experiments for growing GaN on thin
sapphire nano-membrane. For the fabrication of thin sapphire nano-membrane, a
photoresist (PR) pattern of a stripe with the width and the spacing of 2 pm was
formed on a c-plane sapphire substrate. To observe the growth aspect of GaN on
nano-membrane with various directions, the orientation of the stripe was changed
from 0° to 60° in steps of 10° in consideration of the hexagonal symmetry of GaN.
Direction of 0° means [1120]sapphire, Which is vertical to flat zone of substrate. Then,
an amorphous alumina layer was deposited on the stripe-patterned sapphire substrate
by atomic layer deposition (ALD). The ALD process was performed at 110 °C to
maintain the pattern shape of the PR pattern, and 1500 cycles were performed to
deposit an amorphous alumina with 120 nm thick. The substrate was dipped in
acetone to removal PR after scratching the edge, leaving stripe cavities, and annealed
at 1100 °C for 2 hours in air to crystallize the amorphous ALD alumina into single-
crystalline a-phase (sapphire) for the GaN growth. Jang et al. reported that
amorphous alumina membrane crystallizes in two steps through solid phase epitaxy
(SPE).'" As a first step, phase change occurs to gamma-phase alumina, which is a
metastable phase at a relatively low temperature of about 800 °C. In the second phase,
gamma-phase alumina is phase-changed into alpha-phase alumina at a sufficiently
high temperature of about 1100 °C. The ALD alumna membrane is crystallized into
the alpha phase alumina same with the sapphire substrate and becomes a place where
GaN can grow. After crystallization, GaN layers were successfully grown on a

sapphire nano-membrane structure by a Thomas Swan 3x2" MOCVD.



Trimethylgallium (TMGa) and NH3 were used as precursors of Ga and N, and H»
was used as a carrier gas. First, the low-temperature GaN buffer layer was grown at
560 °C and 100 Torr. An un-doped GaN layer was grown at a reactor temperature of
1040 °C and 300 Torr. To understand the growth behavior of GaN on the sapphire
nano-membrane in each orientation, growth time was varied from 30 to 90 min with
30 min interval as shown in Fig. 3.6. The growth behaviors of GaN on the sapphire
nano-membrane including the cavities were observed by field emission scanning

electron microscope (FE-SEM) of Hitachi S-4800.
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Figure 3.5. Schematic diagram of the growth of GaN on sapphire nano-membrane.
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3.3 Results and discussion

3.3.1 Fabrication of sapphire nano-membrane

Figures 3.7(a) shows cross-section SEM image of stripe pattern with the width
and the spacing of 2 um using photolithography. As shown in the SEM image in Fig.
3.7(b), an amorphous Al,O3 layer with thickness of 120 nm was deposited on the
stripe patterned PR by ALD. After dipping the samples in acetone, all PRs have been
eliminated and cavity formed as shown in Fig. 3.7(c). Then the amorphous alumina
membrane was crystallized into alpha-phase alumina through heat treatment. It is
well known that typical alumina is crystallized in two stages through solid phase
epitaxy (SPE).["*2% In the first stage, the phase changes from a-phase alumina to
semi-stable y-phase alumina at a relatively low temperature of about 800 °C, and in
the second stage, the y -phase alumina changes to o-phase alumina under a
sufficiently high temperature of about 1100 °C. The membrane structure is
crystallized into an a-phase alumina, such as a sapphire substrate, and becomes a
place for GaN to grow. The SEM image in Fig. 3.7(d) shows a sapphire membrane
structure completely crystallized with o-phase alumina. The sapphire nano-
membrane has the same phase with the sapphire substrate, so GaN can be deposited
on the top of the membrane structure and between the stripe patterns. After the
crystallization process, the cross-section of the sapphire nanomembrane shows that
it has changed from a square to a trapezoidal shape. The shape change was caused
by the increase in density when the amorphous alumina crystallized into o-phase

alumina. The density of amorphous alumina is in the range from 2.5 to 3.0 g/cm’
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depending on the ALD process temperature and the density of a-phase alumina is
3.95 g/cm®.2!) After the crystallization, the volume of the membrane is expected to
decrease by 25 ~ 37% depending on the initial density of the amorphous alumina.
So, the two lateral sides fixed to the sapphire substrate and the top of the square
cavity are shrank, resulting in trapezoidal cavity. As a result of the measurement, the
top part of the membrane contracted from 2 pm to 1.8 um, and the thickness of the

membrane contracted from 120 nm to 100 nm.
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amorphous Al,O0; membrane

Figure 3.7. Cross-section SEM images of (a) stripe patterned photoresist (PR) (2 pm
width and 2 um spacing), (b) amorphous Al,O; membrane deposited by ALD on
stripe patterned PR, (c) amorphous Al,O; membrane with cavity after PR removal
by dipping in acetone, (d) crystallized sapphire (a-Al,O3) membrane after thermal

treatment.
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3.3.2 Growth behavior of GaN on sapphire nano-membrane with various

orientations

Figure 3.8 and Fig. 3.9 show cross-section scanning electron microscopy (SEM)
images of GaN growth on the sapphire nano-membrane. To confirm the growth
behavior of GaN on the membrane, the crystal planes of GaN was observed with
growth time and orientation. In the initial stage, GaN is deposited on top of the nano-
membrane and also the bottom area between the patterns. The initial GaN grown on
the membrane has (0001), {1120}, {1122}, and {1101} growth facets along the

22241 As the growth progresses, the lateral to vertical growth rate ratio in

direction.!
each directions changes depending on the initial facet of GaN due to the difference
in the surface energy of each facets. The ideal (0001), {1120}, and {1122} facets
have one, two, and three dangling bonds, respectively.!'® The growth rate of the facet
having more dangling bonds is higher since the surface energy is higher. As the
growth rate of {1101} facet is slower than that of (0001) facet, the growth rate
increases in the order of {1101}, (0001), {1120}, and {1122} in this growth
condition.l' In the case of 0°, which is parallel to [1120]spphire, the {1122} facet
with the highest surface energy gradually disappears and the {1120} facet remains.
Similarly, the lateral growth is induced, because the surface energy of {1120} facet
is higher than that of the (0001) facet. This behavior is convex growth mode which
means that slow-growing facets remain and ultimately define island shape while fast-
growing facets disappear.[*! Also, as shown in SEM images of 30° case, which is
parallel to [1100]sapphire, {1101} facet (lateral growth facet of GaN) with the lowest

surface energy remains and (0001) facet grow to extinction as shown in Fig. 3.10(b).

The measured growth rates of each facets in 0° and 30° directions are listed in Table
K, . L1 I.- ' |
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3.1. It can be seen that the facets with the slowest growth rate among the facets
appearing at the same direction remain. Figure 3.10(a) shows the width and thickness
of GaN on the sapphire nano-membrane. The lateral to vertical growth rate ratio
decreases from 0° with 3.12 to 30° with 0.02, then increases again from 30° to 60°.
Figure 3.11 shows plan-view SEM images of the GaN layer on the sapphire nano-
membrane with each direction after 60 min growth. Green hexagon means a set of
{1120}, and {1122} facets, while blue hexagon means a set of {1101} facet. It can
be seen that the ratio of blue hexagon increases from 0° to 30°, and the rate of green
hexagon increases again as it goes to 60°. In the direction of 10°, 20°, 40°, and 50°,
the lateral growth facets with different growth rates are mixed. These behaviors
exhibit hexagonal symmetry, with a 30° angular span between the lateral and vertical

growth maxima and minima.
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Figure 3.8. Cross-section SEM images of the growth of GaN layer on the sapphire
nano-membrane with 0°, 10°, and 20° directions after 30, 60 and 90 min at 1040 °C

and 300 Torr by MOCVD.
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Figure 3.9. Cross-section SEM images of the growth of GaN layer on the sapphire
nano-membrane with 30°, 40°, and 50° directions after 30, 60 and 90 min at 1040 °C

and 300 Torr by MOCVD.
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Table 3.1. The measured growth rates of each facets in 0° and 30° directions from 30

min growth to 60 min growth.

Growth rate (um/hr)
{0001} {1120} {1122} {1101}
0° 0.26 0.81 1.18 -
30° 1.04 - - 0.02
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Figure 3.10. (a) Plot of with and thickness of GaN on the sapphire nano-membrane
as a function of orientation. (b) Schematic diagram of the growth of GaN on the
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Figure 3.11. Plan-view SEM images of the GaN layer on the sapphire nano-

membrane with various directions after 60 min growth.
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3.3.3 Growth behavior of GaN on spacing region with various

orientations

Except for the direction of 30°, GaN on the membrane grows laterally without
contact with the bottom of the trench, namely, pendeo epitaxy (PE) (from the latin
pendeo, meaning hanging on, suspended from).**?°! Figure 3.12(b) shows the
growth of GaN on spacing region which is between the membrane patterns as a
function of orientation. As lateral growth of GaN on the top surface of membrane
continues, the diffusion of Ga and N adatoms in the spacing region is disturbed by
roof-shaped GaN layer. However, in 30° direction, since the lateral growth is slower
than the vertical growth rate, Ga and N adatoms can be diffused to the bottom of
spacing region without any interference. For this reason, GaN grows from the bottom
like epitaxial lateral overgrowth (ELOG) instead of PE at 30° direction. In the case
of the others, GaN growth in the spacing region becomes slower, resulting in
coalescence of GaN on top surface of the membrane as shown in Fig. 3.12(c). This
suggests that it is possible to apply an easy and damage-free mechanical lift-off
(MLO) technique instead of laser lift-off, which can be costly and damaging in the
sapphire substrate separation process. As shown in Fig. 3.13, the GaN stripes were
successfully transferred to a Si substrate with Au/Ni as a bonding material. The side
legs of the thin nano-membrane were easily broken by mechanical force, and the top

of the sapphire nanomembrane was transmitted along with the GaN layer.



30° 40° 50°

(a)

0°
|—8—0

(b)
3L |10

|——20 -

-

£ =30 E

e —a— 40 S

z2 —=—50 g ]

o

s g

° z

a1t @ 1.

o @

£ c

5 x

L o

o} E
N N N 2 N N N N N .
0 30 60 90 0 10 20 30 40 50

Time (min) Orientation of stripe pattern (degrees)

Figure 3.12. (a) Cross-section SEM images of the growth of GaN layer on the
spacing region with various directions. Thickness of GaN on spacing region
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Figure 3.13. GaN layer transferred onto the Si substrate using mechanical lift-off
(MLO), (a) Schematic of MLO process, (b) cross-section, and (c) bird’s eye view

SEM image. The top sapphire nano-membrane is visible on top of a GaN stripe.
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3.4 Summary

In summary, the growth behavior of GaN on sapphire nano-membrane was
investigated by varying the orientation of stripe pattern. The initial GaN grown on
the membrane had (0001), {1120}, {1122}, and {1101} growth facets along the
orientation. Lateral to vertical growth rate ratio decreased gradually toward 30°
pattern due to changing growth facets from {1120} and {1122} facets to {1101}
facet. These behaviors exhibit hexagonal symmetry, with a 30° angular span between
the lateral and vertical growth maxima and minima. Especially, 0° orientation had
linear GaN layer on pattern, whereas other orientations have nonlinear GaN layer,
which means that it is advantages for LED configuration. GaN layer was deposited
on spacing region without interruption at initial stage, but after lateral growth of GaN
on pattern, growth of GaN on spacing region was interrupted by roof-shaped GaN.
The result makes us expect to be able to grow discrete GaN arrays using the
appropriate use of 0° with fast lateral growth rates and 30° with little progress in

lateral growth.
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Chapter 4. The growth of a discrete micro-GaN array

with various sizes on sapphire nano-membrane

4.1 Introduction

4.1.1 Micro-LEDs as an emerging display technology and current issues

Micrometer-scale light emitting diodes (micro-LEDs) have attracted much
attention due to potential applications to displays with high pixel density, high
brightness, and low energy consumption.!"*) However, there are still some issues for
mass production of micro-LED displays such as low external quantum efficiency
(EQE), leakage current, and costly and time-consuming transfer process onto a
display backplane, etc.l*’ Among them, it has been reported that the low EQEs and
significant leakage current were attributed to plasma etching process, which was
conventionally used for chip singulation.!**! During the plasma etching of an LED
epitaxial structure, sidewalls of multiple quantum wells (MQWSs) were inevitably
exposed and damaged by plasma, resulting in generation of non-radiative surface
recombination centers and leakage current paths. For the conventional LED chips

with size over 1 mm x 1 mm, the non-radiative surface recombination and leakage

current at low injection current level were not considered as severe problems.
However, as the dimension of LEDs decreased, the surface to volume ratio increased,
leading to the significant reduction in EQE and increases in leakage current. As
shown in Table 4.1, typical micro-LEDs exhibited peak EQE under 10%.5-1°) As an
effort to solve these problems, Tian et al. proposed thermal curing after the plasma

:l b
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etching.'® However, the thermally-cured micro-LEDs still showed EQE under 10%.
Sidewall passivation methods for micro-LEDs using dielectric materials have been
also reported.!®! There have even been attempts to change the etching method from
inductively coupled plasma (ICP) to neutral beam etching (NBE), but as shown in
Fig. 4.1, EQE was best at 3.4%.['31 Although improved optical or electrical
characteristics were observed due to the sidewall passivation, plasma damages to the
sidewalls of micro-LEDs still remains. It was reported that leakage current increased
as dimension of micro-LEDs decreased, indicating incomplete suppression of
sidewall damages. Therefore, if it is possible to fabricate a micro-LED array without
harmful plasma etching process for chip singulation, the EQE and electrical

properties would be greatly improved.
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Table 4.1. External quantum efficiency of conventional micro-LED.

2012
2014
2016
2017
2017
2018
2019
2019

2020

Univ. of Strathclyde(®
Univ. of Strathclydel'%
LETII'

LETIE!

LETI2]
Tsinghua Univ.[3]
AIST (Japan) ['4
Univ. of Californial'®l

Univ. of Californial'®

6 ~ 105 (diameter)
40 (diameter)
6.5x 6.5
10x 10
5x5~100 x 100
180 x 125
6, 10, 20, 40
10 ~ 100 (KOH, ALD)

1 ~ 30 (diameter)
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Figure 4.1. (a) Cross-sectional TEM image of a 6 pm micro-LED mesa fabricated
by the NBE. (b) The high-resolution lattice image near the sidewall surface of the

NBE sample. (c¢) EQE as a function of current density of micro-LEDs with different

sizes fabricated by the NBE process.[')
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4.1.2 Sapphire nano-membrane for micro-LEDs

Due to the limited size and high cost of bulk GaN substrates, the commercial
GaN-based LEDs are usually grown on c-plane sapphire substrates. However, the
lattice mismatch and difference in thermal expansion coefficients between GaN and
sapphire substrate induce high defect densities and high compressive stress in GaN
layers, which causes deleterious effects on the LED performance.!'”! Recently, our
group demonstrated a 26 nm-thick ultra-thin sapphire nano-membrane structure,
which served as a compliant substrate for the growth of less defective and less
strained GaN.!"®! The strain in GaN associated with the lattice mismatch between
GaN and sapphire substrate could be shared with the ultra-thin sapphire nano-
membrane. For the GaN grown on top surface of each membrane, the mean spacing
between misfit dislocations was increased by 40% and the threading dislocation
density (TDD) was reduced by 25%, compared to those of GaN grown on a
conventional 430 um-thick sapphire substrate. Significant reduction in piezoelectric
electric field and resultant enhanced photoluminescence (PL) from InGaN/GaN
MQWs grown on a 100 nm-thick sapphire nano-membrane were also observed.!'! It
is expected that high-efficiency micro-LED chips can be obtained by growing high-

quality GaN thin films with micro-size using sapphire nano membrane.

4.1.3 Pattern design for discrete GaN dies by using growth behaviors of

GaN on sapphire nano-membrane

It is quite well known that facets of GaN show different growth rates under

different growth condition such as temperature, pressure, and V/III ratio. Under
§ ¥

81

21 .9 1l &l



certain growth conditions, the growth rates of the growth facets vary depending on
the orientation of growth, as shown in Fig. 4.2.2% In chapter 3, through the study on
growth behaviors of GaN on the sapphire nano-membrane, the growth rates were
measured according to the growth facets, and the growth rates were increased in
order of {1101}, (0001), {1120}, and {1122}. Moreover, the evolution of growth
facets of GaN is determined by whether the facet is under convex or concave growth
conditions. Under a convex growth condition, “slow growth facet” would remain.
On the other hand, under a concave growth condition, “slow growth facet” would
disappear, as illustrated in Fig. 4.3(a). When we use the test nano-membrane pattern
in Fig. 4.3(b), the {1101} and {1122} facets would complete in both concave and
convex conditions, the shape of GaN would change from left to right in Fig. 4.3(¢c)
with growth time. The use of sapphire nano-membrane with the designed pattern, as
shown in Fig. 4.4, would result in square-like micro-LED dies in various sizes.

In this chapter, Based on previous studies on the fabrication of a sapphire nano-
membrane structure and the anisotropic growth characteristics of GaN, we designed
the array of nano-membrane patterns with different lengths and spacings between a
group of patterns. In the result, we demonstrated the growth of a discrete micro-GaN
array on the sapphire nano-membrane without etching process, where the sidewalls
of the active layer was not exposed. In addition, it was confirmed that a less defective

GaN layer was obtained by growing GaN on the thin sapphire nano-membrane.
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Figure 4.2. (a) Kinetic Wulff plots (vplots) for a low reactor pressure and low V/III
ratio condition. 2D v-plots for the orientations within (b) the m-plane and (¢) the a-

plane.*”

83 =



(a) Convex (b)
Fast growth t growth

-------- Q

AN

~

~

~ Sy
%,
\\

Fast growth l Concav e
growth ’04,,9 ~

(c)

(1101)gan
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design of sapphire nano-membrane for the study on the growth behavior of GaN. (c)

Expected morphology of GaN grown on the sapphire nano-membrane.
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Figure 4.4. Schematics of the growth of GaN on a designed sapphire nano-membrane
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4.2 Experimental procedure

For the growth of a discrete micro-GaN array, the membrane pattern was
designed using different growth rates for each growth facet of GaN. Figure 4.5 shows
the schematics of experiments for growing a discrete GaN array on the sapphire
nano-membrane. For the fabrication of sapphire nano-membrane structure, first,
photoresist(PR) pattern of a stripe with the width and the spacing of 2 um was formed
on a sapphire substrate. The size of pattern groups is 6 x 6, 14 x 14, and 50 x 50 um?
and the stripe length and the number of stripe arrays determine the size of the discrete
micro-GaN layers. Then, an amorphous Al,Os layer with a thickness of 120 nm was
deposited by atomic layer deposition(ALD) at 110 °C. After PR removal, the
substrate was annealed at 1100 °C for 2 hours in air to crystallize the ALD alumina
into a-phase for the GaN growth as described in our previous study.?!! Fabrication
process of stripe patterned sapphire nano-membrane were described in chapter 3.2.
However, in this case, it is impossible to remove PR by dipping in acetone because
the edge cannot be opened. For PR removal, microwave asher of ULVAC Enviro 11
was used. Oxygen plasma was made with O gas of 2500 sccm and N> gas of 250
sccm under a microwave power of 2000 W, a pressure of 1000 mTorr, and a
temperature of 140 °C. Cooling was performed every 300 seconds for 60 seconds
and ashing was carried out for 1 hour to remove PR. The ashing process was carried
out by changing the thickness and density of the ALD alumina membrane to find
conditions where PR is removed more easily. The remaining processes were the same
with previous chapter and GaN was grown for 2 hours. Discrete GaN dies should be

structurally and optically high quality to guarantee high EQE micro-LEDs. The



structural quality was assessed by field emission scanning electron microscopy (FE-
SEM) and cathodoluminescence (CL) and the optical quality of GaN dies was
observed by Photoluminescence (PL). The growth behaviors of GaN on the sapphire
nano-membrane including the cavities were observed by FE-SEM of Hitachi S-4800.
CL was measured with Gatan MonoCL4 at 5 kV, and PL was measured with a

Dongwoo Optron micro-PL system using a 325 nm He-Cd laser.
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Figure 4.5. Schematic diagram of the growth of a disrete GaN array on sapphire

nano-membrane array.
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4.3 Results and discussion

4.3.1 PR removal by asher for fabrication of the sapphire nano-

membrane array

Through the understanding of the GaN growth behavior on the membrane in
chapter 3, a pattern design was performed to fabricate a discrete micro-GaN array,
as shown in Fig. 4.6. The pattern was designed in a simple stripe pattern with a good
lateral growth [1120]spphire Orientation and a poor lateral growth [1100]sapphire
orientation. Since chip-sized patterns has been formed with all sides of membrane
blocked, it is difficult to remove PR with acetone. Another PR removal method, heat
treatment, causes the membrane to collapse because the PR quickly oxidizes and
tries to escape the membrane. Therefore, as a way to solve this, we use an asher that
is easy to control the rate of elimination of internal PR. PR can be removed by
oxygen plasma generated from the microwave plasma asher as shown in Fig. 4.7.
The oxygen radicals of the oxygen plasma react with the PR through the amorphous
alumina membrane and the PR is removed by the oxidation reaction. Since the
amorphous alumina membrane is porous, the reactants H>O and CO, reacted inside
the film are diffused and escaped to the outside of the film.

The thinner the thickness and the lower the density of amorphous alumina
membrane, the easier the PR can escape. In order to find the optimum condition for
removing PR, the amorphous alumina membrane thickness varied from 64.5 nm to
21.5 nm by changing the number of ALD cycles to 750, 500, and 250 cycles, and the
density of membrane was changed by processing the deposition at temperature of
110 °C and 50 °C. Since the deposition rate changes when the temperatur? is cl_lqngf:q :
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the process was performed at 675 cycles at 50 °C and 500 cycles at 110 °C to compare
the same thickness. The membrane thickness and density according to each condition
are shown in Table 4.2. Figure 4.8 shows SEM images after 15, 30, and 45 minutes
of ashing on 50 x 50 um? membranes with thicknesses of 21.5, 43, and 64.5 nm. The
dark area of membrane is the area where the internal PR has been removed, and the
bright area is where the PR remains inside. To make a quantitative comparison of PR

removal rates, the removed PR to total PR ratio is given by

Ratio(%) = Amount of Removed PR % 100
atio(%) = Amount of total PR

_ Length of removed PR
"~ Length of total PR

X 100 [4 — 1]

with the fact that each stripe pattern has the same cross-sectional area. Figure 4.9 is
a histogram graph measuring the length of the area where PR is removed from each
pattern and Fig. 4.10 shows the plot of the removed PR to total PR ratio over time.
Since PR was not uniformly removed in each stripe pattern, lengths of 260 lines were
measured for each sample to obtain statistical values. In the case of 500 cycles and
750 cycles, histogram follows Gaussian distribution, but in case of 250 cycles, it is
distributed very randomly. Ultra-thin alumina membrane is expected to cause cracks
and holes in some areas because it cannot withstand the damage of the oxygen
plasma and the rapid outflow of reactants. Therefore, an appropriate thickness of
about 43 nm is needed to maintain the membrane shape.

Figure 4.11 shows SEM images after 15, 30, and 45 min ashing on 50 x 50 pm?

membranes with deposition conditions of 675 cycles at 50 °C and 500 cycles at



110°C. The density of the membrane deposited at 50°C was 2.5 g/cm3, which is
considerably lower than that at 110°C, and it can be seen that PR was quickly
removed from the initial stage of ashing. The plot of the removed PR to total PR ratio
over time was obtained in the same way as the previous calculation, and is shown in
Fig. 4.12. As the density reduction increases the diffusion coefficient, the PR removal
rate is faster for a sample with ALD at low temperature. In the sample with 50 °C
ALD, however, the alumina membrane quickly collapsed and deformed.
Furthermore, a thickness of about 100 nm is required to stably maintain the
membrane while GaN is growing. Therefore, in order to prevent the deformation of
the membrane and to easily remove the PR, ALD alumina was first deposited at 110 °C
for 500 cycles, then the PR was removed, and 1000 cycles were additionally
deposited before crystallization, as shown in Fig. 4.13(a). Figure 4.13(b) shows plan-
view SEM images of each size membrane structure after PR removal and

crystallization.
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Figure 4.6. Plan-view SEM images 6 x 6, 14 x 14, and 50 x 50 um? patterns after the

deposition of .amorphous alumina membrane by ALD.
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Figure 4.7. Schematics of PR ashing for the closed amorphous alumina membrane

by oxygen plasma in microwave plasma asher.
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Table 4.2. The thickness and density of ALD alumina membrane with various

conditions.

Conditions Th(i::ll;in)ess g‘;:::g
750 cycles at 110 °C 64.5 2.746
500 cycles at 110 °C 43 2.746
250 cycles at 110 °C 21.5 2.746
675 cycles at 50 °C 43 2.500
2 A 2T

94



110°C 250 cycle 50)(50 (15 30 45 min)

"“. | .‘ " J.- : ||||[ |||||I. I ||||u|,|||| ||1|||l||| i|I Iw M“EH

|| ||I| n"‘lllm [ u|||||| i ||l||||lllhl | ,m

Figure 4.8. Plan-view SEM images of 50 x 50 um? membranes after 15 min, 30 min,
and 45 min of ashing on the membrane deposited in 250 cycles, 500 cycles, and 750

cycles ALD. (black bar = 50 pm)
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Figure 4.10. The plot of the removed PR to total PR ratio of the membranes with
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Figure 4.11. Plan-view SEM images of 50 x 50 pm? membranes after 15 min, 30
min, and 45 min of ashing on the membrane with deposition conditions of 675 cycles

at 50 °C and 500 cycles at 110 °C. (black bar = 50 um)
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Figure 4.13. (a) Cross-section SEM images of PR removed membrane structure and
crystallized membrane after additional deposition of ALD. (b) Plan-view SEM
images 6 x 6, 14 x 14, and 50 x 50 um? membrane structures after PR removal and

crystallization.
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4.3.2 Growth of a discrete micro-GaN array

Figure 4.14 shows the GaN layer on the sapphire nano-membrane with 6 x 6,
14 x 14, and 50 x 50 pm? sizes grown for 70 min after crystallization of amorphous
alumina membrane. As previously anticipated, the GaN layer was grown in a convex
growth mode consisting of {1120} and {1101} facets. Considering the lateral
growth rate of GaN, the spacing between chip size pattern groups was adjusted to 4
pm for the horizontal direction and 2 pum for the vertical direction. GaN can be
coalesced in the area of 2 um spacing between the patterns, but, GaN cannot be
coalesced in the area of 4 pm spacing in the horizontal direction. The {1101} facet
with hexagonal symmetry was observed at the top and bottom of the discrete GaN
layers in bird’s eye view SEM images, as shown in Fig. 4.15. The {1101} facet of
GaN in the vertical direction has the lowest growth rate, because it has lower surface
energy than the {1120} and (0001) facet of GaN. Therefore, lateral growth does
not proceed in the vertical direction, and GaN is not coalesced. Figure 4.16 shows
discrete micro-GaN arrays with 6 x 6, 14 x 14, and 50 x 50 um? chip sizes grown for
2 hours. The 14 x 14 and 50 x 50 pm? sized GaN layers were grown not to merge
with each other through proper lateral growth control, and also did not merge with
the GaN grown in the spacing region as shown in Fig. 4.16(d) and 4.16(g). The 6 x
6 um? sized GaN layers, however, has a relatively wide spacing region, so even if
GaN is laterally grown, the diffusion of Ga to the bottom is not hindered. So, as
shown in Fig. 4.16(a), GaN grown at the bottom of the substrate merged with GaN

grown on the top of membrane.
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Figure 4.14. Plan-view SEM images of the GaN layer on the sapphire nano-

membrane with (a) 6 x 6, (b) 14 x 14, and (c) 50 x 50 pm? sizes grown for 70 min.
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Figure 4.15. Bird’s eye view SEM images of fast lateral growth in horizontal

direction and slow lateral growth in vertical direction.
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Figure 4.16. Plan-view, bird’s eye view, and cross-section SEM images of the GaN

layer on the sapphire nano-membrane with (a, b) 6 x 6 um?size, (c, d, €) 14 x 14 um?

size, and (f, g, h) 50 x 50 um? size grown for 120 min.
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4.3.3 Threading dislocation density of micro-GaN layer

To measure the threading dislocation density (TDD) of micro-GaN layer, CL
measurement was performed as shown in Fig. 4.17. TDD of the 14 x 14 and 50 x 50
um? micro-GaN layers were measured to be 1.17 x 10% cm? and 1.31 x 10% cm™,
respectively, which is 40% and 33% lower than that of GaN on the planar sapphire
substrate (1.94 x 10® cm?). Moon et al. reported strain reduction of GaN layer on an
ultra-thin sapphire membrane with a thickness of about 26 nm.!"8) Stress occurs due
to the lattice mismatch between sapphire and GaN. In the conventional case where
GaN is grown on a sapphire substrate, GaN film takes this stress and a lattice
mismatch dislocation is generated. However, when a very thin sapphire membrane
acts as a substrate, strain caused by lattice mismatch is distributed to the sapphire
membrane, i.e., strain partitioning.*?! As the thickness of the substrate becomes
thinner, the strain applied to the epilayers becomes smaller due to strain partitioning.
So, the misfit dislocation density is reduced, leading to a decrease in TDD. As a
result, TDD decreased due to the reduction of the lattice mismatch dislocation and
the lateral growth of GaN. In the merged area between yellow region in Fig. 4.18,
however, threading dislocations are clustered in the form of lines. The yellow region
is the stripe patterned membrane where GaN is grown and the region between them
shows the area of GaN coalescence. As GaN grows laterally, the dislocations come
up when the GaN layers merge with each other. Threading dislocations in which
many are clustered can adversely affect the LED performance, so it is necessary to

minimize the point of merging.
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Figure 4.17. CL images of (a) GaN on planar sapphire substrate and (b) GaN layer

on the sapphire nano-membrane.
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Figure 4.18. CL images of (a) 14 x 14 um? and (b) 50 x 50 um? size GaN layer on
the sapphire nano-membrane. Yellow region is the stripe patterned membrane where

GaN is grown on top of that.
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4.3.4 Optical property of micro-GaN layer

Micro-PL measurement was performed to evaluate the optical properties of
micro-sized GaN layers. Figure 4.19 shows near band edge (NBE) PL spectra at 10
K. The NBE emission peak intensity of GaN grown on the sapphire nano-membrane
was found to be about 36.5% higher than that of GaN grown on the planar sapphire
substrate. This is due to the low TDD of GaN on the sapphire membrane. The PL
FWHM of GaN on the sapphire substrate and the sapphire membrane are 3.1 meV

and 3.9 meV, respectively. Due to the density change (2.1 ~ 3.5 g/cm®* — 3.99

3)[21.23.24] resulting from the crystallization of the alumina membrane from the

g/cm
amorphous to the alpha phase, the membrane structure contracts and warps.!*!! This
results in a c-direction deformation at the top of the sapphire membrane, which is
expected to affect the crystallinity of GaN. In addition, a red shift of the NBE

emission peak from 355.16 nm to 356.71 nm was observed, indicating a reduction

in the compressive stress of GaN on the sapphire membrane.
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Figure 4.19. Micro-PL spectra of GaN layers grown on the planar sapphire

substrate and the sapphire nano-membrane.
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4.4 Summary

In summary, we proposed the designed pattern to grow a discrete micro-GaN
array with various size. For the fabrication of sapphire nano-membrane structure,
microwave plasma asher was used as PR removal method. Depending on the
thickness and density of the ALD membrane, the quality of the porous membrane
varied, and thus the degree of diffusion of PR was changed, resulting in the change
of the rate of PR removal. Discrete micro-GaN arrays were successfully grown on
the thin sapphire nano-membrane by using faster lateral growth rate over vertical
growth rate. Different growth rates of growth facets determine the shape of GaN die
by convex growth. Threading dislocation density of chip-sized GaN is reduced by
40% as compared with the GaN on planar sapphire substrate. Also, the PL peak
intensity of micro-GaN on sapphire nano-membrane increased by 36.5% compared

to that of GaN on planar sapphire substrate.
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Chapter 5. A core-shell-like micro-LED array grown

on sapphire nano-membrane

5.1 Introduction

Micro-light-emitting diodes (micro-LEDs) is attracting much attention for next-
generation display technology due to their superior characteristics, compared to
current technologies such as liquid-crystal display and organic light-emitting diode
display.l'*! High brightness, long lifetime, and low energy consumption are
necessary to outdoor and large-area displays. Especially, for the virtual and
augmented reality (VR and AR) applications, high response rates and high pixel
densities are essential for fast scene transitions and natural imaging without
discomfort.*3] Because there are limitations in these requirements with the
conventional display technologies, micro-LEDs draw a lot of attention for the next-
generation display technology to deal with the new emerging markets.!”! Besides,
micro-LEDs also exhibit enhanced light extraction, uniform current spreading, and
heat dissipation due to their small configuration.[®*! Therefore, since Jiang et al.

10.1] " researches on

demonstrated the first micro-LEDs with diameter of 12 um!
micro-LEDs have been widely conducted throughout academia and industry as
shown in Fig 5.1.1°912231 A micro-LED array driven by complimentary metal-oxide-

semiconductor circuitry and a full color micro-LED array with active matrix

operation were reported in 2009 and 2011, respectively.l'*!* In 2016, the 6.5 um x
6.5 pm-sized blue and green micro-LED array with 2.2x 107 cd/m*> were

demonstrated.l'”? However, there are some issues for micro-LEDs sush as low
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external quantum efficiency (EQE), leakage current, and costly and time-consuming
transfer process onto a display backplane, etc.®) Conventional micro-LED
fabrication is done by plasma etching of the LED epitaxial film grown on large
substrates for chip singulation. As the size of micro-LEDs shrinks, the wasted
fraction of epitaxial wafers increases, and so-called kerf loss becomes unacceptable
for mass production. Moreover, the non-radiative recombination at exposed
sidewalls of multiple quantum wells (MQWs) significantly reduces the EQE of the
micro-LEDs and generates leakage current paths. F. Oliviere et al. repoted influence
of size-reduction on the performances of micro-LED as shown in Fig. 5.2.'8) For
manufacturing micro-LED displays, transfer of micro-LED to backplane of display
is required. Although the pick-and-place technology is a representative method of
transferring micro LEDs, it is not suitable for mass production, and there are many
difficulties in the process, especially as small displays become. Small displays such
as VR and AR that are close to the human eye require high resolution, so monolithic
hybridization transfer method is required as shown in Fig. 5.3.

In this chapter, we demonstrated a sapphire nano-membrane array for growth
of a discrete micro-LED array with size of 4 pm x 16 um without the harmful plasma
etching process. Each multi-faceted micro-LED was grown on each sapphire nano-
membrane without merging with adjacent ones. Figure 5.4 shows expected micro-
LED shape with self-passivation by p-GaN. Since the MQW on the sidewalls is
protected by p-GaN, it is expected to have high internal quantum efficiency (IQE),
and since the TIP structure, which is widely known to be advantageous for light
extraction'¥), is naturally formed, the light extraction efficiency (LEE) is also
expected to increase. Threading dislocation density (TDD) in the micro-LEDs grown

on sapphire nano-membranes was reduced by 59.6%, compared to that grown on a
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conventional sapphire substrate. Improved IQE was also observed from the
temperature-dependent  photoluminescence (PL) measurement. From the
cathodoluminescence (CL) measurements, two orders of magnitude stronger
emission at 435 nm was observed from the c-plane than that from semi-polar
sidewall facets. The InGaN/GaN MQW:s were formed both on the c-plane and semi-
polar facets, and forming a core-shell-like, self-passivated micro-LED, hopefully
minimizing the concentration of non-radiative recombination centers and leakage
current paths. Sapphire nano-membrane technology is expected to provide a
powerful platform for micro-LED fabrication process without plasma etching for

chip singulation.
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Figure 5.4. Expected micro-LED shape with MQWs at both top and sidewalls of a

micro-LED die.
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5.2 Experimental procedure

The schematic sequence for the fabrication of a sapphire nano-membrane array
and the subsequent growth of a discrete micro-LED array are shown in Fig. 5.5, and

described in detail in follows.

5.2.1 Fabrication of a sapphire nano-membrane array

A stripe-shaped PR pattern was firstly defined on a 2-inch c-plane sapphire
substrate by a maskless patterning system (Nano System Solutions, DL-1000 HP)
along the sapphire [1120] direction. The width and height of the stripe were 2 um,
and the spacing between them was 5 um. Subsequently, a 120 nm-thick amorphous
alumina layer was deposited by ALD at 110 °C using trimethylaluminum and H,O
as precursors of Al and O, respectively. The second PR pattern (width: 16 pum, pitch:
20 um) was formed along the direction perpendicular to the first stripe pattern to
selectively expose the alumina layer. After the exposed amorphous alumina was
etched by 85.0% H3PO4 at 50 °C, all PR was removed by acetone, resulting in a
cavity-incorporated membrane array. The sample was subsequently annealed at
1150 °C for 2 hours in an air ambient furnace to crystallize amorphous alumina nano-
membrane into single crystalline sapphire (o—phase) by solid-phase epitaxy, as

23261 The sapphire nano-membrane became epi-ready

described in detail elsewhere.!
states by wet cleaning and thermal treatment with rms roughness of 0.8 nm. Through

the densification of alumina membrane during the crystallization, the thickness and

width of top membrane were reduced to about 100 nm and 1.7 um, respectively.
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5.2.2 Epitaxial growth of a micro-LED array

An un-doped GaN array was grown for 40 min at 1040 °C and 40 kPa in a
metal-organic chemical vapor deposition (MOCVD) chamber. Micro-LED epitaxial
layers including an n-type GaN layer, 15 period InGaN/GaN superlattices (SLs), an
InGaN stress relaxation layer, 3 period InGaN/GaN MQWs, an InGaN quantum
barrier layer?”), and a p-type GaN layer were subsequently regrown on the un-doped
GaN array in another MOCVD chamber. The n-type GaN layer was grown for 10
min at 1030 °C and 53 kPa. Thicknesses of un-doped GaN, n-type GaN, and p-type
GaN were estimated to 1.1 um, 0.3 um, and 0.1 pum, respectively. An array of 4 pm
% 16 um micro-LEDs were formed on the sapphire nano-membrane array after the
regrowth. For comparison, a reference LED epitaxial layer was grown on a planar
sapphire substrate in the same batch. However, the LED structure of the reference
sample is not identical to the micro-LED sample. The quantum well thickness as well
as In content in InGaN well would be slightly different due to the differences in 2-
dimensional growth (reference sample) and 3-dimensional growth on sapphire nano-

membrane structures.

5.2.3 Characterization

The fabrication of sapphire nano-membrane array and the growth of micro-LED
array were observed by field emission scanning electron microscope (FE-SEM),
Hitachi S-4800. Raman spectra were taken from a LabRAM HV Evolution system
using a 633 nm laser to analyze the stress states of un-doped GaN layers.

Temperature-dependent PL were measured by Dongwoo Optron micro-PL system
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with a 325 nm He-Cd laser to estimate IQE. The laser spot size of micro PL system
used in this study was 3 um. Cross-section TEM images of the micro-LEDs on
sapphire nano-membranes were observed by Titan G2 80-200. Cross-section STEM
measurements were also conducted to observe the core-shell-like micro-LEDs at all
facets. TDD (deduced from CL dark spot density), monochromatic CL images, and
spatially-resolved CL spectra from each facet of micro-LEDs were analyzed by

Gatan Mono-CL4 with an acceleration voltage of 5 kV at room temperature.
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Figure 5.5. Schematic diagram for the fabrication of a sapphire nano-membrane

array and the subsequent growth of a discrete micro-LED array.
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5.3 Results and discussion

5.3.1 Fabrication of a sapphire nano-membrane array

Plan-view and cross-section scanning electron microscope (SEM) images of the
ALD alumina-deposited first photoresist (PR) pattern are shown in Fig. 5.6(a) and
5.6(b), respectively. It was found that the stripe PR pattern was successfully formed
and the amorphous alumina was conformally deposited over all exposed surface,
preserving the stripe geometry. Subsequently, 4 pum-thick second PR pattern was
formed in perpendicular direction with respect to the first PR pattern, exposing the
top and side surface of the ALD alumina layer deposited on the first stripe PR pattern,
as shown in Fig. 5.6(c) and 5.6(d). After the wet etching of exposed alumina by
H3PO4, PR both above and underneath the alumina was removed, and the cavity-
incorporated amorphous alumina nano-membrane array was fabricated, as shown in
Fig. 5.6(e) and 5.6(f). The width and height of the first PR pattern and the spacing
between them were designed to grow a discrete micro-LED array, considering the

28,29

anisotropic growth behaviors of GaN.[?#2°! After the subsequent thermal treatment,

the amorphous alumina nano-membrane array was crystallized into sapphire (o-

phase Al;O3) nano-membrane array by solid-phase epitaxy?>~6]

, as shown in Fig.
5.6(g) and 5.6(h). Due to the densification of alumina membrane during
crystallization, the thickness and width of top membrane were reduced to about 100

nm and 1.7 pm, respectively. The top surfaces of the sapphire nano-membrane array

were later used as templates for the growth of a discrete micro-LED array.
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Figure 5.6. SEM images for the fabrication process of a sapphire nano-membrane
array. (a) Plan-view and (b) cross-section SEM images of ALD alumina layer
deposited on the first stripe-shaped PR pattern. (c) Plan-view and (d) cross-section
SEM images of the second PR pattern on the ALD alumina layer. (¢) Plan-view and
(f) cross-section SEM images of a cavity-incorporated alumina nano-membrane
array. (g) Plan-view and (h) cross-section SEM images of a sapphire nano-membrane

array after thermal treatment.
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5.3.2 Epitaxial growth of a discrete micro-LED array

Figures 5.7(a) and 5.7(b) show plan-view and bird’s eye-view SEM images of
an array of un-doped GaN template grown on the array of sapphire nano-membrane
after 40 min growth, respectively. An array of 3 um-wide un-doped GaN template
was obtained after the pendeo-epitaxy of GaN along the [1120] direction of GaN.
Note that (0001), {1120}, and {1101} facets were clearly observed. During the
subsequent growth of an n-type GaN at a slightly different growth condition (lower
temperature and higher pressure), {1122} facets appeared instead of {1120}
facets®®, as shown in Fig. 5.7(c) and 5.7(d). Relative growth rates of GaN facets and
its configuration are greatly affected by the MOCVD growth conditions.!*!) Under
the convex growth mode, {1122} facet with slower growth rate appeared instead of
{1120} facet with higher growth rate during the n-GaN growth at relatively lower
temperature and higher pressure.?®) The {1122} facets prevailed throughout the
subsequent growth of LED structures. Due to the proper design for dimensions of
the sapphire nano-membrane array (i.e., width, length of the sapphire nano-
membrane, pitches in two orthogonal directions), the micro-LEDs were isolated with
respect to adjacent micro-LEDs. Note that GaN was also grown on the spacing
region between the sapphire nano-membrane array; however, GaN growth was
hindered since the majority of incoming Ga and N flux was more or less directed
toward the GaN templates grown on the sapphire nano-membranes located at an
elevated position (higher than ~2 um with respect to the spacing region). Therefore,
the precise design for the sapphire nano-membrane array is quite essential to

construct a discrete micro-LED array. The shape of micro-LEDs with semi-polar
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{1122} and {1101} facets is very effective in light extraction due to reduced total
internal reflection, similarly to the truncated inverted pyramid structures.**3? In
addition to the enhanced light extraction due to nano- and micro-structures, the

inclined semi-polar facets is also expected to further enhance the light extraction.
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Figure 5.7. SEM images of epliayers on sapphire nano-membrane array. (a) Plan-
view and (b) bird’s eye view SEM images of discrete micro-sized un-doped GaN
template array. (c) Plan-view and (d) bird’s eye view SEM images of discrete micro-

LEDs array grown on saphire nano-membrane array.
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5.3.3 Characterization of a core-shell-like micro-LED array

Structural and optical properties of the un-doped GaN template and the micro-
LED were analyzed by micro-Raman spectroscopy, CL, and micro-PL
measurements. Figure 5.8 shows Raman spectra from a free-standing GaN, an un-
doped GaN template on a sapphire nano-membrane, and an un-doped GaN on a thick
planar sapphire substrate. For in-depth investigation on the stress variation in the un-
doped GaN on sapphire nano-membrane, Raman spectroscopy measurements were
carried out at two positions, i.e., GaN above membrane (indicated by green dot) and
pendeo-epitaxy GaN (indicated by blue dot), as shown in inset of Fig. 5.8. The peaks
of E2-high mode were observed at 568.4 cm™ from GaN at both positions, and at
570.6 cm™! for GaN on planar sapphire substrate. Considering the stress coefficient
of GaN (4.3 cm™'/GPa)P?, the residual compressive stresses in the un-doped GaN
grown on sapphire nano-membrane and planar sapphire substrate were calculated to
be 139 MPa and 651 MPa, respectively. Although the extents of stress relaxation of
78.6% were slightly lower, compared to our previous results (95.7%) for ultra-thin
(26 nm) sapphire nano-membrane!®!, considerable stress relaxation were observed.
Figures 5.9(a) and 5.9(b) show panchromatic CL images from LEDs on planar
sapphire substrate and the micro-LEDs grown on sapphire nano-membrane,
respectively. The locations of the sapphire nano-membranes were indicated with
green boxes as shown in Fig. 5.9(b). TDDs from micro-LEDs in the green boxes
were as high as 2.87 x 10® cm™, which was reduced by 37.3%, compared to that in
the reference sample of 4.58 x 10® cm™, as shown in Table 5.1. Misfit dislocation is
generated at the interface between epitaxial layer and substrate when the epitaxial
layer thickness increases beyond so-called critical thickness. As the thiﬁckn@ss of
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substrate decreases, the lattice mismatch strain in epilayer dramatically decreases
due to strain partitioning. The ultra-thin nano-membrane substrate shared the part of
strain in the epitaxial layer and effectively reduced the number of misfit dislocations

at the GaN/nano-membrane interfaces®”,

leading to the less defective GaN
islands/interface and resultant reduction of TDD in the epitaxial layer.****! These
results are in good agreement with the stress states in GaN measured by Raman
spectroscopy in Fig. 5.8. Nearly TDD-free regions were observed from the pendeo-
epitaxy GaN regions due to absence of vertical propagation of threading
dislocations.*%! Average TDD was measured to be 1.85 x 10® cm?, which was
reduced by 59.6%, compared to the reference sample. Figure 5.10 shows Arrhenius
plots of the integrated PL intensity from both micro-LED on sapphire nano-
membrane and reference sample over the temperature ranges of 10 K to 300 K. The
IQE was estimated from the ratio of integrated PL intensity at 10 K and 300 K by
assuming that the IQE is 100% at a low temperature of 10 K.B”! The IQE of the
micro-LEDs on sapphire nano-membrane was enhanced a factor of 1.44, compared
to the reference sample. The inset of the Fig. 5.10 shows PL spectra of the samples
measured at 300 K. About 3.3 times higher integrated PL intensity was observed
from the micro-LED on sapphire nano-membrane than that of the reference sample
at room temperature. The improvement in both IQE and integrated PL intensity was
attributed to the stress relaxation and reduced TDD in the micro-LEDs grown on
sapphire nano-membranes. The PL peak position from the micro-LEDs on sapphire
nano-membranes was red-shifted by 0.12 eV, compared to that from the reference
sample. The red-shift could be attributed to the higher indium incorporation into the
InGaN wellsP**3% whose temperature was slightly lower due to the lower thermal

conductivity of the cavity-incorporated nano-membrane structures. Using the
21 © 11 &1
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sapphire nano-membrane array, both blue-shift induced by reduction of QCSE and
the red-shift due to higher indium incorporation were superimposed. The apparent
PL red-shift indicates that the higher indium incorporation was dominant in this study.
The PL full width at half maximum (FWHM) from the micro-LEDs on sapphire
nano-membranes and reference sample were 0.17 eV and 0.10 eV, respectively. The
origin of the larger FWHM will be discussed later. Additional PL peak around 382
nm fitted with the emission from the semi-polar facets as shown in CL images in Fig.
5.13. The laser spot size of micro PL system used in this study was 3 pum so that
emission from the sidewalls could be detected from the micro PL measurements.

To observe the core-shell-like MQWs on all facets of the micro-LED,
transmission electron microscopy (TEM) analysis was conducted. Figure 5.11(a)
shows a cross-section TEM image of a single micro-LED viewed along [1100]can
direction. We found that a discrete micro-LED was grown on a sapphire nano-
membrane without merging with the GaN grown on the spacing region. The
magnified scanning TEM (STEM) images in Fig. 5.11(b) and 5.11(c) showed that
the p-type GaN layer and the InGaN/GaN MQW:s were formed on all polar and semi-
polar facets, implying the formation of a core-shell-like micro-LED. The red lines in
insets of Fig. 5.11(b) and 5.11(c) indicate the location where cross-section images
were taken. It was worth noting that thicknesses of MQWs on (0001) plane near
the edge gradually decreased toward both sidewalls of {1122} and {1101},
respectively, as shown in Fig. 5.11(b) and 5.11(c). The broader PL spectrum from the
micro-LEDs on sapphire nano-membranes discussed above could be explained in
terms of inhomogeneous indium composition and thickness deviation in (0001)

facets. Funato et al. reported the inhomogeneous indium distributions in MQWs

grown on (0001) facets in the micro-structures with semi-polar and pon_—polarl:
) '-;'. + 1_. 8 (] :
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facets.*®l Cross-section STEM images of (0001), {1122}, and {1101} facets
clearly show the differences in growth rate at various facets as shown in Fig. 5.12(a),
5.12(b), and 5.12(c), respectively. The thicknesses of InGaN wells were measured to
be 3.01 £ 0.13 nm, 1.36 = 0.11 nm, and 1.35 + 0.15 nm on (0001), {1122}, and
{1101} facets, respectively.

Figures 5.13(a), 5.13(b), 5.13(c), and 5.13(d) show plan-view SEM image,
monochromatic CL images at 375 nm, 387 nm, and 435 nm, respectively, from a
micro-LED on a sapphire nano-membrane. The monochromatic CL measurements
clarified the emission from all facets as shown in Fig. 5.13(b), 5.13(c), and 5.13(d).
Emissions with shorter wavelengths were measured from the facets in order of
{1122}, {1101}, and (0001), in good agreement with the results in the literature.*"-
4] The emissions with various wavelengths were attributed to the differences in
growth rates and indium incorporation on each facet.[***! In addition, the thinner
InGaN quantum well in semi-polar facets reduced the QCSE and leads to an
increased emission energy, which is consistent with the CL results. Points on each
facet of the micro-LED in Fig. 5.13(a) indicates positions where spatially-resolved
CL measurement were conducted, and the corresponding CL spectra were shown in
Fig. 5.14. Peak wavelengths of the spatially-resolved CL spectra from each facet
were corresponded to the monochromatic CL images shown in Fig. 5.13(b), 5.13(c),
and 5.13(d), respectively. Two orders of magnitude stronger emission was observed
from (0001) plane at 435 nm than that from semi-polar {1122} and {1101}
planes. This result is different from emission properties of similar micro-sized light
emitters with {1122}, {1101}, and (0001) facets obtained from the selective

growth by using a dielectic-patterned GaN/sapphire substrate.*’] Hwang et al.
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reported superior optical properties from {1122} facets compared to those from
(0001) facet, which was explained by less QCSE at the semi-polar {1122} facet.**]
In our structures; however, the weaker CL signals from the semi-polar facets were
attributed to the extremely thin InGaN wells as observed in the STEM measurements,
since carriers in the very thin MQWs can be easily escape. Moreover, the ultra-thin
sapphire nano-membrane significantly reduced the compressive stress in GaN,
leading to reduction of QCSE in (0001) facet and resultant increase in overlap of
electron and hole wave functions. The strong CL emission mostly from the c-plane
of the micro-LED on sapphire nano-membrane may be an important characteristic
for the realization of micro-LED displays. The results suggest that the proper n- and
p-metal design in micro-LEDs on sapphire nano-membranes would suppress the
emission from semi-polar with shorter wavelength and generate the emission only

from (0001) plane.
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Figure 5.8. Raman spectra from freestanding GaN, micro-sized un-doped GaN on

sapphire nano-membrane, and un-doped GaN on planar sapphire substrate.
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Figure 5.9. Panchromatic CL images of (a) a LED film on planar sapphire substrate

and (b) micro-LEDs grown on sapphire nano-membrane.
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Table 5.1. Calculated threading dislocation density of LEDs on planar sapphire

substrate and micro-LEDs on sapphire nano-membrane from CL results.

Samples

Threading dislocation density (TDD) (cm)

LEDs on planar
sapphire substrate

4.58x10°8

Micro-LEDs on sapphire
nano-membrane

1.85x108 (average)

Membrane region
2.87x108

Pendeo-GaN
0
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Figure 5.10. Ahrrenius plots of temperature dependent PL from micro-LEDs on

sapphire nano-membrane and LEDs on planar substrate. The inset figure shows PL

spectra measured at 300 K from micro-LEDs on sapphire nano-membrane and LEDs

on planar substrate.
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Figure 5.11. Cross-section TEM and STEM images of a core-shell-like micro-LED.
(a) Cross-section TEM image of single micro-LEDs on sapphire nano-membrane
with zone axis of [1100] direction of GaN. Cross-section STEM images with zone

axis of (b) [1100] direction and (c) [2110] direction of GaN.

A g st

141



(0001)

GaN- barrier

(1101}

Figure 5.12. STEM images of InGaN/GaN MQWs on facets of (a) (0001), (b)
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Figure 5.13. Plan-view SEM image and CL emission properties of single micro-LED
(a) Plan-view SEM image of single micro-LED grown on sapphire nano-membrane.
Monochromatic CL images measured at wavelengths of (b) 375 nm, (c) 387 nm, and

(d) 435 nm.
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5.3.4 Transfer of a micro-LED array for device fabrication

Figure 5.15 shows schematic diagram for the fabrication of a vertical-type
micro-LED device. Before transfer of a micro-LED array, p-metal pattern was
formed on c-plane micro-LED array and Ag-based p-ohmic metal (ITO 20 nm / Ni
0.5nm/Ag 250 nm/ Ni 100 nm / Ti 20 nm / Ni 20 nm / Au 90 nm) was deposited
on a micro-LED array by e-beam evaporator as shown in Fig 5.16. After metal lift-
off process, the sapphire substrate with a micro-LED array was flipped over to a p-
metal deposited Si0»/Si wafer (Ti 20 nm / Ni 40 nm / Au 60 nm / Sn 120 nm / Au 30
nm). Au/Sn eutectic bonding was used for bonding between micro-LEDs and target
wafer. Figure 5.17 shows SEM images of a micro-LED array on target wafer
successfully transferred by wafer bonder at 300 °C and 10 kgf for 20 min. The leg
part of thin sapphire nano-membrane was broken by mechanical force, resulting in
the monolithic transfer of a micro-LED array. The mechanical lift-off (MLO) has the
advantage of being simpler and capable of processing in large quantities compared
to existing substrate separation technologies such as laser lift-off (LLO) or chemical
lift-off (CLO). In addition, since monolithic transfer of a micro-LED array is simply
possible, it is very advantageous to apply to small displays such as VR/AR. Figure
5.18 shows cross-section TEM images of a transferred micro-LED array by
mechanical lift-off. As shown in the magnified TEM image, the leg of the membrane
was broken and the upper part of the sapphire nano-membrane was transferred
together. In order to make contact with the n-metal, it is necessary to remove the
transferred membrane. After the transfer, 150 nm-thick Al,O3 was deposited by ALD
for electrical isolation and the remained membrane and un-GaN was subsequently
etched by PR patterning and dry etching. The dielectric SiO; layer was florrpﬁ:d by
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sputtering and lift-off process for planarization and semi-transparent n-metal (In 20
nm / ITO 200 nm) was deposited on the exposed n-GaN.

Figure 5.19 shows electroluminescence (EL) spectra of a 4 pm X 16 pm
membrane LED as a function of injection current density. The inset graph shows
peak wavelength as a function of injection current density for the membrane micro-
LED and 10 pm x 10 pm dry-etched conventional micro-LED. In a dry etched micro-
LED, due to the screening effect by quantum confined Stark effect (QCSE), blue
shift of the peak wavelength was observed according to the injection current density,
whereas in the membrane micro-LED, the peak shift was hardly seen. Due to the
strain partitioning of the sapphire nano-membrane, the compressive stress applied to
the GaN thin film is greatly reduced, thereby reducing the QCSE, resulting in almost
no peak shift. The little peak shift according to the injection current density is a very
important characteristic required for a display. Therefore, micro-LED growth on
sapphire nano-membrane can be a powerful breakthrough in micro-LED display

applications.
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p-metal formation A micro-LED array Amorphous alumina
by lift-off transfer by MLO deposition (150 nm) by ALD

n-metal line

n-GaN mesa by SiO, (500 nm) deposition n-metal deposition
ICP dry etching by sputter and lift-off and metal lift-off

Figure 5.15. Schematic diagram for the fabrication of a vertical-type micro-LED

device by transfer with mechanical lift-off.
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Figure 5.16. (a) Plan-view and (b) bird’s eye view SEM images of a micro-LED

array after p-metal deposition and metal lift-off.
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Figure 5.17. (a) Plan-view and (b) bird’s eye view SEM images of a transferred

micro-LED array by mechanical lift-off.
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Figure 5.18. Cross-section TEM images of a transferred micro-LED array by

mechanical lift-off and remained sapphire nano-membrane.
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5.4 Summary

In this chapter, A core-shell-like micro-LED array with multi-facets was
successfully grown on a 100 nm-thick sapphire nano-membrane array without
harmful plasma etching. The micro-LED on sapphire nano-membrane was
individually formed and MQWs was not exposed by self-passivation of p-GaN.
Raman analysis showed that compressive stress in GaN layer was reduced by 78.6%
in the un-GaN. The CL measurement yielded a TDD of 1.85 x 10® cm, which was
reduced by 59.6%, compared to the LED on planar sapphire substrate. TD-PL
measurement confirmed that IQE increased by 1.44 times, and PL intensity was
improved by a factor of 3.3 compared to planar sapphire substrate. Strong CL
emission at 435 nm was observed was observed from c-plane MQWs due to
reduction of QCSE, whereas negligible CL emissions were measured from semi-
polar sidewall facets. Vertical-type micro-LED devices were demonstrated by
transferring micro-LED array through mechanical lift-off. Although optimization of
fabrication process is needed, unique characteristics such as single blue emission and
no peak shifts in EL spectra were observed, which is superior characteristic for

display technology.
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Chapter 6. Conclusions

In this study, the sapphire nano-membrane have been proposed to solve the
current issues in micro-LEDs such as high cost, low EQE, and difficulty in the
transfer process and to obtain the high quality GaN epitaxial layers.

Firstly, the growth behavior of GaN grown on the sapphire nano-membrane was
observed in various orientations. In order to grow a discrete GaN array, stripe-shaped
sapphire nano-membrane structures were fabricated in various directions and the
lateral to vertical growth rate of growth facets of GaN was measured. The GaN layer
grown on the membrane had (0001), {1120}, {1122}, and {1101} growth facets
along the orientation and the growth behavior was determined according to the
growth rate of each facet. Lateral to vertical growth rate ratio decreased from 0°
stripe pattern, which is parallel to [1120]sapphire, to 30° distorted stripe pattern and
increased again with 60°. The growth of GaN deposited in the spacing region was
interrupted by the GaN layer on the membrane when the lateral growth rate was high.
These growth features showed the potential to grow separate GaN layers.

Secondly, a discrete micro-GaN array with various sizes was grown on a
sapphire nano-membrane structure by using different growth rates for each growth
facet of GaN. To fabricate a micro-chip-sized sapphire nano-membrane that is closed
on all sides, a method of ashing PR was introduced, and all of the PR was
successfully removed by changing the thickness and density of the membrane. The
micro-GaN layers with sizes of 14 x 14 and 50 x 50 um? was grown separately from
each other and did not merge with GaN grown on the spacing region, so it is expected

to be advantageous when it is detached from the substrate. Threading dislocation
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density (TDD) of chip-sized GaN was reduced by 40% and the PL intensity increased
by 36.5% as compared with the GaN on planar sapphire substrate. This study
provides opportunities to realize high quality GaN epitaxial layers and fabricate
micro-LEDs without chip singulation process.

Lastly, a core-shell-like micro-LED array with multi-facets was grown on a 100
nm-thick sapphire nano-membrane array. Without harmful plasma etching for chip
singulation, the core-shell-like micro-LED with size of 4 x 16 um? was individually
formed on each sapphire nano-membrane. Significant stress relaxation of 78.6% in
the un-doped GaN and considerable TDD reduction of 59.6% in the micro-LED were
observed due to the compliant sapphire nano-membrane structure used in this study.
IQE was enhanced by a factor of 1.44, and PL intensity was improved by a factor of
3.3 from the micro-LEDs on sapphire nano-membranes compared to the LED on
planar sapphire substrate. Strong CL emission at 435 nm was observed from c-plane
MQWs, whereas negligible CL emissions were measured from semi-polar sidewall
facets. The discrete micro-LED arrays successfully transferred to target wafer by
mechanical lift-off to fabricate vertical-type micro-LED devices. This study is
expected to provide a platform technology to realize high-efficiency micro-LEDs by
using sapphire nano-membrane, which is suitable for next-generation display

technology.
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