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Lift-off processes have been developed as the enabling technology to free the epitaxial III-Nitride thin film from a
conventional growth substrate such as sapphire and Silicon, in order to realize a variety of novel device designs and
structures not otherwise possible. An epitaxial lift-off (ELO) process can be adopted to transfer the entire film to an
arbitrary foreign substrate to achieve various functions, including enhancement of device performance, improvement of
thermal management and to enable flexibility amongst others. On the other hand, partial ELO techniques, whereby only
a portion of the thin-film is detached from the substrate, can be employed to realize unconventional device structures
or geometries, such as apertured, pivoted, and flexible devices, which may be exploited for various photonic structures
or optical cavities. This paper reviews the development of different lift-off strategies and processes for III-Nitride
materials and devices, followed by a perspective on the future directions of this technology.

I. INTRODUCTION

Due to their excellent optical and electronic properties, I1I-
Nitride-based devices are now widely used and are essen-
tial to our everyday lives, with a global market estimated to
reach USD 24.9 billion by 2026, From light sources and
TVs to chargers, more and more devices and appliances are
adopting and incorporating III-Nitride technologies such as
light-emitting diodes (LEDs), laser diodes (LDs), and high-
electron-mobility transistors (HEMTs).

The success of III-Nitride devices relies on the epitaxial
growth of crystalline materials on selected substrates such as
sapphire?, silicon (Siy*, and silicon carbide (SiC)® by met-
alorganic vapor phase epitaxy (MOVPE) or molecular beam
epitaxy (MBE). Bulk GaN substrate grown by hydride vapor
phase epitaxy (HVPE)” is also a popular choice due to its low
dislocation density. But with a 2-inch c-plane bulk GaN sub-
strate currently priced at above 1000 USD, it is much more
expensive than heteroepitaxial GaN based on Silicon or Sap-
phire substrates that only cost a small fraction for a 6-inch
substrate, typically less than 5% that of the bulk GaN sub-
strate price. Generally speaking, to obtain a usable III-Nitride
film, the thicknesses of various layers in the epitaxial structure
must be large enough to mitigate dislocations®”. This can be
achieved with the help of interlayers'’, but it may be difficult
to attain an ideal strain state' "1 due to thermal mismatch and
lattice mismatch. This strain adversely affects the piezoelec-
tric polarization field, thus giving rise to the Quantum Con-
fined Stark Effect (QCSE} > together with the spontaneous
polarization field inherent in the wurtzite crystal structure of
III-Nitride materials.

However, the use of such substrates during epitaxial growth
also poses a great limitation to the device structure. Epitax-
ial lift-off (ELO) technology has thus been developed for the
separation of high-quality III-Nitride films from their respec-
tive substrates to realize various novel device designs, as il-
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lustrated in Fig. [T} which are especially important for opto-
electronic devices. An ELO process would allow transfer of
the film to a foreign substrate to enhance functionality!®Z,
improve the efficiency'®!?, and/or provides a platform for in-
tegrating various ITI-Nitride device components®. While an
ELO process typically refers to lift-off process involving the
entire film, development of partial ELO, on the other hand, al-
lows unique device geometries, including apertured, pivoted,
and flexible film structures formed by selective area backside
etching, partial chemical lift-off, and selective area laser lift-
off (LLO) processes, respectively. These structures have their
own advantages and applications in various devices and sys-
tems such as laser diodes and transistors, which will be dis-
cussed later. There are also cases where partial ELO would be
favorable over complete ELO, especially when various com-
ponents and devices are integrated.

In this article, we give an overview of III-Nitride opto-
electronic devices involving various lift-off processes. Sec-
tion[[|discusses thin film devices based on ELO process. Sec-
tions and [V] describe apertured, pivoted, and flexible
devices based on partial ELO processes, respectively. Finally,
Section |[V]] gives a brief perspective on the current status of
III-Nitride optoelectronic devices involving lift-off processes.

II. THIN FILM DEVICES

To form a thin film structure, an ELO process can be em-
ployed to lift off a GaN film, which is then transferred to a for-
eign substrate. Although GaN films are generally brittle and
susceptible to cracks, several lift-off approaches have been
demonstrated with little degradation in performance. Such
methods include laser lift-off (LLO), chemical lift-off, and
spalling, with all three of the techniques proven to be use-
ful in large-area ELO. To aid transfer of the film to another
substrate, the wafer is first bonded to the target substrate with
adhesive or a metal layer before the ELO process. The target
substrate then acts as a support for the fragile film during or
after the ELO process.
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FIG. 1. Schematic diagram of structures enabled by various lift-off processes.

A. Epitaxial Lift-off (ELO)
1. Laser Lift-off (LLO)

The use of the LLO process for GaN films was first demon-
strated by Kelly et al. using a 355 nm Q-switched Nd:YAG
laser with an energy density of 15 - 31 mJ/cm”and a pulse du-
ration of 6 ns=. Using a similar approach, they later demon-
strated LLO of an almost 2-inch HVPE-GaN from a sapphire
substrate using the same 355 nm Q-switched laser with an en-
ergy density of 0.3 J/cm?and a pulse duration of 5 ns? w. s.
Wong et al. developed an LLO process for GaN films using a
248 nm KrF Excimer laser with an energy density of 0.4 - 0.6
J/em?and a pulse duration of 38 ns23, They later applied this
technique to demonstrate the first LLO-based thin film InGaN
LED with the same 248 nm KrF laser and similar parameters,
with an energy density of 0.6 J/cm?and a pulse duration of 38
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FIG. 2. (i) Schematic diagrams (Reprinted with permission from
J. Appl. Phys. 95, 3916 (2004). ©2004 AIP Publishing)
and (ii) band diagram (Reprinted with permission from [Su ez al], J.
Phys. D: Appl. Phys. 46, 205103 (2013). ©2013 IOP Publishing.)
of the LLO process.
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As shown in the schematic diagrams in Fig. [2{i), the LLO
process uses a laser beam at a wavelength typically below the
absorption edge of GaN to illuminate the substrate/film inter-
face and induce laser ablation through thermal decomposition.
Typically, the laser beam is illuminated through the backside
to minimize any damage caused by the laser beam travel path.
As such, the LLO process is normally only applied to films
with transparent substrates, such as Sapphire and bulk GaN
substrates, that are polished smooth on the backside. Material
to be ablated, such as GaN in this case, with bandgap energy
lower than the laser will readily absorb the laser energy, as il-
lustrated by the band diagram in Fig. 2{ii). When the energy
density of the laser pulse increases above the ablation thresh-
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FIG. 3. (i) SEM image of a GaN crystal lift-off by a pulsed 532 nm
laser. Reprinted with permission from[Ho ef al, Mater. Chem. Phys.
81, 99 (2003). ©2003 Elsevier; and (ii) the band diagram of the LLO
process using a femtosecond laser. Reprinted with permission from

ACS Appl. Electron. Mater. 3, 778 (2021). ©2021

American Chemical Society.
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old, typically in the range of 0.1 - 0.6 J/cm? 2?32 GaN will
decompose into nitrogen gas and Ga droplets>122:

2GaN() — 2Ga(p) + Ny (g (D)

Following decomposition, the Ga droplets on the film can
be removed together with the substrate by heating above the
melting point of Ga at 30°C%. Any Ga or Ga oxide residues
on the ablated surface can be further cleaned by dilute acid
such as HCI or HySO4/H, 0,21,

The laser utilized used for lift-off will needs to have an
higher energy higher than that of the absorption edge of the
material to be ablated. In the case of lift-off, the ablation typ-
ically occurs at the interface of the substrate and GaN, thus
the laser wavelength is usually chosen to be shorter than the
absorption edge of GaN at around 365 nm (3.4 eV3?). In addi-
tion, care has to be taken to make sure any ablation damage is
confined to near the interface. Typically, a pulsed laser with a
pulse duration of at most a nanosecond is used to reduce dam-
age caused by heat dissipation. Some common lasers used
in the LLO process include pulsed Excimer ArF laser at 193
nm>*32 Excimer KrF laser at 248 nm#220136+40 X e(] Jaser at
308 nm*' and Nd: YAG Q-switched laser at 266 nnt*? and 355
2302443

To lift-off an entire film that is normally larger than the size
of a typical laser spot, the laser beam needs to scan through
the entire area during the LLO process. There are typically
two strategies: the step-and-repeat method and the line scan
method**. For the step-and-repeat method which is also the
most commonly used method, the laser spot is focused to
attain appropriate energy density that is above the ablation
threshold. The spot then scans along one direction, one row
at a time, until the entire area is covered. For the line scan
method, the two axes of the laser beam are independently
shaped, often by using a cylindrical lens in combination with
a slit mask, forming a homogeneous laser line beam. Usually
only a single pass of scan is needed for a laser line beam to
cover an entire wafer. As such, the line scan method is ben-
eficial to large area lift-off, despite a more complex system
and the requirement of a laser with much higher laser pulse
energy. Successful demonstrations of line beam LLO to sepa-
rate GaN film from sapphire substrate have been reported by
R. Delmdahl er al 4%,

H. P. Ho et al. demonstrated a method using a pulsed 532
nm Nd:YAG laser with energy lower than the bandgap, with
an energy density of >12.4 mJ/cm?and a pulse duration of 10
ns. In this approach, the laser beam is absorbed by free car-
riers in the conduction band, and the energy is transferred to
the lattices via electron-phonon scattering®”. Unfortunately,
the longer wavelength results in a deeper penetration, which
can induce cracking over the film. As such, only GaN crystal
of 50 wm in diameter is demonstrated in this study, as shown
in Fig. 3(i). Moreover, part of the GaN melted by the laser
was transformed into a cubic phase27. Meanwhile, D. lida et
al. demonstrated an LLO technique for bulk GaN substrate,
even though LLO based on free-carrier absorption seems to
be impractical. The developed LLO method used a pulsed
532 nm Nd:YAG laser to selectively ablate an InGaN layer
inserted during growth. In the AlGaN-based UV-A LED, a

sacrificial layer of Ing 15Gag g5 N/GaN superlattices in between
the n-GaN layer was ablated by a 532 nm laser, with an en-
ergy lower than GaN material but higher than InGaN. With
an energy density of 0.125 J/cm?while the pulse duration was
not reported, laser ablation occurred via thermal decomposi-
tion of the InGaN layer to form an In droplet layer, resulting
in an increased EL intensity by 1.7-fold after LLO*Z.

Since the development of ultrashort pulse laser technol-
ogy in the 1990s*%Y femtosecond lasers have been widely
adopted in micromachining®", including the LLO process.
Laser pulses with only femtosecond pulse width introduce less
heat than conventional pulsed laser with nanosecond pulse
width. Laser pulses with only femtosecond pulse width intro-
duce less heat compared to a conventional pulsed laser with
nanosecond pulse width. In addition, a laser with longer
wavelength will also minimize damage on non-targeted ar-
eas, as only photons near the focus point of the fs-laser pulse
undergo two-photon absorption for ablation, as illustrated by
the band diagram in Fig. 3[ii). For example, N. Yulianto er
al. demonstrated an LLO process using a 520 nm femtosec-
ond laser, with a pulse energy of 5.5 - 9.7 pJ, an energy density
of 2.6 - 4.4 J/cm?and a pulse duration of 350 fs, to fabricate
a flexible thin film LED, as shown in Fig.. Ekiii)zs. Another
LLO process for bulk GaN substrate was demonstrated by V.
Voronenkov et al., which utilized a “slicing” technique that
does not require a special release layer. In this approach, They
focused a low energy 1030 nm femtosecond laser beam, with
a pulse energy of >0.2 pJ (energy density not reported) and a
pulse duration of 350 fs, at 6 um beneath the sample surface
utilizing a 100X oil immersion objective with an immersion
oil having a refractive index of n = 1.518. Only GaN was de-
composed near the focus spot where the nonlinear breakdown
threshold was exceeded 2.

2. Chemical Lift-Off (CLO)

Various chemical etching methods have also been intro-
duced to achieve substrate removal. Typically, the sample is
submerged in a dilute acid solution or a KOH solution (some-
times assisted with a bias voltage and/or illumination) to dis-
solve a selected layer in the epitaxial structure to release the
film from the substrate. A special case is Si substrate that can
be preferentially etched away by an HF/HNO3 solution with-
out damaging or roughening the GaN layer>®. In most cases,
a sacrificial layer is incorporated into the epitaxial structure
during growth, which is then chemically etched for lift-off.

In chemical lift-off process with only chemicals, a zinc ox-
ide (ZnO) layer can be incorporated in the epitaxial structure.
The ZnO can then be readily dissolved in a dilute HCI solu-
tion to release the film*Z. In chemical lift-off process involv-
ing electrochemical etching, an Si-doped GaN layer can be
removed with oxalic acid, nitric acid, or HF acid>8-0 upon
application of a bias voltage. As demonstrated in Fig.[d(1), the
acid will etch the n-doped layer to form a nanoporous layer,
while leaving the p-GaN and MQWs intact®®. The nanoporous
etching technique leads to the subsequent development of
porous GaN photonic structures such as porous distributed
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FIG. 4. (i) Schematic diagram depicting the PEC chemical lift-off process, with overgrowth on top of an n-GaN layer before PEC-etching.
Reprinted with permission from |Zhang, Leung, and Han|, Appl. Phys. Lett. 100, 181908 (2012). ©2012 AIP Publishing (ii) Cross-sectional
SEM images showing n-GaN layer electrochemically etched in oxalic acid under different bias voltages. Reprinted with permission from [Park|
Appl. Phys. Lett. 94, 221907 (2009). ©2009 AIP Publishing; (iii) A photo showing wafer-scale GaN thin film lift-off from a 4-inch
sapphire substrate. Reprinted with permission from|Youtsey ef al.), physica status solidi (b) 254, 1600774 (2017). ©2017 John Wiley and Sons.

Bragg reflectors (DBRYM3. To break off the nanoporous
GaN layer, external pressure is applied during processes such
as wafer bonding to release the LED structure bonded to the
target substrate>3, as shown in the process flow in Fig. Ekii).
In chemical lift-off process involving photoelectrochemical
(PEC) etching, several methods can be applied. In PEC etch-
ing of InGaN, the sample is etched by submerging in a KOH
solution and illuminated with a Hg-arc lam. By tuning the
wavelength of the illumination source, the InGaN sacrificial
layer in the epitaxial structure can be preferentially etched to
achieve GaN film lift-off%. To achieve lift-off at the wafer-
scale, trenches are first fabricated by a photoenhanced vertical
wet etch in a KOH solution through a patterned metal mask
applied by electroplating. The trenches help the KOH solu-
tion reach the InGaN sacrificial layer for subsequent lateral
PEC etching. Successful wafer-scale ELO of a 4-inch wafer
by such approach is illustrated in Fig.lé—_lkiii). Instead of an In-
GaN layer, a sacrificial MQW layer can also be used for PEC
etching. After the MQW on bulk GaN sample is submerged
in KOH, the sacrificial MQW is illuminated and excited by an
LED source at 405 nm, which causes electron-hole pairs to be
photogenerated to assist in the etching@.

3. Spalling

Spalling was initially proposed by M. Tanielian et al., who
demonstrated spontaneous peeling of Si and GaAs layers from
their corresponding substrates®”. The conventional process
of spalling involves separation of the film by introducting
cracks/fractures that propagate in an in-plane direction. While
typical cracks would have propagated through the entire thick-
ness of the film and/or substrate, the deposition of a tensile-
strained stressor layer would cause the fracture will first prop-
agate downward before travelling in the in-plane direction,
leading to peeling of the film. The mechanisms of the crack
propagation during the spalling process can be determined by
the three fracture modes: mode I (open stress), mode II (shear
stress) and mode III (out-of-plane shear stress). The equi-
librium crack depth is at a position/thickness where mode 11
stress becomes zero. At this depth, the crack kink angle will
become zero®, which means that the crack will propagate par-
allel to the film, resulting in spalling of the film.

a. Controlled Spalling To improve the control of crack-
ing during spalling, S. W. Bedell et al.has introduced a “con-
trolled spalling” process that initiates and controls crack prop-
agation by the application of external force through the im-
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plementation of a handle layer®®. The team has applied the
technology for GalN based wafers and devices. For instance,
they have demonstrated ELO of an entire 2-inch vertical LED
structure via spalling, although the parasitic resistance in-
creases as a result’’. Controlled spalling of an entire 4-inch
InGaN based LED structure from a sapphire substrate’! and
entire 2-inch GaN film from bulk GaN substrate’* are then
subsequently demonstrated.

b. Self spalling Spalling can also be achieved naturally
by incorporating a Ti mask during growth. The Ti mask is
first grown on an MOCVD-grown GaN/sapphire template be-
fore HVPE growth, as demonstrated by M. Amilusik ef al..
The wafer-scale self-lift-off then occurs naturally during the
cool-down process after growth, although the quality of the
film depends on a nitridation process’>. Similarly, V. V. Voro-
nenkov et al.demonstrated that self spalling can occur by de-
position of a GaN film with a thickness of larger than 2800 um
by incorporating a carbon buffer layer before HVPE growth’?,

¢. Mechanical release by 2D materials A novel tech-
nique to achieve ELO is the incorporation of a thin layer of
2D materials during growth, which can be later released me-
chanically by breaking the Van der Waal’s forces. The unique
properties of the 2D materials enable an ELO process with
high smoothness. As reported by K. Chung et al., a graphene
layer was coated with ZnO to promote nucleation of GaN for
subsequent epitaxial growth of the LED structure. Due to
the nature of the graphene layer, the epitaxial structure could
then be lifted off mechanically, as illustrated in Fig. i)75.
Y. Kobayashi et al., also demonstrated lift-off of a sapphire
substrate incorporating a 3-nm thick hexagonal Boron Nitride
(h-BN) layer, which did not impact the crystal quality dur-
ing growth of subsequent epitaxial structure. The h-BN layer
could then be released upon the application of a mechanical
force’®. Photos of the lift-off of a device with a h-BN release
layer are shown in Fig. Ekii) and (iii). E. W. Blanton ef al.also
incorporated a BN release layer in the MOCVD-grown film
while using a controlled spalling process for ELO from sap-

phire substrate with sub-nanometer roughness’Z,

B. Wafer Bonding

The ELO process can be used to transfer GaN-based
thin film devices to other foreign substrates, allowing new
functionalities’>”, improved performance Y8l and even
cost savings by recycling expensive bulk GaN substrates®2,
Typically, the sample is first bonded to another substrate for
support before proceeding to the ELO process.

There are two main ways of bonding the thin film to a
foreign substrate, adhesive or eutectic bonding. Although
earlier studies mainly used plain adhesives to bond to other
substrates?320  for practical purposes, later studies used a
metallic layer*”8987 and conductive glue®3®? to facilitate
electrical contact. There is also a report on the bonding of
LEDs to a flexible polyimide substrate via a pre-coated metal-
lic Au/Cr layer by S. H. Lee et all®. Plain adhesive are
mainly used in cases where temporary bonding is needed
during “double-flipping’**Z, for fabrication of free-standing

membranes<®, or for bonding the epitaxial structure to flexi-

ble substrates® L. Direct wafer bonding using a surface acti-
vated bonding approach has also been demonstrated. F. Mu et
al. reported a GaN surface smoothed by chemical-mechanical
polishing (CMP), followed by surface activation by ion beam
bombardment on both sides to facilitate the formation of co-
valent bonds during bonding at room temperature under ultra-
high vacuum (UHV)?=.

Although there are numerous types of substrates, they
can be mainly classified into four categories: metallic sub-
strates, Si substrates, flexible substrates, and free-standing
thin films (i.e., no substrate). Metallic substrates, such as Ni
or Cu, are usually chosen for their good electric and thermal
conductivity 2215378087 - Thin films can usually be adhered
to a metal substrate via electroplating to a thickness of about
30 — 50 um for Ni and 70 — 100 pm for Cyl2 808704796 A
the metallic substrate is in thermal contact, it naturally acts to
transfer heat from the thin film device, resulting in better heat
dissipation and improved device performance”.

On the other hand, silicon is a cost-effective substrate for
thin film devices and has an advantage of higher thermal con-
ductivity compared with sapphire. Moreover, a silicon sub-
strate allows heterogeneous integration with silicon electron-
ics. Although one can grow GaN directly on top of a silicon
substrate®”, the bonding process usually involves deposition
of a metal layer to bond the thin film and the Si substrate.
Use of the metal layer improves the current spreading capa-
bilities of now flipped p-GaN layer, and allows fabrication
of a backside contact for vertical devices 8124381I8688I98HI02]
as well as provide a reflecting surface for enhancing light
outpufSo-881103|

Given the recent trends in flexible devices, novel applica-
tions, and advancement in flexible electronics, there is grow-
ing interest in transferring devices to flexible substrates'*4,
Besides devices on flexible adhesive tape, which also doubles
as a way to release the film**°%, other common flexible sub-
strates include polyethylene terephthalate (PET)M=8R2918991
and polyimide film1©.

As for the free standing thin films, this can be easily
achieved by removing all supporting substrates*®. However,
for practical applications, a selected area of the epitaxial
structure can be lifted off, such that only part of the thin
film is suspended in the air with the sides supported by the
substrate/8/103)

C. Applications
1. LEDs

One of the initial motivations for thin film III-Nitride de-
vices is the performance increase of thin film LEDs over con-
ventional LEDs. By transferring thin film LED to another
substrate, several areas can be improved such as efficiency,
addition of a reflective metal layer to the foreign substrate,
bonding to a substrate with better thermal conductivity, and
removal of the light-absorbing u-GaN layer.

As demonstrated by W. S. Wong et al., an LED adhesively
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FIG. 5. (i) (A) Schematic diagram illustrating the growth and mechanical lift-off process using graphene layers; and (B) light emission from
corresponding thin film devices on different substrates. Reprinted with permission from|[Chung, Lee, and Yi, Science 330, 655 (2010). ©2010
The American Association for the Advancement of Science; (ii) Photo of a transferred MQW structure on an indium sheet after mechanical
lift-off involving a h-BN layer, and (iii) the photo shows the corresponding device under electroluminescence. Reprinted with permission from

[Kobayashi et al, Nature 484, 223 (2012). ©2012 Springer Nature.

bonded to an Si substrate after LLO (248 nm, 0.6 J/em?, 38
ns) may exhibit a small decrease in output powe Con-
versely, B. S. Tan et al. attached a thin film vertical LED to
a Cu substrate via silver epoxy, which showed a 28% increase
in light output due to better heat conduction and reflective sil-
ver epoxy, following a LLO process using a 248 nm laser with
an energy density of 0.6 J/cm”and a pulse duration of 23 ns106,
By removing the u-GaN layer after the LLO process (248 nm
laser, 0.6 J/cm?, 25 ns) and bonding to a Cu substrate, C. -
F. Chu et al. was able to demonstrate significantly enhanced
light output by about 2.2-fold (4 times increased light output
over 1.8 times increased emission area).m. There was little
to no increase in light output power when not removing the
u-GaN2811%8 and even when using a less damaging femtosec-
ond laser?®, which suggests that the u-GaN layer substantially
impedes light output. Indeed, the base of the u-GaN layer
near where the nucleation layer situates has a much higher
defect densitym, which may be a source of light absorption.
A study by H. T. Chen et al. compared device performance
between a conventional LED and a thin film LED with the u-
GaN layer removed by a LLO process using a 266 nm laser.
The study showed increase in light output by 39% , a 3-fold

increase in luminous efficacy, and reduced thermal resistance
by 35.3%%2.

To further enhance the light output, n-GaN layer, which is
on the top side, can be roughene . T. Fujii et al. demon-
strated a four-fold increase in the EL intensity using a tex-
turized n-GaN layer in a vertical LED with a cone-shaped
surface through PEC etching in KOH solution'®. Besides
roughening, other studies have fabricated a photonic crystal
on the n-GaN layer of a vertical LED. Y. F. Cheung et al. fab-
ricated a nanopillar array using nanosphere lithography with
nanospheres of 500 nm diameter. The photonic crystal served
as a means for light extraction, which enhanced light output
by 4294108 Using a similar approach, K. H. Li et al. fabricated
a hexagonal micro-mesh on the n-GaN surface of a thin film
LED, which enhanced light extraction efficiency by a factor
of >100%%2. However, a study of a photonic crystal struc-
ture fabricated on the n-GaN layer by A. David et al. showed
that the photonic modes were strongest with a thin device, as
shown in Fig. [6(ii), but the efficiency was severely limited by
metal absorption of the contacting substrate®®. Indeed, H. K.
Cho et al. demonstrated only a 76% improvement in a thin
film photonic crystal LE compared to a 3-fold enhance-
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of a photonic crystal LLO-LED. Reprinted with permission from [David e al, Appl. Phys. Lett. 88, 133514 (2006). ©2006 AIP Publishing;
(iii) GaN LED transferred to a Cu foil by LLO utilizing a femtosecond laser. Reprinted with permission from [Yulianto e7 al], ACS Appl.
Electron. Mater. 3, 778 (2021). ©2021 American Chemical Society; (iv) Schematic diagram and optical micrographs of a dichromatic LED
formed by bonding a thin film of blue-emitting LEDs to an as-grown green LED. Reprinted with permission from [Cee et al, Appl. Phys. Lett.

90, 161115 (2007). ©2007 AIP Publishing.

ment in PL with a photonic bandgap structure fabricated on
top of a conventional LEDO,

Although vertical LEDs can have increased performance
compared to conventional LEDs, the huge decline in the cost
of LEDs over the yearém'limits the application of these high
brightness but expensive thin film LEDs. However, ELO thin
film LEDs may find their place in the growing display mar-
ket. There have been demonstrations of flexible LEDs fabri-
cated by transferring thin film LEDs onto flexible substrates
like PEand polyimide film™ ™2 which may find
applications in flexible displays. The recent demonstration of
an ELO process for sub-micron LEDs by L. Chan et al®3, as
shown in Fig.[6{i), may also facilitate the development of mi-
croLED displays that utilize a “mass transfer” approac.
Moreover, Y. J. Lee et al. also utilized ELO to assemble a
dichromatic LED comprised of stacks of blue and green thin
film LEDs, as demonstrated in Fig. Ekivjzﬂ, which can poten-
tially be utilized to realize a stacked microLED display, as
proposed by H. W. Choi 4115,

2. Lasers

a. Edge-emitting laser diodes Given the success and in-
creased performance of numerous vertical thin film LEDs as
described in the previous section, there has been increasing
research into thin film vertical laser diodes. W. S. Wong et
al. initially investigated an InGaN laser diode with a light out-
put of less than 12 mW. This laser diode was bonded to a cop-
per substrate via an Indium layer through a LLO process using
a 308 nm XeCL laser with an energy density of 0.5 J/cm?and
a pulse duration of 20 ns?3, but there was little performance
gain@. This experiment was repeated by M. Kneissl ef al. us-
ing a laser diode with a similar configuration (308 nm laser,
0.5 J/em?, 20 ns) bonded to the copper substrate, but they ob-
served an almost 10-fold increase in light output with a output
power of 50 mW26, These studies suggest that improving the
thermal performance of the thin film configuration could help
to improve device performance, even with the same laser.

b. Vertical-cavity surface-emitting laser (VCSELs) A
vertical-cavity surface-emitting laser (VCSEL) can also be re-
alized by ELO. R. Martin et al. demonstrated a dielectric DBR
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FIG. 7. (i) Schematic diagram and (ii) SEM images of an electrically injected thin film microdisk. Reprinted with permission from[Li et all,
Appl. Phys. Lett. 119, 101106 (2021). ©2021 AIP Publishing; (iii) PL spectra and (iv) TEM images showing the cavity and pairs of DBRs of
a thin film VCSEL. Reprinted with permission from [Martin ef al], Mater. Sci. Eng. B 93, 98 (2002). ©2002 Elsevier.

by first depositing SiO,/ZrO, on a typical LED structure us-
ing e-beam deposition and then bonding to an Si substrate.
After performing the LLO process (248 nm laser, 0.6 J/cm?,
38 ns) the cavity length was tailored by an ICP etchback step
before the deposition of a second DBR to form the VCSEL
cavitym, as demonstrated in Fig. ii). In this configuration,
a Fabry-Pérot resonance can be observed between the top and
bottom surfacé™. The ability to tailor the vertical confine-
ment has led to the development of thin film microdisk laser
technologies, in which the overlap between the field mode and
quantum well contributes to an improvement of the Q factor
and threshold of the lasing mode®3Z.  Flexible microdisk
lasers have also been demonstrated on a polydimethylsiloxane
(PDMS) substrate with emission peak tunable by bendingm.

¢. Microdisk laser The ELO process can also allow the
wafer to be transferred to a reflective substrate to improve op-
tical confinement of the microdisk microcavity. Moreover,
optical absorption can also be suppressed by removing the u-
GaN layer after the ELO process, as the wafer is mounted with
its bottom side up. A previous study reported a Q factor of 770
with a microdisk diameter of 6.6um on a ceramic substrate
with silver epoxy coatin. By replacing the silver epoxy
coating with an Ni (5 nm)/Ag (150 nm) coating deposited via
electron beam evaporation, the Q factor was further boosted
to 1673 using a similar microdisk with a diameter of 7u.
To achieve electrical injection, a Ti/Au contact was deposited

on the thin film sample before the fabrication of microdisk. A
silver nanowire is then used for wire bondinéﬂ, as shown in
Fig.[/(i). To further improve the performance, the microdisk
was transferred to a copper substrate by electroplating before
the ELO process. The improved thermal performance enabled
lasing in the microdisk during electrical injectionm. In ad-
dition to these advantages, using a thin platform with reflec-
tive substrate allows the fabrication of a waveguide, which can
coupled the whispering gallery modes (WGMs) from the mi-
crodisk to realize unidirectional emission, or to connect to a
photonic system for further optical signal manipulatio.

3. Electronics

While the discussion focuses on optoelectronic devices, we
will also briefly touch on the topic of high-electron-mobility
transistors (HEMTs) for comprehensiveness. The ELO pro-
cesses allows the high power devices to be moved to a foreign
substrate for much improved thermal management, as well
as for different device designs with the N-polar surface. In
particular, N-polar HEMTs have advantages of strong back-
carrier, low-resistivity ohmic contacts and improved scala-
bility over Ga-polar HEMTs22.  While typically achieved
through growth by MBE and sometimes by MOCVD, the
ELO process offers an alternative approach to expose the N-
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polar surface for fabrication of N-polar HEMT. This is first
demonstrated by J. W. Chung et al., who removed the Si(111)
substrate by DRIE with SF¢ plasma and fabricated an N-polar
HEMT with performance comparable to state-of-the-art Ga-
polar HEM . K. K. Ryu et al.later demonstrated ELO of
an entire 4-inch wafer and fabricated N-polar HEMTs on i
Nevertheless, N-polar grown wafer seems to be in favor for the
fabrication of such devices, as there is no follow-up work on
the topic since then, to the best of our knowledge.

On the other hand, the improvement in performance for
conventional Ga-polar HEMTS after substrate transfer is not
so obvious, except for diamond substrate. Some studies re-
ported none or even some degradation of perfomlancelm,
although H. Ji ef al. demonstrated an increase in performance
by transferring from a sapphire substrate to Si via an LLO pro-
cess with a 355 nm Nd: YAG laser2Z. With an extremely high
thermal conductivity of about 2000 W/m-k, diamond would
be a promising choice as a substrate which could serve as an
excellent heat spreader for GaN electronic@, such as phased
arrays for electronic attack, solid-state power amplifier, high
power tube replacement, and wideband communicationsm.:

The first demonstration of AlGaN/GaN HEMTs operation
on diamond substrate was reported by G. H. Jessen et al.. The
HEMT epilayers were initially MOCVD-grown on a Si sub-
strate before atomically bonded to the diamond substrate¢130,
The bonding process should be performed at a low tempera-
ture to suppress the mismatch of the thermal expansion coeffi-
cients between GaN and diamond™3Y. T. Liu e al.later demon-
strated transfer of an entire 3-inch HEMT devices onto a di-
amond substrate with 80% yieldm. F. Mu et al.have further
optimized the bonding process by making use of a modified
surface-activated-bonding (SAB) method that enables bond-
ing at room temperatur J. Liang et alhas further in-
vestigated the GaN/diamond heterointerface using the SAB
method, and observed a decreasing intermediate layer with
increasing annealing temperature as amorphous carbon are
turned into diamond during annealingm.

Another way to attach a diamond substrate to the HEMT
structure after lift-off would be chemical vapour deposition
(CVD). This basically involves the deposition of a dielectric
diamond seeding layer on the HEMT epilayers after removal
of the initial Si substrate by chemical lift-off and the AlGaN
transition layer by etching. The diamond substrate can thus be
grown on the bottom surface with CV . A 30% lower
thermal resistance (than GaN —on-SiC and a 40% reduction
in peak channel temperaturem have been reported. The key
parameter in optimizing the thermal resistance would be the
thickness of the dielectric diamond seeding laye

In addition, there have been various demonstrations of thin

film HEMTs transferred to flexible tapes with little change in
performanc.

(i)

active area

contact pads /
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FIG. 8. (i) Schematic diagram showing GaN membrane with selec-
tive lift-off from an Si substrate via selective area backside etching,
and (ii) an SEM image showing the lift-off part. Reproduced with
permission from [Muller e7 al], Proc. SPIE 6415, 65 (2006). ©2006
Society of Photo-Optical Instrumentation Engineers.

IIl. APERTURED DEVICES
A. Selective-Area Backside Etching

Apertured devices can be fabricated by employing selec-
tive area backside etching. The backside of the substrate is
dry etched before lift-off of the GaN film from the selected
area. This is typically achieved by a combination of CMP
followed by masked dry etching, usually on an Si substrate.
It is difficult to etch through a thick substrate by dry etching
alone, therefore the substrate can be lapped to thin it down
for subsequent dry etching. This approach prevents excessive
plasma damage due to prolonged etching time. Subsequently,
the area to be lifted off can be defined by a metal mask fabri-
cated via a photolithography process for dry etching, as illus-
trated in Fig. i) and (iiY’8. A similar technique can be used
to lift off the whole film without the masking step by either
dry etchingﬂl@I or wet etchingm.

B. Application

One major application of apertured devices would be to
attain suspended devices for optical confinement. For in-
stance, a suspended waveguide could be fabricated by a par-
tial chemical lift-off process. Wet etching with HF/HNO3
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solvent can be employed to selectively remove the Si under-
neath the waveguide to form a suspended waveguide, which
is possible because a waveguide is much thinner than a nor-
mal optoelectronic device fabricated on an Si substrate. A
GaN/Air interface can replace the original GaN/Si interface
of the waveguide to provide improved optical confinement and
lower optical loss. To this end, a transmission of pseudoran-
dom binary sequence (PRBS) at rates of 250 MB/s has been
demonstrated 4",

IV. PIVOTED DEVICES
A. Partial Chemical Lift-Off

Pivoted devices can be formed by a partical chemical lift-
off process by wet etching the substrate and removing the sub-
strate from the edge of a microstructure. This is typically used
for GaN on an Si wafer, where wet etching of the substrate is
feasible. A microstructure such as a micropillar or microdisk
is initially fabricated by dry etching, followed by preferen-
tial wet etching of the Si substrate in HF/HNOj3 solvent. The
Si substrate underneath the microstructure is partially etched
away, resulting in a microstructure supported solely by a pivot,
with the bottom area of the surrounding GaN microstructure
suspended in the air. This approach, usually known as “un-
dercut”, is commonly used to fabricate a microdisk optical
cavity 201415144 Undercutting allows the GaN microdisk to
be optically isolated from the Si substrate, which improves the
optical confinement®®. Fabrication of a suspended waveguide
using this approach has been previously reported!4". In ad-
dition, a pivoted ELO microdisk device fabricated by the de-
position of an oxide layer before the wafer bonding and ELO
process has also been reported. The oxide layer, which is at
the bottom after transferring the film to a second substrate,
can be undercut to form the pivot by a partial chemical lift-off
process with HF acid!®>. Y. Mei et al. utilized the geome-
try to realize an electrically injected microdisk with WGM
emission 2.

B. Application

A high optical confinement is essential to attain a microdisk
microcavity with a high quality factor. Nevertheless, one of
the constraints in the fabrication of a microdisk is the inter-
face between the film and substrate. The situation is particu-
larly severe for GaN films, as the conventional substrates of
GaN (e.g., sapphire, Si, or bulk GaN) do not constitute an in-
terface that facilitates optical confinement. Transparent sub-
strates like sapphire or GaN cause the optical mode to leak out
of the GaN microdisk, reducing the optical confinement and
quantum well overlap, whereas substrates such as Si cause ad-
ditional optical losses due to absorption. To alleviate the opti-
cal loss, researchers have tried to either undercut the device to
allow the circumference of the microdisk, where the WGMs
are located, to be suspended in the air, or by a complete ELO

process that transfers the device to a foreign substrate that fa-
cilitates optical confinement.

Notably, a partial lift-off would be a more convenient and
versatile way to attain high optical confinement. As men-
tioned above, undercutting via a partial chemical lift-off ap-
proach could be utilized to partially remove the part of the
substrate beneath the circumference of the microdisk, thus
leaving only a pivot supporting at the center of the microdisk.
As the bottom surface of the GaN film is now in contact with
air, as shown in Fig. Eki), the larger refractive index contrast
would lead to high optical confinement, enabling a high qual-
ity factor optical cavity!*'142149  This approach has been
demonstrated for a microdisk with a large diameter of 20pm
, but also works for a small diameter down to 2pumt43. It was
observed that the biaxial tensile strain in GaN on an Si wafer
was relaxed as the microdisk was partially lifted off from the
substrate, with the extent of relaxation dependent on the size
of Si pivot, as shown by a blue-shift in the micro-Raman spec-
tra and a reduction in peak shift in the near-field PL (nf-PL)
spectra measured with a Scanning Near-field Optical Spec-
troscopy (SNOS Y42, Moreover, hemispherical microcavities,
as a variant of a microdisk, have also been reported. Using a
similar fabrication approach, a microdome geometry was at-
tained by including SFg gas during ICP etch with a silica mi-
crosphere to simultaneously etch the microsphere mask with
the GaN-based LED film below. A further wet etch was used
to undercut the film from the Si substrate, leaving a pivoted
hemispherical microcavity with a Q factor of over 500'4%, as
illustrated in Fig. P[ii).

V. FLEXIBLE DEVICES
A. Selective-Area Laser Lift-Off

Flexible devices can be formed by a selective area LLO pro-
cess. K. H. Li e al. demonstrated a selective area LLO process
by covering a selected area and irradiating only a part of the
film by a laser beam from a 266 nm Nd:YAG laser during the
LLO process, resulting in partial lift-off of LED arrays with
the LEDs suspended in the air and contacts still attached to
the substrate!?®.

B. Applications

The selective area LLLO process can allow the fabrication
of flexible LED arrays for display applications. By applying
LLO on only one side of a long strip of thin film LED arrays,
the thermal and lattice mismatch strain causes the film to curl
up when it is separated from the substrate by the lift-off pro-
cess. The result is that one side of the film is suspended in
air due to curling up, while the other side is still attached to
the substrate!?>, which improves light extraction, as shown in
Fig.[I0] This configuration also demonstrates the potential use
of flexible GaN LEDs in flexible displays and other photonic
applications. In fact, the same strategy can be used to fabricate
bendable waveguides for the transmission of signals between
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FIG. 9. (i) SEM images and corresponding PL lasing spectra of a pivoted microdisk. Reprinted with permission from|[Choi ef al, Appl. Phys.
Lett. 89, 211101 (2006). ©2007 AIP Publishing; (ii) schematic diagram and SEM images showing the fabrication process and the resultant
geometry of pivoted hemispherical microcavities. Reprinted with permission from Zhang et al.|, Appl. Phys. Lett. 108, 031110 (2016). ©2016

AIP Publishing.

FIG. 10. A flexible LED suspended in air after partial LLO.
Reprinted with permission from |Cheung, Li, and Choi, ACS Appl.
Mater. Interfaces 8, 21440 (2016). ©2016 American Chemical Soci-
ety.

an LED and a photodetector on different wafers. To this end,
a transmission rate of 250 Mb/s with an opening in the eye

diagram has been demonstrated 148

VI. DISCUSSIONS AND PERSPECTIVE
A. ELO

In addition to device-specific requirements that result in re-
stricted device performance after the ELO or partial ELO pro-
cesses, there are other factors that can limit performance. One
major limiting factors is the roughness of the surface after lift-
off. With the exception of LEDs that require a rough surface to
enhance light extractio , a smooth surface is usually
preferable for device fabrication, especially in the case of laser
diodes where a low surface roughness is crucial for mode con-
finement to attain a high quality factorl00LIGISE 1y Fig.
we compared the root mean square (RMS) roughness of the
surface after lift-off without any further treatments in studies
on LLdZIB@EE, PEC*¥83 and mechanical release’®. The
roughness of conventional controlled spalling is not included
in the comparison as the resulting roughness is typically very
high (>100 nm)”72, The RMS roughness of LLO and PEC
surfaces were generally in the ranges of 11-68 nm and 2-
112 nm, respectively, respectively, and the one reported value
for mechanical release process was 0.95 nm. This suggest
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that LLO produces relatively consistent surface morphology,
whereas PEC can result in varying roughness depending on
the specific reactions and chemicals used, assuming all other
parameters during ELO are optimized. Moreover, the use of
a femtosecond pulse laser does not seem to lower the rough-
ness of the LLO process, with a reported RMS roughness of
50 nm?®. Notably, a very smooth surface with an RMS rough-
ness of 1.2 nm after LLO has also been reported'%*. Another
study using PEC produced much smoother surfaces than LLO,
which was needed for optical confinement in the microdisk
cavity®®. Nevertheless, samples can be polished to smooth-
ness over a small area after ELO®.

Besides the roughness issues, another major concern is film
damage caused by the ELO or partial ELO process. Due to the
nature of the approaches, CLO, self spalling, and mechanical
release approaches used in ELO, as well as partial chemical
lift-off approaches used in partial ELO produce little damage
to the film. This is especially useful in preserving the mate-
rial quality of the film grown on bulk GaN substrates with low
dislocation densities, which is crucial in realizing electronic
devices such as vertical field-effect transistors (FETs2Z128]
high-voltage diodes'>” and heterojunction bipolar transistors
(HBTs)'Y. This may be an interesting direction for electronic
devices involving lift-off processes, given that there is little
or no reports of such devices fabricated through lift-off pro-
cesses yet. After all, lift-off of electronic devices would help
in re-using of expensive bulk GaN substrates. The situation
is more complex for optoelectronic devices, however, as the
improvement over IQE is limited with decreasing dislocation
density!®l due to the involvement of point defects as non-
radiative recombination centers in the material'%Z.

On the other hand, methods involving laser and ion etching
such as LLO, selective area LLO, and selective area back-
side etching can cause additional damage to the film. For
the selective area backside etching approach, plasma-induced
damage occurs during ICP etching!®?. Although the surface
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FIG. 11.  Plot of RMS roughness of different ELO approaches
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mechanical release’®.

damage can be usually removed by wet etching with KOH
solution' 4103 the roughness may increase as wet etching on
GaN is sensitive to crystal orientation. For the LLO and selec-
tive area LLO approaches, the damage is caused by the laser
ablation. After LLO with a nanosecond pulsed laser, GaN
surface damage can be observed as stacking faults and twin-
nings induced near the 50-nm region right beneath the ablated
surfacel 23U aq illustrated in Fig. i). Moreover, a series of
“half loops” formed by dislocations caused by laser-induced
shock waves!3!' can be seen in Fig. [12{ii) and (iii) within the
200-nm region beneath the interface. These shock waves not
only travel inside the film, but also propagate laterally*%, as
demonstrated in Fig. [T2(v). Moreover, vapor pressure due to
nitrogen flux during GaN decomposition induces stress in the
film, which are subsequently relieved by the formation of frac-
tures and cracks*l, as illustrated in Fig. iV). These stresses
can be suppressed by optimizing the laser beam spot and en-
ergy density>24L,

As discovered by H. Aoshima et al., these defects can be
a problem when using the LLO process with films flip chip-
bonded to another substrate with the metallic bump tech-
nique. Additional epoxy underfill can be utilized to support
the film and avoid chipping, as illustrated in Fig. i)152. M.
Chen et al. made use of this phenomenon to demonstrate an
“auto-split” LLO technique. Only selected areas of the film
were electroplated with Ni for bonding to a foreign Si sub-
strate, whereas regions outside these areas fractured and crum-
bled away during the LLO process, which can save the ICP
step for electrical isolation and mesa definition, as shown in
Fig. [13{ii)*%.

There is one controversial study by M. H. Doan et al. that
showed the laser beam can damage the MQWSs several
micrometers beneath the ablated surface during the LLO
process””. The authors provided much evidence such as in-
creased cone-shaped defects when etching from the ablated
surface (N-polar side) compared to from top (Ga-polar side);
spectral blue-shift after LLO; and changes in CL and TEM im-
age contrast, although most of these can be explained in other
contexts. For instance, the N-polar side forms much more
defects during wet etching compared to the Ga-polar side!0%,
which could contribute to the difference in cone-shaped de-
fects when etching from the N-polar side. Moreover, the spec-
tral blue-shift could be attributed to a change in the strain state
of the film after lift-off!% In addition, the image contrasts
were compared without any other quantitative analysis, which
weakens the evidence that the MQWs are damaged during
LLO. Considering that only the 200-nm region near the ab-
lated surface is damaged, this damaged region can easily be
removed by dry etching. Nevertheless, a u-GaN layer next to
the ablated surface is usually used to improve efficiency after
LLolS 21186 93.

Notably, one special case is the use of LLO on a patterned
sapphire substrate (PSS). T. -M. Chang er al. found that the
laser energy density required for LLO on PSS was about 30%
higher compared to a planar sapphire substrate!>3. Given the
higher energy density and the refracting and diffracting ef-
fect of the PSS pattern, the induced damage is likely to be
higher on PSS. Moreover, residues of «x-Al,O3 at the base of
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FIG. 12. Bright-field TEM images showing (i) defects and (ii) clusters of half loops near the LLO surface (Reprinted with permission from
Appl. Phys. Lett. 77, 1819 (2000). ©2000 AIP Publishing); (iii) HRTEM images showing lattice damage caused by shock waves
(Reprinted with permission from|Chen et al, Appl. Phys. Lett. 91, 121114 (2007). ©2007 AIP Publishing); (iv) Schematic diagram showing
cracks caused by Ny vapor pressure. Reprinted with permission from|Ueda, Ishida, and Yuri, Jpn. J. Appl. Phys. 50, 041001 (2011). ©2011
IOP Publishing; (v) Optical micrographs showing laser-induced damage along the lateral direction. Reprinted with permission from[Su et all,

J. Phys. D Appl. Phys. 46, 205103 (2013). ©2013 IOP Publishing.

the PSS’s inverted cone pattern were also observed, as illus-
trated in Fig. [T3[iii).

While the issues on roughness, defects and damages due to
ELO processes are most commonly discussed in research pa-
pers, there are much less reported investigations into improv-
ing the processing speed, accuracy, stability and repeatabil-
ity of ELO processes, which are crucial in realizing success-
ful commercialization of devices adopting lift-off processes.
Moreover, with the damage and defects incurred during ELO
processes, as well as weaker bonding that binds the film and

foreign substrate, thin films attained through ELO processes
are often believed to have a lower reliability. However, there
is also a lack of reliability study on the devices adopting ELO
processes as compared to conventional devices. In addition
to these typical lift-off parameters and issues that are usually
only optimized by the industry instead of in a lab environ-
ment, one important criteria to consider for ELO processes
would be the ability to perform lift-off on a wafer scale. At
the moment, the most promising approach to wafer-scale ELO
would be chemical lift-off and controlled spalling. These ELO


https://doi.org/10.1063/5.0089750

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing. This article appeared in J. Appl. Phys. 132, 060903 (2022) and may be found athttps://doi.org/10.1063/5.0089750 14

. |Without underfil 1“5y
' (£]

Y |

FIG. 13.

(i) SEM image of GaN crystal lift-off by a pulsed 532 nm laser. Reprinted with permission from [Aoshima ez al, physica status

solidi ¢ 9, 753 (2012). ©2012 John Wiley and Sons; (ii) Optical micrographs showing the results of “auto-splitting” at a laser energy density
‘

of (¢) 550 mJ/cm?and (d) 650 mJ/cm?. Reproduced with permission from

IEEE Photonics J. 5, 8400407 (2013). ©2013, IEEE.

(iii) Schematic diagram and SEM image showing o-Al; O3 residue after LLO of a patterned sapphire substrate. Reprinted under the terms of
the CC BY license from|Chang ef all, ECS J. Solid State Sci. Technol. 4, R20 (2015).

approaches have been demonstrated to lift-off a 4-inch wafer
successfull That said, one main reason why there
are less studies on wafer-scale ELO of wafers with diameters
of 4 inch or above is due to the limitation of epitaxial growth
technology. Unfortunately, epitaxial growth of GaN wafers
of 4 inch or above is still technically challenging and costly,
unlike the more mature material systems such as GaAs or InP.

B. Devices

Looking at the studies on ELO of III-Nitride over the years,
it is obvious that there has been a decline in the development
of vertical LEDs utilizing the ELO process, probably due to a
global decline in the cost of LEDs. However, these technolo-
gies may find a new lease of life in the form of microLEDs or
flexible display technologies with ELO processes playing an
integral role. On the other hand, ELO processes have an inher-
ent advantage in the fabrication of laser diodes, as the cavity
thickness can be tailored via etching without compromising
the internal quantum efficiency (IQE) of the MQWs, which
would deteriorate if the grown film thickness is reduced. Laser
structures such as VCSELs and microdisks with critical re-
quirements on cavity vertical thickness will thus benefit from
ELO processes. The ELO process also benefits HEMTs with
better thermal dissipation brought about by the use of sub-
strates with high thermal conductivity, such as diamond sub-
strates.

Current injection to devices adopting ELO/partial ELO pro-
cesses may be trivial or challenging depending on the type of
interlayer used for wafer bonding. In most cases, the inter-
layer is a metallic layer that serves concurrently as an ohmic

contact and as an optical reflector, with a target of achiev-
ing low contact resistance and high reflectivity. As mentioned
in Section [ITB] and Section [TC2] Ni/Ag metal layers have
been demonstrated to serve these purposes well. Neverthe-
less, higher reflectivity is desired for thin-film optical cavities,
which call for better reflectors such as DBRs to improve op-
tical confinement”. Nevertheless, DBRs typically comprise
of non-electrically-conducting dielectric materials, posing a
challenge to achieve electrical injection. Recent developments
on conductive DBRs such as a porous GaN DBR structures
may offer a solution to this challenge. An n+-GaN layer
can become porous when etched under a controlled electro-
chemical etching process, thus reducing the layer’s effective
refractive index. By growing alternating layers of n+-GaN
and n-GaN layers, a porous GaN/GaN conductive DBR can
be formed®®. There are also conductive DBRs implemented
with conductive oxides subjected to an electrical breakdown
procesm, as well as the porous ITO DBRI6, although
care must be taken to incorporate these DBRs into the wafer
bonding process.

N-polar devices enabled by ELO processes is another topic
of interest. While the ELO process exposes the high conduc-
tivity n-GaN layer on which ohmic contacts can be formed
readily without plasma damage effects and with good cur-
rent spreading properties, fabrication of devices on the N-
polar surface can be challenging. The reversed crystal ori-
entation causes a different reaction chemistry during etching,
thus forming vastly different post-etch morphology as com-
pared to Ga-polar surfaces. For instance, etching on N-polar
surface is more inclined to form hexagonal pyramids™™. As
such, more in-depth studies to understand the change in etch
behavior would be beneficial. Nevertheless, this provides an
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opportunity to develop N-polar devices through a device pro-
cessing approach instead of the usual approach of growing on
c-plane substrates with nitridation. There were reports on N-
polar HEMTs fabricated using such method , although
there are limited follow-up works.

Apart from developing specific devices based on ELO or
partial ELO processes, the substrate-removed film serves as
a versatile platform for the integration of different types of
devices to build functional integrated systems. The thickness-
controllable thin film retains the epitaxial quality of the as-
grown thick film, while offering high optical confinement that
could not have been achieved on the original substrate. As
such, the platform supports the development and integration
of photonic components such as microdisk lasers, VCSELs
and waveguides that make good use of the optical confinement
to form optical microcavity devices that constitute the compo-
nents of an photonic integrated circuit or system. The system
can be further expanded to include electronic devices, forming
electronic-photonic integrated systems through the monolithic
integration of BITs ! or MOSFETSs!2 that can be fabricated
onto the thin-film platform. Additional devices and circuits
such as HEMTs8) and CMOS chip can be integrated het-
erogeneously by flip-chip bonding as necessary. The illustra-
tion in Fig. [T4] demonstrate our vision of how optoelectronic,
photonic and electronic components can be integrated harmo-
niously onto the common thin-film platform, harnessing the
full potentials of GaN technology.

VIl. CONCLUSION

This paper summarizes the progress of lift-off processes
and the various III-Nitride optoelectronic devices derived
from the process. Given the amount of studies reported, LLO
and PEC processes are the most popular approaches for ELO.
Nevertheless, novel lift-off techniques such as mechanical re-
lease with 2D materials are attracting attention due to the
smooth surface after the ELO process. The PEC and spalling
processes are most promising for large-area epitaxial lift-off,
with successful demonstrations on ELO of 4-inch wafers. Yet,
further progress on large-area lift off might be hindered by
the development of epitaxial growth technology on large-area
wafers. A bigger concern from the device performance as-
pects would be the roughness, defects and damages caused
by the ELO processes, in addition to the current injection
issues. There is also a lack of reliability study of devices
adopting ELO processes which could raise concerns over de-
vice longevity and performance. With the continuing global
price drop of LEDs, ELO technology is expected to be applied
mainly to LDs and novel GaN devices such as flexible devices
and integrated photonic systems.

ACKNOWLEDGMENTS

This work was supported by the ANR/RGC Joint Research
Scheme sponsored by the Research Grant Council of Hong


https://doi.org/10.1063/5.0089750

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing. This article appeared in J. Appl. Phys. 132, 060903 (2022) and may be found athttps://doi.org/10.1063/5.0089750 16

Kong SAR (Project A_HKU703/17)

DATA AVAILABILITY

The data that supports the findings of this study are avail-
able within the article.

REFERENCES

1“Global gallium nitride (GaN) semiconductor devices market with
COVID-19 impact analysis by device type (RF, power, opto), wafer size,
application, vertical (consumer & enterprises, automotive, telecommuni-
cations), and geography - forecast to 2026,” Report (MarketsandMarkets,
2021).

2S. Nakamura, “GaN growth using GaN buffer layer,” Japanese Journal of
Applied Physics 30, L1705-L1707 (1991).

3H. Amano, L. Akasaki, K. Hiramatsu, N. Koide, and N. Sawaki, “Effects of
the buffer layer in metalorganic vapour phase epitaxy of GaN on sapphire
substrate,” Thin Solid Films 163, 415420 (1988).

4A. Krost and A. Dadgar, “GaN-based optoelectronics on silicon sub-
strates,” Materials Science and Engineering: B 93, 77-84 (2002).

D. Zhu, D. J. Wallis, and C. J. Humphreys, “Prospects of III-nitride op-
toelectronics grown on Si,” Reports on Progress in Physics 76, 106501
(2013).

oW. C. Hughes, W. H. R. Jr., M. A. L. Johnson, S. Fujita, J. W. C. Jr., J. F.
Schetzina, J. Ren, and J. A. Edmond, “Molecular beam epitaxy growth
and properties of GaN films on GaN/SiC substrates,” Journal of Vacuum
Science & Technology B: Microelectronics and Nanometer Structures Pro-
cessing, Measurement, and Phenomena 13, 1571-1577 (1995).

’M. Bockowski, M. Iwinska, M. Amilusik, M. Fijalkowski, B. Lucznik, and
T. Sochacki, “Challenges and future perspectives in HVPE-GaN growth on
ammonothermal GaN seeds,” Semiconductor Science and Technology 31,
093002 (2016).

SM. A. Moram, T. C. Sadler, M. Hiberlen, M. J. Kappers, and C. J.
Humphreys, “Dislocation movement in GaN films,” Applied Physics Let-
ters 97, 261907 (2010).

W. Y. Fu, M. J. Kappers, Y. Zhang, C. J. Humphreys, and M. A. Moram,
“Dislocation climb in c-plane AIN films,” Applied Physics Express 4,
065503 (2011).

104, Sagar, R. M. Feenstra, C. K. Inoki, T. S. Kuan, Y. Fu, Y. T. Moon,
F. Yun, and H. Morkog, “Dislocation density reduction in GaN using
porous SiN interlayers,” physica status solidi (a) 202, 722-726 (2005).

1TA. Dadgar, P. Veit, F. Schulze, J. Blising, A. Krtschil, H. Witte, A. Diez,
T. Hempel, J. Christen, R. Clos, and A. Krost, “Movpe growth of GaN on
Si - substrates and strain,” Thin Solid Films 515, 4356-4361 (2007).

12). Yan, P. Rinke, M. Scheffler, and C. G. V. d. Walle, “Strain effects in
group-III nitrides: Deformation potentials for AIN, GaN, and InN,” Ap-
plied Physics Letters 95, 121111 (2009).

135, L. Rhode, W. Y. Fu, M. A. Moram, F. C.-P. Massabuau, M. J. Kappers,
C. McAleese, F. Oehler, C. J. Humphreys, R. O. Dusane, and S. Sahonta,
“Structure and strain relaxation effects of defects in InxGal-xN epilayers,”
Journal of Applied Physics 116, 103513 (2014).

14H. Masui, J. Sonoda, N. Pfaff, I. Koslow, S. Nakamura, and S. P. DenBaars,
“Quantum-confined stark effect on photoluminescence and electrolumi-
nescence characteristics of InGaN-based light-emitting diodes,” Journal of
Physics D: Applied Physics 41, 165105 (2008).

I5p. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard, W. Wiegmann,
T. H. Wood, and C. A. Burrus, “Band-edge electroabsorption in quantum
well structures: The quantum-confined stark effect,” Physical Review Let-
ters 53, 2173-2176 (1984).

165, H. Lee, S. Y. Park, and K. J. Lee, Laser lift-off of GaN thin film and
its application to the flexible light emitting diodes, SPIE NanoScience +
Engineering, Vol. 8460 (SPIE, 2012).

173, H. Park, G. Yuan, D. Chen, K. Xiong, J. Song, B. Leung, and J. Han,
“Wide bandgap II-nitride nanomembranes for optoelectronic applica-
tions,” Nano Letters 14, 4293—4298 (2014),

18D, W. Kim, H. Y. Lee, M. C. Yoo, and G. Y. Yeom, “Highly efficient ver-
tical laser-liftoff GaN-based light-emitting diodes formed by optimization
of the cathode structure,” Applied Physics Letters 86, 052108 (2005).

YW. Y. Lin, D. S. Wuu, K. F. Pan, S. H. Huang, C. E. Lee, W. K. Wang,
S. C. Hsu, Y. Y. Su, S. Y. Huang, and R. H. Horng, “High-power GaN-
mirror-Cu light-emitting diodes for vertical current injection using laser
liftoff and electroplating techniques,” IEEE Photonics Technology Letters
17, 18091811 (2005).

20K H.Li, W. Y. Fu, and H. W. Choi, “Chip-scale GaN integration,” Progress
in Quantum Electronics 70, 100247 (2020).

2IC.-F. Chu, F-L Lai, J.-T. Chu, C.-C. Yu, C.-F. Lin, H.-C. Kuo, and S. C.
Wang, “Study of GaN light-emitting diodes fabricated by laser lift-off
technique,” Journal of Applied Physics 95, 3916-3922 (2004).

22X.J. Su, K. Xu, Y. Xu, G. Q. Ren, J. C. Zhang, J. F. Wang, and H. Yang,
“Shock-induced brittle cracking in HVPE-GaN processed by laser lift-off
techniques,” Journal of Physics D: Applied Physics 46, 205103 (2013).

2M.K. Kelly, O. Ambacher, R. Dimitrov, R. Handschuh, and M. Stutzmann,
“Optical process for liftoff of group II-nitride films,” physica status solidi
(a) 159, R3-R4 (1997).

M. K. Kelly, R. P. Vaudo, V. M. Phanse, L. Gorgens, O. Ambacher,
and M. Stutzmann, “Large free-standing GaN substrates by hydride va-
por phase epitaxy and laser-induced liftoff,” Japanese Journal of Applied
Physics 38, L217-1L.219 (1999).

2W. S. Wong, T. Sands, and N. W. Cheung, “Damage-free separation of
GaN thin films from sapphire substrates,” Applied Physics Letters 72, 599—
601 (1998).

2. S. Wong, T. Sands, N. W. Cheung, M. Kneissl, D. P. Bour, P. Mei,
L. T. Romano, and N. M. Johnson, “Fabrication of thin-film InGaN light-
emitting diode membranes by laser lift-off,” Applied Physics Letters 75,
1360-1362 (1999).

2TH. P.Ho, K. C. Lo, G. G. Siu, C. Surya, K. F. Li, and K. W. Cheah, “Raman
and photoluminescence spectroscopy of free-standing GaN separated from
sapphire substrates by 532 nm Nd: YAG laser lift-off,” Materials Chemistry
and Physics 81, 99-103 (2003).

28N. Yulianto, G. T. M. Kadja, S. Bornemann, S. Gahlawat, N. Majid,
K. Triyana, F. F. Abdi, H. S. Wasisto, and A. Waag, “Ultrashort pulse
laser lift-off processing of InGaN/GaN light-emitting diode chips,” ACS
Applied Electronic Materials 3, 778-788 (2021).

29T. Akane, K. Sugioka, and K. Midorikawa, “High-speed etching of hexag-
onal GaN by laser ablation and successive chemical treatment,” |Applied
Physics A 69, S309-S313 (1999).

30K. Ozono, M. Obara, A. Usui, and H. Sunakawa, “High-speed ablation
etching of GaN semiconductor using femtosecond laser,” Optics Commu-
nications 189, 103-106 (2001).

31G. F. B. Almeida, L. K. Nolasco, G. R. Barbosa, A. Schneider, A. Jaros,
I. Manglano Clavero, C. Margenfeld, A. Waag, T. Voss, and C. R. Men-
donga, “Incubation effect during laser micromachining of GaN films with
femtosecond pulses,” Journal of Materials Science: Materials in Electron-
ics 30, 16821-16826 (2019).

32L.. Wei-Min, Z. Rong-Yi, Q. Shi-Xiong, Y. Shu, and Z. Guo-Yi, “Ablation
of GaN using a femtosecond laser,” Chinese Physics Letters 19, 1711—
1713 (2002).

33K, Osamura, K. Nakajima, Y. Murakami, P. H. Shingu, and A. Ohtsuki,
“Fundamental absorption edge in GaN, InN and their alloys,” Solid State
Communications 11, 617-621 (1972),

34T, S. Kang, X. T. Wang, C. F. Lo, F. Ren, S. J. Pearton, O. Laboutin,
Y. Cao, J. W. Johnson, and J. Kim, “Simulation and experimental study of
ArF 193 nm laser lift-off AIGaN/GaN high electron mobility transistors,”
Journal of Vacuum Science & Technology B 30, 011203 (2012).

35X. Wang, C.-F. Lo, L. Liu, C. V. Cuervo, R. Fan, S. J. Pearton, B. Gila,
M. R. Johnson, L. Zhou, D. J. Smith, J. Kim, O. Laboutin, Y. Cao, and
J. W. Johnson, “193 nm excimer laser lift-off for AlIGaN/GaN high elec-
tron mobility transistors,” Journal of Vacuum Science & Technology B 30,
051209 (2012).

30M. Kneissl, W. S. Wong, D. W. Treat, M. Teepe, N. Miyashita, and N. M.
Johnson, “Continuous-wave operation of InGaN multiple-quantum-well
laser diodes on copper substrates obtained by laser liftoff,” IEEE Journal


https://doi.org/10.1063/5.0089750
https://doi.org/10.1143/jjap.30.l1705
https://doi.org/10.1143/jjap.30.l1705
https://doi.org/https://doi.org/10.1016/0040-6090(88)90458-0
https://doi.org/https://doi.org/10.1016/S0921-5107(02)00043-0
https://doi.org/10.1088/0034-4885/76/10/106501
https://doi.org/10.1088/0034-4885/76/10/106501
https://doi.org/10.1116/1.588189
https://doi.org/10.1116/1.588189
https://doi.org/10.1116/1.588189
https://doi.org/10.1088/0268-1242/31/9/093002
https://doi.org/10.1088/0268-1242/31/9/093002
https://doi.org/10.1063/1.3532965
https://doi.org/10.1063/1.3532965
https://doi.org/10.1143/apex.4.065503
https://doi.org/10.1143/apex.4.065503
https://doi.org/https://doi.org/10.1002/pssa.200461486
https://doi.org/https://doi.org/10.1016/j.tsf.2006.07.100
https://doi.org/10.1063/1.3236533
https://doi.org/10.1063/1.3236533
https://doi.org/10.1063/1.4894688
https://doi.org/10.1088/0022-3727/41/16/165105
https://doi.org/10.1088/0022-3727/41/16/165105
https://doi.org/10.1103/PhysRevLett.53.2173
https://doi.org/10.1103/PhysRevLett.53.2173
https://doi.org/10.1117/12.964095
https://doi.org/10.1117/12.964095
https://doi.org/10.1021/nl5009629
https://doi.org/10.1063/1.1861497
https://doi.org/10.1109/LPT.2005.852321
https://doi.org/10.1109/LPT.2005.852321
https://doi.org/https://doi.org/10.1016/j.pquantelec.2020.100247
https://doi.org/https://doi.org/10.1016/j.pquantelec.2020.100247
https://doi.org/10.1063/1.1651338
https://doi.org/10.1088/0022-3727/46/20/205103
https://doi.org/https://doi.org/10.1002/1521-396X(199701)159:1<R3::AID-PSSA99993>3.0.CO;2-F
https://doi.org/https://doi.org/10.1002/1521-396X(199701)159:1<R3::AID-PSSA99993>3.0.CO;2-F
https://doi.org/10.1143/jjap.38.l217
https://doi.org/10.1143/jjap.38.l217
https://doi.org/10.1063/1.120816
https://doi.org/10.1063/1.120816
https://doi.org/10.1063/1.124693
https://doi.org/10.1063/1.124693
https://doi.org/https://doi.org/10.1016/S0254-0584(03)00146-9
https://doi.org/https://doi.org/10.1016/S0254-0584(03)00146-9
https://doi.org/10.1021/acsaelm.0c00913
https://doi.org/10.1021/acsaelm.0c00913
https://doi.org/10.1007/s003390051406
https://doi.org/10.1007/s003390051406
https://doi.org/https://doi.org/10.1016/S0030-4018(01)01002-1
https://doi.org/https://doi.org/10.1016/S0030-4018(01)01002-1
https://doi.org/10.1007/s10854-019-01373-2
https://doi.org/10.1007/s10854-019-01373-2
https://doi.org/10.1088/0256-307x/19/11/342
https://doi.org/10.1088/0256-307x/19/11/342
https://doi.org/https://doi.org/10.1016/0038-1098(72)90474-7
https://doi.org/https://doi.org/10.1016/0038-1098(72)90474-7
https://doi.org/10.1116/1.3664283
https://doi.org/10.1116/1.4751278
https://doi.org/10.1116/1.4751278
https://doi.org/10.1109/2944.954129

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing. This article appeared in J. Appl. Phys. 132, 060903 (2022) and may be found athttps://doi.org/10.1063/5.0089750 17

of Selected Topics in Quantum Electronics 7, 188—191 (2001).

Tw. s. Wong, M. Kneissl, P. Mei, D. W. Treat, M. Teepe, and N. M. John-
son, “The integration of InxGal-xN multiple-quantum-well laser diodes
with copper substrates by laser lift-off,” Japanese Journal of Applied
Physics 39, L1203-L1205 (2000).

3w, s. Wong, T. Sands, N. W. Cheung, M. Kneissl, D. P. Bour, P. Mei,
L. T. Romano, and N. M. Johnson, “InxGal-xN light emitting diodes on
Si substrates fabricated by pd—in metal bonding and laser lift-off,” Applied
Physics Letters 77, 2822-2824 (2000).

PW. S. Wong, A. B. Wengrow, Y. Cho, A. Salleo, N. J. Quitoriano, N. W.
Cheung, and T. Sands, “Integration of GaN thin films with dissimilar sub-
strate materials by Pd-In metal bonding and laser lift-off,” Journal of Elec-
tronic Materials 28, 1409-1413 (1999).

40T, Bret, V. Wagner, D. Martin, P. Hoffmann, and M. Ilegems, “A mecha-
nistic study of GaN laser lift-off,” physica status solidi (a) 194, 559-562
(2002).

41T, Ueda, M. Ishida, and M. Yuri, “Separation of thin GaN from sapphire by
laser lift-off technique,” Japanese Journal of Applied Physics 50, 041001
(2011).

42H. T. Chen, Y. F. Cheung, H. W. Choi, S. C. Tan, and S. Y. Hui, “Reduction
of thermal resistance and optical power loss using thin-film light-emitting
diode (LED) structure,” IEEE Transactions on Industrial Electronics 62,
6925-6933 (2015).

“3T. Ueda, M. Ishida, S. Tamura, Y. Fujimoto, M. Yuri, T. Saito, and D. Ueda,
“Vertical InGaN-based blue light emitting diode with plated metal base
fabricated using laser lift-off technique,” physica status solidi (c) 0, 2219—
2222 (2003).

4R. Delmdahl, R. Pitzel, and J. Brune, “Large-area laser-lift-off processing
in microelectronics,” Physics Procedia 41, 241-248 (2013).

SR, Delmdahl, R. Paetzel, J. Brune, R. Senczuk, C. Gossler, R. Moser,
M. Kunzer, and U. Schwarz, “Line beam laser lift-off approach for
sapphire removal,” International Congress on Applications of Lasers &
Electro-Optics 2012, 852-859 (2012).

40R. Delmdahl, R. Pitzel, J. Brune, R. Senczuk, C. GoBler, R. Moser,
M. Kunzer, and U. T. Schwarz, “Line beam processing for laser lift-off
of GaN from sapphire,” physica status solidi (a) 209, 2653-2658 (2012).

47D, Tida, S. Kawai, N. Ema, T. Tsuchiya, M. Iwaya, T. Takeuchi,
S. Kamiyama, and I. Akasaki, “Laser lift-off technique for freestanding
GaN substrate using an in droplet formed by thermal decomposition of
GalnN and its application to light-emitting diodes,” Applied Physics Let-
ters 105, 072101 (2014).

48y, Sibbett, A. A. Lagatsky, and C. T. A. Brown, “The development and
application of femtosecond laser systems,” Optics Express 20, 6989-7001
(2012).

“D. E. Spence, P. N. Kean, and W. Sibbett, “60-fsec pulse generation from
a self-mode-locked ti:sapphire laser,” Optics Letters 16, 42—44 (1991).

S0p. E. Spence, P. N. Kean, and W. Sibbett, “Sub-100fs pulse generation
from a self-modelocked titanium:sapphire laser,” in Conference on Lasers
and Electro-optics (CLEO), Techical Digest Series (Optical Society of
America, 1990) pp. 619-620.

SIR. R. Gattass and E. Mazur, “Femtosecond laser micromachining in trans-
parent materials,” Nature Photonics 2, 219-225 (2008).

Szy, Voronenkov, N. Bochkareva, R. Gorbunov, A. Zubrilov, V. Kogotkov,
P. Latyshev, Y. Lelikov, A. Leonidov, and Y. Shreter, “Laser slicing: A
thin film lift-off method for GaN-on-GaN technology,” Results in Physics
13, 102233 (2019).

Y. Zhang, B. Leung, and J. Han, “A liftoff process of GaN layers and
devices through nanoporous transformation,” Applied Physics Letters 100,
181908 (2012).

M. Park, K. M. Song, S.-R. Jeon, J. H. Baek, and S.-W. Ryu, “Doping selec-
tive lateral electrochemical etching of GaN for chemical lift-off,” Applied
Physics Letters 94, 221907 (2009).

SC. Youtsey, R. McCarthy, R. Reddy, K. Forghani, A. Xie, E. Beam,
J. Wang, P. Fay, T. Ciarkowski, E. Carlson, and L. Guido, “Wafer-scale
epitaxial lift-off of GaN using bandgap-selective photoenhanced wet etch-
ing,” physica status solidi (b) 254, 1600774 (2017).

0H. Zi, Y. Fai Cheung, B. Damilano, E. Frayssinet, B. Alloing, J.-Y. Duboz,
P. Boucaud, F. Semond, and H. W. Choi, “Influence of surface roughness
on the lasing characteristics of optically pumped thin-film gan microdisks,”
Optics Letters 47, 1521-1524 (2022).

57D, 7. Rogers, F. H. Teherani, A. Ougazzaden, S. Gautier, L. Divay, A. Lus-
son, O. Durand, F. Wyczisk, G. Garry, T. Monteiro, M. R. Correira,
M. Peres, A. Neves, D. McGrouther, J. N. Chapman, and M. Razeghi,
“Use of ZnO thin films as sacrificial templates for metal organic vapor
phase epitaxy and chemical lift-off of GaN,” Applied Physics Letters 91,
071120 (2007)k

8] -H. Kang, D. K. Jeong, and S.-W. Ryu, “Transparent, flexible piezoelec-
tric nanogenerator based on GaN membrane using electrochemical lift-
off,” ACS Applied Materials & Interfaces 9, 10637-10642 (2017).

597, Jiang, Q. Wang, B. Wang, J. Dong, Z. Li, X. Li, Y. Zi, S. Li, and
X. Wang, “Direct lift-off and the piezo-phototronic study of InGaN/GaN
heterostructure membrane,” Nano Energy 59, 545-552 (2019),

60D, Cao, H. Xiao, Q. Gao, X. Yang, C. Luan, H. Mao, J. Liu, and X. Liu,
“Fabrication and improved photoelectrochemical properties of a trans-
ferred GaN-based thin film with InGaN/GaN layers,” Nanoscale 9, 11504—
11510 (2017).

oly, Zhang, S.-W. Ryu, C. Yerino, B. Leung, Q. Sun, Q. Song, H. Cao, and
J. Han, “A conductivity-based selective etching for next generation GaN
devices,” physica status solidi (b) 247, 1713-1716 (2010).

62C. Zhang, S. H. Park, D. Chen, D.-W. Lin, W. Xiong, H.-C. Kuo, C.-F. Lin,
H. Cao, and J. Han, “Mesoporous GaN for photonic engineering—highly
reflective GaN mirrors as an example,” ACS Photonics 2, 980-986 (2015).

63T, Zhu, Y. Liu, T. Ding, W. Y. Fu, J. Jarman, C. X. Ren, R. V. Kumar,
and R. A. Oliver, “Wafer-scale fabrication of non-polar mesoporous GaN
distributed bragg reflectors via electrochemical porosification,” Scientific
Reports 7, 45344 (2017).

64]. M. Hwang, J. T. Hsieh, C. Y. Ko, H. L. Hwang, and W. H. Hung,
“Photoelectrochemical etching of InxGal-xN,” Applied Physics Letters
76, 3917-3919 (2000)!

A R. Stonas, T. Margalith, S. P. DenBaars, L. A. Coldren, and E. L.
Hu, “Development of selective lateral photoelectrochemical etching of
InGaN/GaN for lift-off applications,” Applied Physics Letters 78, 1945—
1947 (2001).

06D, Hwang, B. P. Yonkee, B. S. Addin, R. M. Farrell, S. Nakamura, J. S.
Speck, and S. DenBaars, “Photoelectrochemical liftoff of LEDs grown on
freestanding c-plane GaN substrates,” Optics Express 24, 22875-22880
(2016).

67M. Tanielian, S. Blackstone, and R. Lajos, “A new technique of forming
thin free standing single-crystal films,” Journal of The Electrochemical So-
ciety 132, 507-509 (1985).

08P 0. Bouchard, M. Bernacki, and D. M. Parks, “Analysis of stress intensity
factors and t-stress to control crack propagation for kerf-less spalling of
single crystal silicon foils,” Computational Materials Science 69, 243-250
(2013).

095, W. Bedell, D. Shahrjerdi, B. Hekmatshoar, K. Fogel, P. A. Lauro, J. A.
Ott, N. Sosa, and D. Sadana, “Kerf-less removal of Si, Ge, and ITII-V layers
by controlled spalling to enable low-cost PV technologies,” IEEE Journal
of Photovoltaics 2, 141-147 (2012).

703, W. Bedell, C. Bayram, K. Fogel, P. Lauro, J. Kiser, J. Ott, Y. Zhu,
and D. Sadana, “Vertical light-emitting diode fabrication by controlled
spalling,” Applied Physics Express 6, 112301 (2013).

71S. Bedell, D. Shahrjerdi, K. Fogel, P. Lauro, C. Bayram, B. Hekmatshoar,
N.Li, J. Ott, and D. Sadana, Advanced flexible electronics: challenges and
opportunities, SPIE Defense + Security, Vol. 9083 (SPIE, 2014).

72S. W. Bedell, P. Lauro, J. A. Ott, K. Fogel, and D. K. Sadana, “Layer
transfer of bulk gallium nitride by controlled spalling,” Journal of Applied
Physics 122, 025103 (2017).

M. Amilusik, T. Sochacki, B. Lucznik, M. Boc¢kowski, B. Sadovyi,
A. Presz, 1. Dzigcielewski, and 1. Grzegory, “Analysis of self-lift-off pro-
cess during HVPE growth of GaN on MOCVD-GaN/sapphire substrates
with photolitographically patterned Ti mask,” Journal of Crystal Growth
380, 99-105 (2013).

4V. V. Voronenkov, Y. S. Lelikov, A. S. Zubrilov, Y. G. Shreter, and A. A.
Leonidov, “Thick GaN film stress-induced self-separation,” in 2019 IEEE
Conference of Russian Young Researchers in Electrical and Electronic En-
gineering (EIConRus)|(IEEE, 2019) pp. 833-837.

K. Chung, C.-H. Lee, and G.-C. Yi, “Transferable GaN layers grown
on ZnO-coated graphene layers for optoelectronic devices,” Science 330,
655-657 (2010).


https://doi.org/10.1063/5.0089750
https://doi.org/10.1109/2944.954129
https://doi.org/10.1143/jjap.39.l1203
https://doi.org/10.1143/jjap.39.l1203
https://doi.org/10.1063/1.1319505
https://doi.org/10.1063/1.1319505
https://doi.org/10.1007/s11664-999-0131-x
https://doi.org/10.1007/s11664-999-0131-x
https://doi.org/https://doi.org/10.1002/1521-396X(200212)194:2<559::AID-PSSA559>3.0.CO;2-S
https://doi.org/https://doi.org/10.1002/1521-396X(200212)194:2<559::AID-PSSA559>3.0.CO;2-S
https://doi.org/10.1143/jjap.50.041001
https://doi.org/10.1143/jjap.50.041001
https://doi.org/10.1109/TIE.2015.2443106
https://doi.org/10.1109/TIE.2015.2443106
https://doi.org/https://doi.org/10.1002/pssc.200303381
https://doi.org/https://doi.org/10.1002/pssc.200303381
https://doi.org/https://doi.org/10.1016/j.phpro.2013.03.075
https://doi.org/10.2351/1.5062551
https://doi.org/10.2351/1.5062551
https://doi.org/https://doi.org/10.1002/pssa.201228430
https://doi.org/10.1063/1.4893757
https://doi.org/10.1063/1.4893757
https://doi.org/10.1364/OE.20.006989
https://doi.org/10.1364/OE.20.006989
https://doi.org/10.1364/OL.16.000042
https://doi.org/10.1038/nphoton.2008.47
https://doi.org/https://doi.org/10.1016/j.rinp.2019.102233
https://doi.org/https://doi.org/10.1016/j.rinp.2019.102233
https://doi.org/10.1063/1.4711218
https://doi.org/10.1063/1.4711218
https://doi.org/10.1063/1.3153116
https://doi.org/10.1063/1.3153116
https://doi.org/https://doi.org/10.1002/pssb.201600774
https://doi.org/10.1364/OL.449482
https://doi.org/10.1063/1.2770655
https://doi.org/10.1063/1.2770655
https://doi.org/10.1021/acsami.6b15587
https://doi.org/https://doi.org/10.1016/j.nanoen.2019.02.066
https://doi.org/10.1039/C7NR03622A
https://doi.org/10.1039/C7NR03622A
https://doi.org/https://doi.org/10.1002/pssb.200983650
https://doi.org/10.1021/acsphotonics.5b00216
https://doi.org/10.1038/srep45344
https://doi.org/10.1038/srep45344
https://doi.org/10.1063/1.126820
https://doi.org/10.1063/1.126820
https://doi.org/10.1063/1.1352663
https://doi.org/10.1063/1.1352663
https://doi.org/10.1364/OE.24.022875
https://doi.org/10.1364/OE.24.022875
https://doi.org/10.1149/1.2113872
https://doi.org/10.1149/1.2113872
https://doi.org/https://doi.org/10.1016/j.commatsci.2012.10.033
https://doi.org/https://doi.org/10.1016/j.commatsci.2012.10.033
https://doi.org/10.1109/JPHOTOV.2012.2184267
https://doi.org/10.1109/JPHOTOV.2012.2184267
https://doi.org/10.7567/apex.6.112301
https://doi.org/10.1117/12.2051716
https://doi.org/10.1117/12.2051716
https://doi.org/10.1063/1.4986646
https://doi.org/10.1063/1.4986646
https://doi.org/https://doi.org/10.1016/j.jcrysgro.2013.06.005
https://doi.org/https://doi.org/10.1016/j.jcrysgro.2013.06.005
https://doi.org/10.1109/EIConRus.2019.8657271
https://doi.org/10.1109/EIConRus.2019.8657271
https://doi.org/10.1109/EIConRus.2019.8657271
https://doi.org/doi:10.1126/science.1195403
https://doi.org/doi:10.1126/science.1195403

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing. This article appeared in J. Appl. Phys. 132, 060903 (2022) and may be found athttps://doi.org/10.1063/5.0089750 18

70y, Kobayashi, K. Kumakura, T. Akasaka, and T. Makimoto, “Layered
boron nitride as a release layer for mechanical transfer of GaN-based de-
vices,” Nature 484, 223-227 (2012).

7TE. W. Blanton, M. J. Motala, T. A. Prusnick, A. Hilton, J. L. Brown,
A. Bhattacharyya, S. Krishnamoorthy, K. Leedy, N. R. Glavin, and
M. Snure, “Spalling-induced liftoff and transfer of electronic films using a
van der Waals release layer,” Small 17, 2102668 (2021).

78 A. Muller, G. Konstantinidis, A. Kostopoulos, M. Dragoman, D. Necu-
loiu, M. Androulidaki, M. Kayambaki, D. Vasilache, C. Buiculescu, and
1. Petrini, Micro- and Nanotechnology: Materials, Processes, Packaging,
and Systems I1I, edited by J.-C. Chiao, A. S. Dzurak, C. Jagadish, and
D. V. Thiel, Vol. 6415 (SPIE, 2006) pp. 65 — 72.

79R. W. Martin, H. S. Kim, Y. Cho, P. R. Edwards, I. M. Watson, T. Sands,
N. W. Cheung, and M. D. Dawson, “GaN microcavities formed by laser
lift-off and plasma etching,” Materials Science and Engineering: B 93,
98-101 (2002).

80\, Lesecq, V. Hoel, A. L. d. Etangs-Levallois, E. Pichonat, Y. Douvry,
and J. C. D. Jaeger, “High performance of AlGaN/GaN hemts reported on
adhesive flexible tape,” IEEE Electron Device Letters 32, 143—145 (2011).

81y, Wang, R. McCarthy, C. Youtsey, R. Reddy, J. Xie, E. Beam, L. Guido,
L. Cao, and P. Fay, “High-voltage vertical GaN p-n diodes by epitaxial
liftoff from bulk GaN substrates,” IEEE Electron Device Letters 39, 1716—
1719 (2018).

82A. Rajan, D. J. Rogers, C. Ton-That, L. Zhu, M. R. Phillips, S. Sundaram,
S. Gautier, T. Moudakir, Y. EI-Gmili, A. Ougazzaden, V. E. Sandana,
F. H. Teherani, P. Bove, K. A. Prior, Z. Djebbour, R. McClintock, and
M. Razeghi, “Wafer-scale epitaxial lift-off of optoelectronic grade GaN
from a GaN substrate using a sacrificial ZnO interlayer,” Journal of Physics
D: Applied Physics 49, 315105 (2016)!

831.. Chan, T. Karmstrand, A. Chan, P. Shapturenka, D. Hwang, T. Margalith,
S. P. DenBaars, and M. J. Gordon, “Fabrication and chemical lift-off of
sub-micron scale III-nitride LED structures,” Optics Express 28, 35038
35046 (2020).

84A. David, T. Fujii, B. Moran, S. Nakamura, S. P. DenBaars, C. Weisbuch,
and H. Benisty, “Photonic crystal laser lift-off GaN light-emitting diodes,”
Applied Physics Letters 88, 133514 (2006).

85Y. J. Lee, P. C. Lin, T. C. Lu, H. C. Kuo, and S. C. Wang, “Dichromatic
InGaN-based white light emitting diodes by using laser lift-off and wafer-
bonding schemes,” Applied Physics Letters 90, 161115 (2007).

86S. Chen, S. Wang, K. Uang, T. Chen, W. Lee, and B. Liou, “Fabrication
of dicing-free vertical-structured high-power GaN-based light-emitting
diodes with selective nickel electroplating and patterned laser liftoff tech-
niques,” IEEE Photonics Technology Letters 19, 351-353 (2007).

875 -J. Wang, K.-M. Uang, S.-L. Chen, Y.-C. Yang, S.-C. Chang, T.-M.
Chen, C.-H. Chen, and B.-W. Liou, “Use of patterned laser liftoff process
and electroplating nickel layer for the fabrication of vertical-structured
GaN-based light-emitting diodes,” |Applied Physics Letters 87, 011111
(2005).

88D .-S. Wuu, S.-C. Hsu, S.-H. Huang, C.-C. Wu, C.-E. Lee, and R.-H.
Horng, “GaN/mirror/Si light-emitting diodes for vertical current injection
by laser lift-off and wafer bonding techniques,” Japanese Journal of Ap-
plied Physics 43, 5239-5242 (2004).

897, Chun, Y. Hwang, Y.-S. Choi, J.-J. Kim, T. Jeong, J. H. Baek, H. C.
Ko, and S.-J. Park, “Laser lift-off transfer printing of patterned GaN light-
emitting diodes from sapphire to flexible substrates using a Cr/Au laser
blocking layer,”|Scripta Materialia 77, 13—-16 (2014).

9M.-S. Lin, C.-F. Lin, W.-C. Huang, G.-M. Wang, B.-C. Shieh, J.-J. Dai, S.-
Y. Chang, D. S. Wuu, P.-L. Liu, and R.-H. Horng, “Chemical-mechanical
lift-off process for InGaN epitaxial layers,” Applied Physics Express 4,
062101 (2011).

913, Chun, Y. Hwang, Y. Choi, T. Jeong, J. H. Baek, H. C. Ko, and S. Park,
“Transfer of GaN LEDs from sapphire to flexible substrates by laser lift-off
and contact printing,” IEEE Photonics Technology Letters 24, 2115-2118
(2012).

92F. Mu and T. Suga, “Room temperature GaN bonding by surface activated
bonding methods,” in 2018 19th International Conference on Electronic
Packaging Technology (ICEPT) (IEEE, 2018) pp. 521-524.

9K.H.Li, Y. E Cheung, W. Y. Fu, and H. W. Choi, “Electrically injected
whispering-gallery mode InGaN/GaN microdisks,” /Applied Physics Let-
ters 119, 101106 (2021),

94P. Fay, J. Wang, L. Cao, J. Xie, E. Beam, R. McCarthy, R. Reddy, and
C. Youtsey, “(invited) epitaxial lift-off of GaN and related materials for
device applications,” ECS Transactions 92, 97-102 (2019).

95H. K. Cho, S. Kim, D. K. Bae, B. Kang, J. S. Lee, and Y. Lee, “Laser
liftoff GaN thin-film photonic crystal GaN-based light-emitting diodes,”
IEEE Photonics Technology Letters 20, 2096-2098 (2008).

%Y. Sun, T. Yu, Z. Chen, X. Kang, S. Qi, M. Li, G. Lian, S. Huang, R. Xie,
and G. Zhang, “Properties of GaN-based light-emitting diode thin film
chips fabricated by laser lift-off and transferred to Cu,” Semiconductor
Science and Technology 23, 125022 (2008).

9/D. Zhu, D. J. Wallis, and C. J. Humphreys, “Prospects of IIl-nitride op-
toelectronics grown on Si,” Reports on Progress in Physics 76, 106501—
106501 (2013).

M. Chen, B. P. Zhang, L. E. Cai, J. Y. Zhang, L. Y. Ying, and X. Q. Lv,
“Auto-split laser lift-off technique for vertical-injection GaN-based green
light-emitting diodes,” IEEE Photonics Journal 5, 8400407 (2013).

%M. H. Doan, S. Kim, J. J. Lee, H. Lim, F. Rotermund, and K. Kim, “In-
fluence of laser lift-off on optical and structural properties of InGaN/GaN
vertical blue light emitting diodes,” AIP Advances 2, 022122 (2012).

1007 _T. Chu, T.-C. Lu, H.-H. Yao, C.-C. Kao, W.-D. Liang, I.-Y. Tsai, H.-C.
Kuo, and S.-C. Wang, “Room-temperature operation of optically pumped
blue-violet GaN-based vertical-cavity surface-emitting lasers fabricated by
laser lift-off,” Japanese Journal of Applied Physics 45, 25562560 (2006).

101C, Hsieh, H. Chen, C. Liao, C. Chen, C. Lin, C. Lin, S. Ting, Y. Yao,
H. Chen, Y. Kiang, and C. Yang, “Photoelectrochemical liftoff of patterned
sapphire substrate for fabricating vertical light-emitting diode,” IEEE Pho-
tonics Technology Letters 24, 1775-1777 (2012).

12C. Lin, C. Chen, C. Liao, C. Hsieh, Y. Kiang, and C. Yang, “Sap-
phire substrate liftoff with photoelectrochemical etching for vertical light-
emitting diode fabrication,” IEEE Photonics Technology Letters 23, 654—
656 (2011),

103C Kao, H. C. Kuo, K. E. Yeh, J. T. Chu, W. L. Peng, H. W. Huang, T. C. Lu,
and S. C. Wang, “Light—output enhancement of nano-roughened GaN laser
lift-off light-emitting diodes formed by ICP dry etching,” IEEE Photonics
Technology Letters 19, 849-851 (2007).

104p Wang, M. Hu, H. Wang, Z. Chen, Y. Feng, J. Wang, W. Ling, and
Y. Huang, “The evolution of flexible electronics: From nature, beyond
nature, and to nature,” Advanced Science 7, 2001116 (2020).

105y, E. Cheung, K. H. Li, and H. W. Choi, “Flexible free-standing III-Nitride
thin films for emitters and displays,”/ACS Applied Materials & Interfaces
8, 21440-21445 (2016)!

106 s, Tan, S. Yuan, and X. J. Kang, “Performance enhancement of InGaN
light-emitting diodes by laser lift-off and transfer from sapphire to copper
substrate,” Applied Physics Letters 84, 2757-2759 (2004),

07T, Fujii, A. David, Y. Gao, M. Iza, S. P. DenBaars, E. L. Hu, C. Weis-
buch, and S. Nakamura, “Cone-shaped surface GaN-based light-emitting
diodes,” physica status solidi (c) 2, 2836-2840 (2005).

108y F. Cheung, K. H. Li, R. S. Y. Hui, and H. W. Choi, “Observation of
enhanced visible and infrared emissions in photonic crystal thin-film light-
emitting diodes,” Applied Physics Letters 105, 071104 (2014).

199K, H. Li, Y. F. Cheung, Q. Zhang, and H. W. Choi, “Optical and thermal
analyses of thin-film hexagonal micro-mesh light-emitting diodes,” IEEE
Photonics Technology Letters 25, 374-377 (2013).

HOW. Y. Fu, K. K.-Y. Wong, and H. W. Choi, “Close-packed hemiellipsoid ar-
rays: A photonic band gap structure patterned by nanosphere lithography,”
Applied Physics Letters 95, 133125 (2009).

UI“LED lighting market - growth, trends, COVID-19 impact, and forecasts
(2021 - 2026),” Report (Modor Intelligence, 2021).

12y Tchoe, K. Chung, K. Lee, J. Jo, K. Chung, J. K. Hyun, M. Kim, and G.-
C. Yi, “Free-standing and ultrathin inorganic light-emitting diode array,”
NPG Asia Materials 11, 37 (2019).

13 A Paranjpe, J. Montgomery, S. M. Lee, and C. Morath, “45-2: Invited pa-
per: Micro-LED displays: Key manufacturing challenges and solutions,”
SID Symposium Digest of Technical Papers 49, 597-600 (2018).

14, W. Choi, K. N. Hui, and X. Wang, “Semiconductor color-tunable broad-
band light sources and full-color microdisplays,” U.S. Patent 7,982,228 B2
(19 July 2011).

USK. N. Hui, X. H. Wang, Z. L. Li, P. T. Lai, and H. W. Choi, “Design
of vertically-stacked polychromatic light-emitting diodes,” Optics Express
17, 9873-9878 (2009).


https://doi.org/10.1063/5.0089750
https://doi.org/10.1038/nature10970
https://doi.org/https://doi.org/10.1002/smll.202102668
https://doi.org/10.1117/12.695086
https://doi.org/10.1117/12.695086
https://doi.org/https://doi.org/10.1016/S0921-5107(02)00042-9
https://doi.org/https://doi.org/10.1016/S0921-5107(02)00042-9
https://doi.org/10.1109/LED.2010.2091251
https://doi.org/10.1109/LED.2018.2868560
https://doi.org/10.1109/LED.2018.2868560
https://doi.org/10.1088/0022-3727/49/31/315105
https://doi.org/10.1088/0022-3727/49/31/315105
https://doi.org/10.1364/OE.403299
https://doi.org/10.1364/OE.403299
https://doi.org/10.1063/1.2189159
https://doi.org/10.1063/1.2722672
https://doi.org/10.1109/LPT.2007.891634
https://doi.org/10.1063/1.1993757
https://doi.org/10.1063/1.1993757
https://doi.org/10.1143/jjap.43.5239
https://doi.org/10.1143/jjap.43.5239
https://doi.org/https://doi.org/10.1016/j.scriptamat.2014.01.005
https://doi.org/10.1143/apex.4.062101
https://doi.org/10.1143/apex.4.062101
https://doi.org/10.1109/LPT.2012.2221694
https://doi.org/10.1109/LPT.2012.2221694
https://doi.org/10.1109/ICEPT.2018.8480574
https://doi.org/10.1109/ICEPT.2018.8480574
https://doi.org/10.1063/5.0060830
https://doi.org/10.1063/5.0060830
https://doi.org/10.1149/09204.0097ecst
https://doi.org/10.1109/LPT.2008.2006506
https://doi.org/10.1088/0268-1242/23/12/125022
https://doi.org/10.1088/0268-1242/23/12/125022
https://doi.org/10.1088/0034-4885/76/10/106501
https://doi.org/10.1088/0034-4885/76/10/106501
https://doi.org/10.1109/JPHOT.2013.2274768
https://doi.org/10.1063/1.4717493
https://doi.org/10.1143/jjap.45.2556
https://doi.org/10.1109/LPT.2012.2214476
https://doi.org/10.1109/LPT.2012.2214476
https://doi.org/10.1109/LPT.2011.2121899
https://doi.org/10.1109/LPT.2011.2121899
https://doi.org/10.1109/LPT.2007.897455
https://doi.org/10.1109/LPT.2007.897455
https://doi.org/https://doi.org/10.1002/advs.202001116
https://doi.org/10.1021/acsami.6b04413
https://doi.org/10.1021/acsami.6b04413
https://doi.org/10.1063/1.1704862
https://doi.org/https://doi.org/10.1002/pssc.200461494
https://doi.org/10.1063/1.4893739
https://doi.org/10.1109/LPT.2013.2238621
https://doi.org/10.1109/LPT.2013.2238621
https://doi.org/10.1063/1.3238564
https://doi.org/10.1038/s41427-019-0137-7
https://doi.org/https://doi.org/10.1002/sdtp.12414
https://doi.org/10.1364/OE.17.009873
https://doi.org/10.1364/OE.17.009873

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing. This article appeared in J. Appl. Phys. 132, 060903 (2022) and may be found athttps://doi.org/10.1063/5.0089750 19

V6T, Fujii, A. David, C. Schwach, P. M. Pattison, R. Sharma, K. Fujito,
T. Margalith, S. P. Denbaars, C. Weisbuch, and S. Nakamura, “Micro cav-
ity effect in GaN-based light-emitting diodes formed by laser lift-off and
etch-back technique,” Japanese Journal of Applied Physics 43, 1.411-L413
(2004).

7C. H. To, W. Y. Fu, K. H. Li, Y. F. Cheung, and H. W. Choi, “GaN
microdisk with direct coupled waveguide for unidirectional whispering-
gallery mode emission,”|Optics Letters 45, 791-794 (2020).

18K H.Li, Y. F. Cheung, and H. W. Choi, “Tunable GaN photonic crystal
and microdisk on PDMS flexible films,” ACS Applied Electronic Materials
1, 1112-1119 (2019).

119X Zhang, Y. F. Cheung, Y. Zhang, and H. W. Choi, “Whispering-gallery
mode lasing from optically free-standing InGaN microdisks,” Optics Let-
ters 39, 5614-5617 (2014).

120X Zhang, C. H. To, and H. W. Choi, “Optically-free-standing InGaN mi-
crodisks with metallic reflectors,” Japanese Journal of Applied Physics 56,
01ADO4 (2016).

121y, Mei, M. C. Xie, H. Xu, H. Long, L. Y. Ying, and B. P. Zhang, “Elec-
trically injected GaN-based microdisk towards an efficient whispering
gallery mode laser,” Optics Express 29, 5598-5606 (2021).

122\, H. Wong, S. Keller, N. S. Dasgupta, D. J. Denninghoff, S. Kolluri,
D. F. Brown, J. Lu, N. A. Fichtenbaum, E. Ahmadi, U. Singisetti, A. Chini,
S.Rajan, S. P. DenBaars, J. S. Speck, and U. K. Mishra, “N-polar GaN epi-
taxy and high electron mobility transistors,” Semiconductor Science and
Technology 28, 074009 (2013).

123J. W. Chung, E. L. Piner, and T. Palacios, “N-face GaN/AIGaN HEMTs
fabricated through layer transfer technology,” IEEE Electron Device Let-
ters 30, 113-116 (2009).

124K K. Ryu, J. C. Roberts, E. L. Piner, and T. Palacios, “Thin-body n-face
gan transistor fabricated by direct wafer bonding,” IEEE Electron Device
Letters 32, 895-897 (2011).

1257 Das, W. Ruythooren, R. Vandersmissen, J. Derluyn, M. Germain, and
G. Borghs, “Substrate removal of A1GaN/GaN hemts using laser lift-off,”
physica status solidi (c) 2, 2655-2658 (2005).

126D, J. Meyer, B. P. Downey, D. S. Katzer, N. Nepal, V. D. Wheeler, M. T.
Hardy, T. J. Anderson, and D. F. Storm, “Epitaxial lift-off and transfer of
III-N materials and devices from SiC substrates,” IEEE Transactions on
Semiconductor Manufacturing 29, 384-389 (2016).

1274, i, J. Das, M. Germain, and M. Kuball, “Laser lift-off transfer of Al-
GaN/GaN hemts from sapphire onto Si: A thermal perspective,” Solid-
State Electronics 53, 526-529 (2009).

128] D, Blevins, G. D. Via, K. Sutherlin, S. Tetlak, B. Poling, R. Gilbert,
B. Moore, J. Hoelscher, B. Stumpff, A. Bar-Cohen, J. J. Maurer, and
A. Kane, “Recent progress in GaN-on-diamond device technology,” CS
MANTECH 2014 - 2014 International Conference on Compound Semi-
conductor Manufacturing Technology , 105-108 (2014).

129p C. Chao, K. Chu, and C. Creamer, “A new high power GaN-on-diamond
hemt with low-temperature bonded substrate technology,” CS MANTECH
2013 - 2013 International Conference on Compound Semiconductor Man-
ufacturing Technology , 179-182 (2013).

130G, H. Jessen, J. K. Gillespie, G. D. Via, A. Crespo, D. Langley, J. Wasser-
bauer, F. Faili, D. Francis, D. Babic, F. Ejeckam, S. Guo, and I. Elia-
shevich, “AlGaN/GaN HEMT on diamond technology demonstration,”
in 2006 IEEE Compound Semiconductor Integrated Circuit Symposium
(IEEE, 2006) pp. 271-274.

131, C. Chao, K. Chu, C. Creamer, J. Diaz, T. Yurovchak, M. Shur, R. Kalla-
her, C. McGray, G. D. Via, and J. D. Blevins, “Low-temperature bonded
gan-on-diamond hemts with 11 w/mm output power at 10 ghz,” IEEE
Transactions on Electron Devices 62, 3658-3664 (2015).

32T, Liu, Y. Kong, L. Wu, H. Guo, J. Zhou, C. Kong, and T. Chen, “3-
inch gan-on-diamond hemts with device-first transfer technology,” IEEE
Electron Device Letters 38, 1417-1420 (2017).

I33E. Mu, R. He, and T. Suga, “Room temperature gan-diamond bonding
for high-power gan-on-diamond devices,” Scripta Materialia 150, 148—151
(2018).

1347, Liang, A. Kobayashi, Y. Shimizu, Y. Ohno, S.-W. Kim, K. Koyama,
M. Kasu, Y. Nagai, and N. Shigekawa, “Fabrication of gan/diamond het-
erointerface and interfacial chemical bonding state for highly efficient de-
vice design,” Advanced Materials 33, 2104564 (2021).

1355, Pomeroy, M. Bernardoni, A. Sarua, A. Manoi, D. C. Dumka, D. M. Fan-
ning, and M. Kuball, “Achieving the best thermal performance for GaN-
on-diamond,” in 2013 IEEE Compound Semiconductor Integrated Circuit
Symposium (CSICS) (IEEE, 2013) pp. 1-4.

1365 w. Pomeroy, M. Bernardoni, D. C. Dumka, D. M. Fanning, and
M. Kuball, “Low thermal resistance GaN-on-diamond transistors char-
acterized by three-dimensional raman thermography mapping,” Applied.
Physics Letters 104, 083513 (2014).

I37H. Sun, R. B. Simon, J. W. Pomeroy, D. Francis, F. Faili, D. J. Twitchen,
and M. Kuball, “Reducing GaN-on-diamond interfacial thermal resis-
tance for high power transistor applications,” Applied Physics Letters 106,
111906 (2015).

138y Zhou, J. Anaya, J. Pomeroy, H. Sun, X. Gu, A. Xie, E. Beam,
M. Becker, T. A. Grotjohn, C. Lee, and M. Kuball, “Barrier-layer opti-
mization for enhanced GaN-on-diamond device cooling,” ACS Applied
Materials & Interfaces 9, 3441634422 (2017).

1395, Mhedhbi, M. Lesecq, P. Altuntas, N. Defrance, E. Okada, Y. Cordier,
B. Damilano, G. Tabares-Jiménez, A. Ebongué, and V. Hoel, “First power
performance demonstration of flexible AIGaN/GaN high electron mobility
transistor,” IEEE Electron Device Letters 37, 553-555 (2016).

140K, H. Li, W. Y. Fu, Y. F. Cheung, K. K. Y. Wong, Y. Wang, K. M. Lau,
and H. W. Choi, “Monolithically integrated InGaN/GaN light-emitting
diodes, photodetectors, and waveguides on Si substrate,” Optica 5, 564—
569 (2018).

14TH. W. Choi, K. N. Hui, P. T. Lai, P. Chen, X. H. Zhang, S. Tripathy, J. H.
Teng, and S. J. Chua, “Lasing in GaN microdisks pivoted on Si,”|Applied
Physics Letters 89, 211101-211101 (2006).

142H. W. Choi, B. L. Yang, P. T. Lai, P. Chen, X. H. Zhang, J. H. Teng, and
S.J. Chua, “GaN MQW microdisks pivoted on Si substrate,” physica status
solidi (a) 204, 272-276 (2007).

143y, Zhang, Z. Ma, X. Zhang, T. Wang, and H. W. Choi, “Optically pumped
whispering-gallery mode lasing from 2-pm GaN micro-disks pivoted on
Si,”/Applied Physics Letters 104, 221106 (2014).

lddy Zhang, C. Feng, T. Wang, and H. W. Choi, “GaN hemispherical micro-
cavities,” Applied Physics Letters 108, 031110 (2016).

1451. Aharonovich, N. Niu, F. Rol, K. J. Russell, A. Woolf, H. A. R. El-Ella,
M. J. Kappers, R. A. Oliver, and E. L. Hu, “Controlled tuning of whis-
pering gallery modes of GaN/InGaN microdisk cavities,” Applied Physics
Letters 99, 111111 (2011)!

1467 C. Tamboli, E. D. Haberer, R. Sharma, K. H. Lee, S. Nakamura, and
E. L. Hu, “Room-temperature continuous-wave lasing in GaN/InGaN mi-
crodisks,” Nature Photonics 1, 61-64 (2007),

147y, Zhang, J.-A. Huang, K. H. Li, D. Bai, Y. Wang, T. Wang, and H. W.
Choi, “Influence of strain on emission from GaN-on-Si microdisks,” Jour-
nal of Physics D: Applied Physics 49, 375103 (2016).

48K, H.Li, Y. F. Cheung, W. Y. Fu, K. K. Wong, and H. W. Choi, “Monolithic
integration of GaN-on-sapphire light-emitting diodes, photodetectors, and
waveguides,” IEEE Journal of Selected Topics in Quantum Electronics 24,
1-6 (2018).

14998 " A Stach, M. Kelsch, E. C. Nelson, W. S. Wong, T. Sands, and N. W.
Cheung, “Structural and chemical characterization of free-standing GaN
films separated from sapphire substrates by laser lift-off,” Applied Physics
Letters 77, 1819-1821 (2000).

1307, Xiaoying, R. Yujiao, C. Songyan, and L. Cheng, “GaN/metal/Si het-
erostructure fabricated by metal bonding and laser lift-off,” Journal of
Semiconductors 30, 123001 (2009).

ISIW. H. Chen, X. N. Kang, X. D. Hu, R. Lee, Y. J. Wang, T. J. Yu, Z. J.
Yang, G. Y. Zhang, L. Shan, K. X. Liu, X. D. Shan, L. P. You, and D. P.
Yu, “Study of the structural damage in the (0001) GaN epilayer processed
by laser lift-off techniques,” Applied Physics Letters 91, 121114 (2007).

1524, Aoshima, K. Takeda, K. Takehara, S. Ito, M. Mori, M. Iwaya,
T. Takeuchi, S. Kamiyama, I. Akasaki, and H. Amano, “Laser lift-off of
AlN/sapphire for UV light-emitting diodes,” physica status solidi ¢ 9, 753—
756 (2012).

1537 _M. Chang, H.-K. Fang, C. Liao, W.-Y. Hsu, and Y. S. Wu, “Laser lift-off
mechanisms of GaN epi-layer grown on pattern sapphire substrate,” ECS
Journal of Solid State Science and Technology 4, R20-R22 (2015),

I54C. Huh, K. S. Lee, E. J. Kang, and S. J. Park, “Improved light-output and
electrical performance of InGaN-based, light-emitting diode by micror-
oughening of the p-GaN surface,” Journal of Applied Physics 93, 9383—


https://doi.org/10.1063/5.0089750
https://doi.org/10.1143/jjap.43.l411
https://doi.org/10.1143/jjap.43.l411
https://doi.org/10.1364/OL.381767
https://doi.org/10.1021/acsaelm.9b00114
https://doi.org/10.1021/acsaelm.9b00114
https://doi.org/10.1364/OL.39.005614
https://doi.org/10.1364/OL.39.005614
https://doi.org/10.7567/jjap.56.01ad04
https://doi.org/10.7567/jjap.56.01ad04
https://doi.org/10.1364/Oe.416873
https://doi.org/10.1088/0268-1242/28/7/074009
https://doi.org/10.1088/0268-1242/28/7/074009
https://doi.org/10.1109/LED.2008.2010415
https://doi.org/10.1109/LED.2008.2010415
https://doi.org/10.1109/LED.2011.2147751
https://doi.org/10.1109/LED.2011.2147751
https://doi.org/https://doi.org/10.1002/pssc.200461355
https://doi.org/10.1109/TSM.2016.2599839
https://doi.org/10.1109/TSM.2016.2599839
https://doi.org/https://doi.org/10.1016/j.sse.2009.02.006
https://doi.org/https://doi.org/10.1016/j.sse.2009.02.006
https://doi.org/10.1109/CSICS.2006.319952
https://doi.org/10.1109/TED.2015.2480756
https://doi.org/10.1109/TED.2015.2480756
https://doi.org/10.1109/LED.2017.2737526
https://doi.org/10.1109/LED.2017.2737526
https://doi.org/https://doi.org/10.1016/j.scriptamat.2018.03.016
https://doi.org/https://doi.org/10.1016/j.scriptamat.2018.03.016
https://doi.org/https://doi.org/10.1002/adma.202104564
https://doi.org/10.1109/CSICS.2013.6659210
https://doi.org/10.1109/CSICS.2013.6659210
https://doi.org/10.1063/1.4865583
https://doi.org/10.1063/1.4865583
https://doi.org/10.1063/1.4913430
https://doi.org/10.1063/1.4913430
https://doi.org/10.1021/acsami.7b08961
https://doi.org/10.1021/acsami.7b08961
https://doi.org/10.1109/LED.2016.2542921
https://doi.org/10.1364/OPTICA.5.000564
https://doi.org/10.1364/OPTICA.5.000564
<Go to ISI>://000242220000001
<Go to ISI>://000242220000001
https://doi.org/https://doi.org/10.1002/pssa.200673576
https://doi.org/https://doi.org/10.1002/pssa.200673576
https://doi.org/10.1063/1.4881183
https://doi.org/10.1063/1.4940375
https://doi.org/10.1063/1.3640211
https://doi.org/10.1063/1.3640211
https://doi.org/DOI 10.1038/nphoton.2006.52
http://stacks.iop.org/0022-3727/49/i=37/a=375103
http://stacks.iop.org/0022-3727/49/i=37/a=375103
https://doi.org/10.1109/JSTQE.2018.2827665
https://doi.org/10.1109/JSTQE.2018.2827665
https://doi.org/10.1063/1.1309030
https://doi.org/10.1063/1.1309030
https://doi.org/10.1088/1674-4926/30/12/123001
https://doi.org/10.1088/1674-4926/30/12/123001
https://doi.org/10.1063/1.2783134
https://doi.org/https://doi.org/10.1002/pssc.201100491
https://doi.org/https://doi.org/10.1002/pssc.201100491
https://doi.org/10.1149/2.0101502jss
https://doi.org/10.1149/2.0101502jss
https://doi.org/Doi 10.1063/1.1571962

This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP Publishing. This article appeared in J. Appl. Phys. 132, 060903 (2022) and may be found athttps://doi.org/10.1063/5.0089750, 20

9385 (2003).

155, Fujii, Y. Gao, R. Sharma, E. L. Hu, S. P. DenBaars, and S. Nakamura,
“Increase in the extraction efficiency of GaN-based light-emitting diodes
via surface roughening,” Applied Physics Letters 84, 855-857 (2004).

156g, Trichas, C. Xenogianni, M. Kayambaki, P. Tsotsis, E. Iliopoulos, N. T.
Pelekanos, and P. G. Savvidis, “Selective photochemical etching of GaN
films and laser lift-off for microcavity fabrication,” physica status solidi
(a) 205, 2509-2512 (2008).

I57M. Sun, M. Pan, X. Gao, and T. Palacios, “Vertical GaN power FET on
bulk GaN substrate,” in 2016 74th Annual Device Research Conference
(DRC) (IEEE) pp. 1-2.

158y Zhang, M. Sun, D. Piedra, J. Hu, Z. Liu, Y. Lin, X. Gao, K. Shepard,
and T. Palacios, “1200 V GaN vertical fin power field-effect transistors,”
in 2017 IEEE International Electron Devices Meeting (IEDM) (IEEE) pp.
9.2.1-9.24.

1594 Armstrong, A. Allerman, A. Fischer, M. King, M. van Heukelom,
M. Moseley, R. Kaplar, J. Wierer, M. Crawford, and J. Dickerson, “High
voltage and high current density vertical GaN power diodes,” Electronics
Letters 52, 1170-1171 (2016).

1605 _C. Shen, R. D. Dupuis, Z. Lochner, Y.-C. Lee, T.-T. Kao, Y. Zhang,
H.-J. Kim, and J.-H. Ryou, “Working toward high-power GaN/InGaN het-
erojunction bipolar transistors,” Semiconductor Science and Technology
28, 074025 (2013).

1610V, Shatalov, W. Sun, A. Lunev, X. Hu, A. Dobrinsky, Y. Bilenko, J. Yang,
M. Shur, R. Gaska, C. Moe, G. Garrett, and M. Wraback, “AlGaN deep-
ultraviolet light-emitting diodes with external quantum efficiency above
10%,” Applied Physics Express 5, 082101 (2012).

162M. Pristovsek, A. Bao, R. A. Oliver, T. Badcock, M. Ali, and A. Shields,
“Effects of wavelength and defect density on the efficiency of (In,Ga)N-
based light-emitting diodes,” Physical Review Applied 7, 064007 (2017).

163\, S. Wong, C. Lee, D. J. Myers, D. Hwang, J. A. Kearns, T. Li, J. S.
Speck, S. Nakamura, and S. P. DenBaars, “Size-independent peak effi-
ciency of IlI-nitride micro-light-emitting-diodes using chemical treatment
and sidewall passivation,” Applied Physics Express 12, 097004 (2019).

164y, Yang and X. A. Cao, “Removing plasma-induced sidewall damage in
GaN-based light-emitting diodes by annealing and wet chemical treat-

ments,” Journal of Vacuum Science & Technology B: Microelectronics
and Nanometer Structures Processing, Measurement, and Phenomena 27,
2337-2341 (2009).

15R . Debnath, J.-Y. Ha, B. Wen, D. Paramanik, A. Motayed, M. R. King,
and A. V. Davydov, “Top-down fabrication of large-area GaN micro- and
nanopillars,” Journal of Vacuum Science & Technology B 32, 021204
(2014).

1664, M. Ng, N. G. Weimann, and A. Chowdhury, “GaN nanotip pyramids
formed by anisotropic etching,” Journal of Applied Physics 94, 650-653
(2003).

167§ H. Oh, T. H. Lee, K-R. Son, and T. G. Kim, “Fabrication of
HfO2/TiO2-based conductive distributed bragg reflectors: Its application
to GaN-based near-ultraviolet micro-light-emitting diodes,” Journal of Al-
loys and Compounds 773, 490-495 (2019),

168\, Cui, C. Guo, Z. Yang, L. Chen, Y. Dai, H. Xu, W. Guo, and J. Ye,
“Conductive SiO2/HfO?2 distributed bragg reflector achieved by electrical
breakdown and its application in GaN-based light emitters,” Journal of
Applied Physics 131, 045301 (2022).

19M. Schubert, J. K. Kim, S. Chhajed, and E. F. Schubert, |Conductive dis-
tributed Bragg reflector fabricated by oblique angle deposition from a sin-
gle material, Optical Engineering + Applications, Vol. 6674 (SPIE, 2007).

7o, Wang, J. Ma, Z. Liu, X. Yi, G. Yuan, and G. Wang, “N-polar GaN
etching and approaches to quasi-perfect micro-scale pyramid vertical light-
emitting diodes array,” Journal of Applied Physics 114, 133101 (2013).

71W. Y. Fu and H. W. Choi, “GaN PNP light-emitting bipolar junction tran-
sistor,” Journal of Physics D: Applied Physics 55, 015101 (2021).

172Y.-]. Lee, Z.-P. Yang, P.-G. Chen, Y.-A. Hsieh, Y.-C. Yao, M.-H. Liao, M.-
H. Lee, M.-T. Wang, and J.-M. Hwang, “Monolithic integration of GaN-
based light-emitting diodes and metal-oxide-semiconductor field-effect
transistors,” Optics Express 22, A1589-A1595 (2014).

I3T. E. Kazior, R. Chelakara, W. Hoke, J. Bettencourt, T. Palacios, and H. S.
Lee, “High performance mixed signal and RF circuits enabled by the direct
monolithic heterogeneous integration of GaN HEMTs and Si CMOS on
a silicon substrate,” in 2011 IEEE Compound Semiconductor Integrated

Circuit Symposium (CSICS) (IEEE, 2011) pp. 1-4.


https://doi.org/10.1063/5.0089750
https://doi.org/Doi 10.1063/1.1571962
https://doi.org/Doi 10.1063/1.1645992
https://doi.org/https://doi.org/10.1002/pssa.200780215
https://doi.org/https://doi.org/10.1002/pssa.200780215
https://doi.org/10.1109/DRC.2016.7548467
https://doi.org/10.1109/DRC.2016.7548467
https://doi.org/10.1109/IEDM.2017.8268357
https://doi.org/https://doi.org/10.1049/el.2016.1156
https://doi.org/https://doi.org/10.1049/el.2016.1156
https://doi.org/10.1088/0268-1242/28/7/074025
https://doi.org/10.1088/0268-1242/28/7/074025
https://doi.org/10.1143/apex.5.082101
https://doi.org/10.1103/PhysRevApplied.7.064007
https://doi.org/10.7567/1882-0786/ab3949
https://doi.org/10.1116/1.3244590
https://doi.org/10.1116/1.3244590
https://doi.org/10.1116/1.3244590
https://doi.org/10.1116/1.4865908
https://doi.org/10.1116/1.4865908
https://doi.org/10.1063/1.1582233
https://doi.org/10.1063/1.1582233
https://doi.org/https://doi.org/10.1016/j.jallcom.2018.09.287
https://doi.org/https://doi.org/10.1016/j.jallcom.2018.09.287
https://doi.org/10.1063/5.0074868
https://doi.org/10.1063/5.0074868
https://doi.org/10.1117/12.731266
https://doi.org/10.1117/12.731266
https://doi.org/10.1117/12.731266
https://doi.org/10.1063/1.4823849
https://doi.org/10.1088/1361-6463/ac296b
https://doi.org/10.1364/OE.22.0A1589
https://doi.org/10.1109/CSICS.2011.6062443
https://doi.org/10.1109/CSICS.2011.6062443

	Progress and Prospects of III-Nitride Optoelectronic Devices adopting Lift-Off Processes
	Abstract
	Introduction
	Thin Film Devices
	Epitaxial Lift-off (ELO)
	Laser Lift-off (LLO)
	 Chemical Lift-Off (CLO)
	 Spalling

	Wafer Bonding
	Applications
	LEDs
	Lasers
	Electronics


	Apertured Devices
	Selective-Area Backside Etching
	Application

	Pivoted Devices
	Partial Chemical Lift-Off
	Application

	Flexible Devices
	Selective-Area Laser Lift-Off
	Applications

	Discussions and Perspective
	ELO
	Devices

	Conclusion
	Acknowledgments
	Data Availability
	References


