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Abstract

Thin-film semiconductor optoelectronics are important for applications from
communication, solid-state lighting, and wearable electronics to biomedical sensors.
It is now possible to separate the micrometer-thick device layers from their native
substrate and transfer them onto new platforms to optimise system performance and
integration. The understanding of thermal management for such devices is very
important to control the junction temperature effectively.

In this thesis, the laser-lift-off technique was theoretically and experimentally
studied for GaN and AIlGaN layers. The temperature distribution at the IlI-
nitride/sapphire interface induced by the absorption of 248-nm KrF excimer laser
pulse energy was simulated to verify the experimental results. A 1.5-um-thick Si-
doped n-type AlpsGagsN membrane was separated from a (0001) c-plane sapphire
substrate and then bonded with eutectic AuggSng alloys to a (100) Si substrate. The
electrical behavior of Ti/Al/Ti/Au contacts on the N-polar n-AlysGag4sN membrane
was characterized. Furthermore, free-standing semipolar (1122) InGaN/GaN light-
emitting diodes (LEDs) emitting at 445 nm were first realized by separation from
patterned (1012) r-plane sapphire substrate using LLO. The LEDs showed a turn-on
voltage of 3.6 V and output power of 0.87 mW at 20 mA. Electroluminescence
measurements showed stronger emission intensity along the [1123]incan/can direction
than along the [1100] jhcan/can direction. The polarization anisotropy was estimated
to be 0.14. The small-signal bandwidth at -3 dB of the LEDs is in excess of 150
MHz at 20 mA and a back-to-back data transmission rate at 300 Mbps is
demonstrated. This indicates that the LEDs can be used in visible light free-space
communications.

For thermal management of thin-film optoelectronics, an AlGaAs/GaAs based
laser diode was investigated. The 2-dimensional temperature distribution and
particularly the junction temperature of a transfer-bonded AlGaAs/GaAs based laser
diode were simulated; where the power dissipation, the thermal resistance of
different cavity lengths and configurations (e.g. thickness of p-metal, SiO;
passivation layer and substrate) and different interposers were investigated. This can
be utilized to optimize the design of device and carrier substrate for efficient thermal

management of thin film optoelectronics.
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Chapter 1

Introduction

In the recent years, in order to reduce the occupied chip area and the total power
consumption in current computer processors, there is a large demand for photonic
interconnects both for intrachip and interchip communications. Such interconnects
can therefore help to meet the ever increasing consumer demand for new higher
bandwidth online and mobile services. Secondly, heat assisted magnetic recording
(HAMR) with integrated light emitter and optical delivery path has been proposed as
a new technology for the purpose of higher densities for data storage on hard-disc
drives [1, 2]. Furthermore, for the next generation technology of optical sensors,
flexible displays, wearable semiconductor based microsystems, and biomedical or
biointegrated optoelectronic devices [3-6], the fabrication of thin film semiconductor
direct band-gap optoelectronics devices is vital as integrating of the direct band-gap
materials onto the suitable platforms for providing the light signals will enable these
applications. The thermal properties of such devices are rarely revealed and would

be very important to the considerations in their thermal management.

This chapter will start with the background of thin film semiconductor optoelectronic
emitter fabrication (i.e. laser diodes (LD), light emitting diodes (LED)) and epitaxial
lift-off methods. Additionally, device transfer-print method technology, IlI-nitride
materials and highlights of epitaxial lift-off research on these materials,
concentrating particularly on the laser lift-off (LLO) method for GaN based LEDs
will be introduced. Next, a review of thermal modeling of transfer bonded thin film
GaAs based LDs is introduced. Finally, the structure of the remaining chapters in the

thesis is described.

1.1 Overview of thin film optoelectronics emitters

Thin film devices are attractive for photonics researchers due to the facility of
integration on a heterogeneous substrate and high thermal conductivity substrate

which can be more suitable for temperature control of high power devices.
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For the hybrid integration of a thin film optoelectronic device, the epitaxial material
of the device is separated from the original growth substrate and then transfer
printing can be used by releasing the device from the source wafer and printing to
another target wafer which has a different physical property compared to the source
wafer [1]. Transfer printing is performed using a microfabricated stamp consisting of
polymeric elastomer and glass layers. The stamp, mounted on a precision motion
platform, is designed to pick up the device from the original substrate through a
shear stress enhanced transfer process, which creates Van der Waals bonds between
the device and the stamp. Afterwards, the device is attached on a new substrate as
the printing step [1, 2]. The thinner material layer stacks potentially exert less strain
after removing the sacrificial layer underneath. This provides a flat contact surface
when the device is printed. Especially, after that the epitaxial thin film is stripped off
and transferred onto the low thermal impedance substrate (such as silicon, Cu), the
heat from the active region of the high-power thin film optoelectronics emitter can

be distributed more efficiently [7].

Releasing the active layers could be the first building block to achieve the thin film
device. As it is demonstrated in Fig. 1.1, an AllInGaAs quantum-well (active gain
region) Fabry-Perot laser (etch facet) is fabricated in the edge emitting scheme on
GaAs substrate. A 1-um-thick AlAs layer in between the active layers and the GaAs
substrate works as a sacrificial layer. After the AlAs layer is etched by hydrochloric
acid (HCI), the thin film laser device can be picked up from the source wafer
substrate [1, 2, 8].

p contact n contact

photoresist

SiN, cladding
laser

AlAs 4~—~_~— HCI undercut

GaAs substrate

Figure 1.1 Cross section of a thin Fabry-Perot AlinGaAs laser (etch facet) with an
AlAs sacrificial layer that can be selectively removed by HCI [8].
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Therefore, the epitaxial thin film lift-off of the heterojunction from its grown
substrate is recognized as the vital and challenging technology to implement the
fabrication of optoelectronics devices. The materials and processing schemes are
important for the envisioned and promising applications, such as Si photonics system

deployment, hard drive storage and biomedical sensors etc.

Over the past 20 years, tremendous progress on high efficiency Ill-nitride-based
optoelectronic devices working in the visible to ultraviolet spectral range has been
achieved, since the good controlling of the basic material issues related to
heterojunction epitaxial growth for GaN and its relevant alloys [9]. The high
performance visible LEDs and LDs are starting to flood the commercial market in
lighting, optical communications, medical sensors, backlighting, optical data storage
devices, etc. The direct band-gap GaN (E4= 3.4 eV) compound can be alloyed with
Indium (In) or Aluminum (Al) providing a range of optical emission from visible to
deep ultraviolet (UV) spectral range (as shown in Fig. 1.2). Thus, the binary
compound (GaN, AIN, and InN), ternary compound (AlGaN, InGaN and InAIN) and
quaternary (InAlGaN) systems have promising applications for optoelectronics
devices, especially blue/UV LEDs and LDs.
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Figure 1.2 Energy bandgap of IlI-V zinc blende and IllI-nitride wurtzite
semiconductor compounds employing Al, In and Ga,versus lattice constant and their
corresponding photoluminescence emission wavelength at room temperature. Solid
lines indicate direct-band gap compounds, dotted lines indicate indirect-band gap
compounds and dashed lines are estimated due to relative uncertainty in bowing
parameters [10].
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Due to the high growth temperature for high-quality GaN crystal structure, the direct
deposition onto common semiconductor substrates, such as Si and GaAs is difficult.
Moreover, freestanding polar and semipolar GaN and AIN substrates are expensive
and still difficult to fabricate on a large scale, so they are not suitable for mass-
production. Thus, it is necessary to grow heterostructure epitaxy low-cost substrates,
such as sapphire, which is the most commonly used growth substrate for I1I-nitrides.
However, sapphire also imposes constraints on the IlI-nitride film quality due to the
lattice mismatch, low thermal conductivity and thermal expansion coefficient
mismatch. After development over several decades, high quality GaN LED epitaxy
has already been achieved on c-plane (0001) sapphire substrates and remains the
dominant commercial market. In recent years, the GaN LEDs are able to grow and
be fabricated on Si substrates by introducing AIN nucleation layers and AlGaN
buffers [11-17]. One important practical goal is to realize such device epitaxial
releasing and transfer to specific dissimilar material based deployment substrates or
on large, flexible and affordable substrates, on which direct growth of nitride
semiconductors with sufficient quality is problematic. Several techniques have been

investigated to enable such transfer.

All of the issues mentioned above make it highly desirable to develop a process
which enables a fast, reliable, and high-yield detachment of IlI-nitride layers from
sapphire and Si dissimilar substrates. In practice, such a process will involve a
sacrificial layer (as seen in Fig. 1.1 for a GaAs LD) somewhere between the
substrate and the IllI-nitride layers, which is removed by a specific chemical or
thermal treatment. Several techniques have been investigated to enable the transfer
of Ill-nitride devices from one substrate to another. One possibility would be to
deposit a sacrificial layer which makes use of selective chemical etching, e.g. AIN
versus GaN in potassium hydroxide (KOH) [18]. As to the GaN based LEDs grown
on Si substrate, the procedure for releasing these device from the underlaying
substrate exploits the anisotropic etching to remove planes of (110) Si compared to
(111) Si with wet chemical etching baths of hot KOH or tetramethylammonium
hydroxide [19]. Moreover, a selective etch of Si to IlI-nitride layer can be realized by
the use of isotropic wet etch HNA solution (HF:HHO3;:CH3COOH:H,0) [20].
However, in this case the detachment of large area Ill-nitride pseudo-substrates

would be slowed down by chemical diffusion and would impose additional boundary
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conditions for the deposition of buffer layers. Alternatively, a self-detached epitaxial
structure can be developed to produce separation of GaN film from sapphire
substrate by thermo-mechanical expansion that is induced during cooling from the
growth temperature. It is due to the accumulation of thermal stress and the lattice
mismatch between GaN and sapphire [21]. In this case, a rather complex
pretreatment of the wafer including lithography is needed, which limits the relevance
of such a processing step for future mass production schemes. Moreover, in 2012,
Kobayashi et al. reported that the use of a single-crystal hexagonal-boron nitride (h-
BN) layer with a flat surface enables the growth of InGaN based multiple-quantum-
well (MQW) LED structures and the release of the structure from the host c-plane
(0001) sapphire substrate and its transfer to an indium sheet on a substrate by
mechanical lift-off [22]. However, damage, the limited size of the released GaN and
limited throughput in mechanical releases have remained serious issues. Meanwhile,
it is difficult and time-consuming to grow a single-crystal h-BN layer on c-plane
(0001) sapphire with a smooth surface [22-24]. Another approach is the complete
removal of the substrate by etching or polishing. This, however, is quite time-
consuming, especially in the case of sapphire or SiC substrates. Alternatively, a
process which is much more flexible and significantly faster than the above
mentioned methods, is the laser-induced delamination of Ill-nitrides from a
transparent sapphire substrate, the so called “laser lift off (LLO)” process. In this
process, the separation of Ill-nitride layer from the substrate is achieved by
irradiation of the substrate/film interface through the substrate with high energy laser
pulses at a wavelength which is transmitted in the substrate, but is strongly absorbed
in the IllI-nitride layer. In the case of GaN on sapphire, the most suitable laser
systems in this context are the third harmonic of a Nd:YAG laser [25, 26] or KrF
excimer lasers [27]. The absorption of such high intensity laser pulses causes a rapid
thermal decomposition of the irradiated GaN interfacial layer into metallic Ga and

gaseous N.

The intrinsic advantages of such an LLO process compared the other possibilities
mentioned above have been reported [28]:

e High performance Ill-nitride based LEDs have been developed on sapphire
substrates. Sapphire is a well developed, reasonably cheap and large size

substrate material. It would be even possible to recycle the separated sapphire
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substrates after LLO for further deposition runs.

The LLO process does not require any specific sacrificial layers in the growth
sequence, as AIN or GaN buffer layers are removed together with the substrate

in the same process.

The LLO method is quite fast. Using standard Nd:YAG or excimer laser
systems with pulse repetition rate of 1000 Hz, a 2” in diameter wafer in principle

could be lifted-off in a few seconds.

Since LLO does not require any direct mechanical or chemical contact with the
wafer, the lift-off process could also occur directly after deposition of the IllI-
nitride film in the deposition reactor before cooling to room temperature.
However, it would require a suitable optical window and an external laser
scanning arrangement, but at the same time it would avoid the build-up of
critical thermal strain, which occurs in thick GaN films on heterosubstrates
during the cooling from the deposition temperature of 1000C to room
temperature because of the large mismatch between the thermal lattice

expansion coefficients of the two materials.

Because sapphire substrates and GaN lack an effective wet-chemical etch, the
other aforementioned techniques are hard to be realized as an efficient lift-off

process for those devices.

The LLO process is confined at the interface of the buffer/substrate and protects the

main active region from any potential damage caused by laser light absorption. The

separation of GaN from sapphire/GaN structures is accomplished here using a single

short-duration laser pulse. The incident pulse directly passes through the transparent

sapphire and when absorbed in GaN at the interface induces a highly localized, rapid

thermal decomposition of GaN, yielding metallic Ga and N, gas. Heating the

interface above the melting point of Ga (30<C) allows the separation of GaN from

sapphire.

In the following sections, the state of art of LLO on IlI-nitride epitaxial thin film in

the published literature will be summarized.
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1.2 The state of art of laser lift-off on I11-nitride materials

LLO of Ill-nitride thin films was firstly demonstrated on GaN grown on c-plane
(0001) sapphire substrate and the research has been very attractive since 1996 [29]. It
appears to be an excellent candidate for solid-state platforms, especially, a viable
technology to increase the brightness of IlI-nitride based light emitters (e.g. LEDS).
There were two important development stages based on the research over these three
decades. At the first stage (before 1999), most of the research was focused on the
feasibility of the LLO of the entire area of GaN thin film and the introduction of
damage on the LLO created GaN surface, such surface crystal damages, micro-
crackings. At the second stage, following the previous work, researchers found that
the laser irradiation and lift-off process parameters, such as laser pulse energy
density, pulse duration, scanning speeds and energy variation of single pulse, can
affect the interface surface of GaN thin film/sapphire. The research progress of the

LLO IlI-nitrides and the related issues of this technologies are presented below.

In 1996, M. K. Kelly et al. used a YAG laser operating at 355 nm with 5 ns pulses to
etch the surface of GaN epitaxial thin film to produce interface gratings [29]. They
found the high energy laser irradiated on GaN, causing rapid nitrogen (N) effusion
and gallium (Ga) droplets. At a laser pulse energy density of 400 md/cm?, they
observed the etch rates of 50 to 70 nm per pulse [29]. In 1997, they first
implemented the separation of nitride films from transparent c-plane sapphire
substrate by LLO by the use of the 3" harmonic of a Q-switched Nd:YAG laser at
355 nm with 6 ns pulse width [30]. In 1998, W. S. Wong et al. bonded a GaN thin
film with ethyl cyanoacrylate-based adhesive onto Si support substrate, then lifted-
off the transparent sapphire substrate by the directed irradiation of a single laser
pulse of energy density 600 mJ/cm? 38ns pulse width from KrF excimer laser
(Apeak = 248 nm) at the sapphire/GaN interface [31]. They found no damage or
changes in the GaN thin film crystal quality by x-ray diffraction (XRD) and scanning
electron microscopy (SEM). Then, they realized the LLO on sapphire/GaN
(3 um)/epoxy/Si bonding structure by KrF laser pulse of energy density 600 mJ/cm?
in 38 ns width. They found no degradation in surface morphology, crystalline and
the optical properties of the GaN thin film before and after LLO [32]. In 1999, they
demonstrated the potential for using LLO to create 20 <500 umz free-standing c-

plane GaN-based thin-film LEDs by applying LLO process on sapphire/InGaN
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MQW LED/adhesive/Si structure with a single laser pulse of 600 mJ/cm?, rastering a
0.03 cm? beam spot from KrF laser with 38 ns pulse width [33]. Their LED mesa
devices experienced microcracking due to thermal shock or excessive heating during
laser pulse irradiation and they found no discernable change in electrical and
electroluminescence characteristics after separating the InGaN LEDs from sapphire
compared to an adjoining device fabricated on the same substrate. In 2000,
E. A. Stach et al. utilized transmission electron microscopy (TEM) techniques to
characterize the modifications that occur at the resulting GaN surfaces [34]. The
structural alteration and chemical intermixing (interdiffussion between components)
following LLO by KrF excimer laser (pulse width 30 ns) in pulse energy density of
600 mJ/cm? are confined approximately to the first 50 nm of the epilayer thickness.
In 2002, T. Bret et al. carried out LLO of GaN on both polished and unpolished back
surface of sapphire substrate and presented that the laser intensity at the
GaN/sapphire interface strongly depends on the roughness of the sapphire
backside [35].

In 2007, W. H. Chen et al. analyzed the GaN surface after LLO by high resolution
TEM and found damage within approximately 40 nm of the created surface of GaN
epilayer [36]. A sequential series of half loops lattice deforming configuration
(sequential series dislocation) end to end spreads over the LLO interface within
approximately 170 nm above the created surface compared to the films before the
LLO process and the depth of top of the half loop cluster varies from several tens of
nanometers to about 200 nm with the fluctuation of the laser radiation energy. Their
theory is that laser-induced shock wave was caused by N, high vapour pressure and
thermal stress generated by the laser-induced diffusion, which induced crystal

damage on the created surface by LLO.

In 2009, J. H. Cheng et al. studied the LLO effects on structural damage of created
surface of GaN epitaxial thin film by employing frequency-tripled Nd:YAG laser
(355 nm peak wavelength, 5 ns pulse width) and the KrF excimer laser (35 ns pulse
width) respectively [37]. By the TEM observation, they found the surface damaged
depth below the LLO surface of 35 ns pulse width, KrF laser is 5 times greater than
5 ns pulse width of the Nd: YAG laser. They believed that the laser-induced shock
wave appears only when the pulse width is longer than 10 ns, thus the laser pulse of

width 5 ns should cause minor damage on the LLO created surface of GaN.
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In 2009, X. L. Tong et al. investigated the influence of laser scanning speed on the
structural and optical properties of thin GaN films before and after LLO by KrF
excimer laser with a single pulse energy density of 600 mJ/cm? in 20 ns pulse
width [38]. They found the crystal structure and optical properties of GaN separated
from sapphire at the laser scanning speed of 1.0 mm/s was comparatively better. In
2011, T. Ueda et al. found that the created LLO surface morphology of GaN got
worse after LLO, if the GaN epitaxial layer thickness was thinner, and partial
exfoliation was observed on GaN film during LLO when the thickness was less than
4 um [39]. They deemed the thinner of the GaN film thickness has a lower
mechanical strength, which can not balance the biaxial stress relief and high N,
vapor pressure after LLO. Meanwhile, they speculate a weaker N, vapor pressure for

thinner decomposed GaN film.

Until recently, research has mainly focused on the LLO of GaN thin films and has
made good progress. However, there are still many unknowns and the need for more
research extends to Ill-nitride materials for UV emitters such as AIN and AlGaN.
Firstly, there was no clear report on the systematic research of the effect of pulse
width on LLO, and the LLO mechanism is not clear. Secondly, there is no
investigation reported on the impact of Ill-nitride thin film thickness, types of
materials in different thermal conductivity used as bonding materials and support
substrate on LLO. The intrinsic stress can be different for GaN grown on sapphire
substrates with different thickness. Before LLO, a bonding process must be required
to attach the Ill-nitride thin film onto a support substrate by various bonding
materials of different thermal conductivity. Thirdly, the microcracking of Il1-nitride
thin films in LLO should be avoided by optimizing LLO process parameters and

developing novel process methods.

+ The laser lift-off on AlGaN based deep UV LEDs

At present, there are many reports on improving the light extraction efficiency (LEE)
in H1-nitride based LED by LLO method [40], many of which are GaN/sapphire
LLO; however, the LLO for AlGaN is rarely reported and can be employed for
fabrication of AlGaN-based deep ultraviolet (DUV) LEDs [41]. The realization of
LEDs having wavelengths shorter than 350 nm requires the use of AlGaN-related
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materials [42]. The AIN p-i-n LED, which emits the shortest emission wavelength of
210 nm, using an AlGaN material system has been reported [43-45]. Within the
DUV regions obtained by AlGaN materials, wavelengths of 325 and 254 nm are
particularly important as replacements for the He-Cd laser and the mercury lamp,
respectively. In general, AlGaN materials are grown on c-plane (0001) sapphire

substrates by metal organic vapor phase epitaxy (MOVPE).

In 2006, K. Kawasaki et al. fabricated vertical AlGaN DUV LED emitting at 322 nm
by LLO GaN buffer layer grown between AlGaN based DUV LED epitaxial layers
and sapphire substrate [46]. In the same year, L. Zhou et al. reported 700 <700 um?
vertical thin film DUV LEDs emitting at 280 nm and 325 nm were fabricated by
LLO. A low-temperature metamorphic AIN strain-relief interlayer which enabled the
insertion of a GaN lift-off layer and allowed reliable substrate removal via excimer
laser excitation [47]. In 2009, M. Takeuchi et al. demonstrated LLO on AIN/AIGaN
short-period superlattice sacrificial layers to separate AIN/sapphire growth templates
by a Q-switched Nd:YVO laser (A =266 nm) for vertical type AlGaN-based deep
ultraviolet LEDs [48]. A 200-period AIN/Alg22Gag7sN short-period superlattice
(SPSL) functioned as the photoabsorbing and mechanically weakened layer was used
to replace conventional GaN photoabsorbing layers as the sacrificial layers. In the
same year, V. Adivarahan et al. demonstrated the fabrication using LLO process to
achieve vertically conducting thin film high power DUV LEDs with peak emission
at 280 nm [49]. In 2011, S. Hwang et al. reported first substrate-free flip-chip AlGaN
LEDs emitting at 276 nm grown over a 10-um-thick pulsed lateral epitaxial
overgrown (PLOG) AIN/(0001) sapphire template [50]. In 2012, H. Aoshima et al.
reported LLO of AIN to separate sapphire by the use of ArF pulsed excimer laser
(A = 193 nm, pulse width of 15 ns) with a pulse energy density of 1000 mJ/cm?, for
the fabrication of thin-film flip-chip UV LEDs with a peak wavelength of 343 nm
[51]. In 2013, F. Asif et al. demonstrated a substrate-lift-off lateral conduction flip-
chip DUV LEDs (1500 <1800 um?) in 3 x3 small periphery pixel-LED arrays
(single chip device size 180 =180 umz) emitting at a peak wavelength of 285 nm
that were implemented by LLO. The LED epitaxial layers were subsequently grown
on the AlGaN/AIN short period superlattice structure on a low-defect 2-um-thick
AIN/(0001) sapphire template [52, 53].
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1.3 Summary

Up to now, the LLO process of GaN thin film membranes is mature for c-
plane (0001) GaN/sapphire structure and has been realized on GaN based blue LED
epitaxy for transferring to various substrate or deployment platforms, such as Si, Cu
and flexible polymer, etc [54-56]. The c-plane of IlI-nitride is also called “polar”
plane, in contrast to the polar c-plane, other crystal planes are called semipolar and
non-polar planes (as shown in Fig. 1.3). To our best knowledge, there is no report of
LLO of GaN epitaxial thin film on other crystal planes, such as semipolar and non-

polar so far.

>l

e

Semipolar Nonpolar

Figure 1.3 Ill-nitride materials with different surface orientations. The « angles
were calculated for the direction of inclined plane with respect to c-plane
(0001)(c = 0 [57].

Comparing to wurtzite InGaN MQW based LEDs grown on c-plane oriented surface,
the LED growth on semipolar and non-polar planes of crystal reduces the quantum-
confined Stark effect (QCSE) induced by built-in piezoelectric fields at the
InGaN/GaN interface of QW [58, 59]. The reduction in the QCSE increases the
overlap of electron and hole wave-functions, and therefore increases the radiative
recombination rate [60-67]. Hence, it provides carriers in the QW with shorter
radiative recombination life-time, promoting bandwidth and transmission speed of
the devices. Therefore, it is suitable as emitters for visible light communication
applications. The semipolar (1122) oriented surface is of special interest because
high-efficiency has been reported [68-71] with the best results having been reported
for devices grown on bulk (1122) GaN substrates [67]. Such substrates are very
expensive and small in size which is not suitable for mass-production; thus, it is
preferable to grow LEDs on a low-cost sapphire substrate. However, (1122) GaN
films grown on (1010) m-plane patterned sapphire substrates (PSS) normally contain

a high density of extended defects such as basal-plane stacking faults, prismatic
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stacking faults and partial dislocations [72]. The light scattering at GaN
stripes/groove patterned sapphire interface and light absorption at defects layer
reduce light output through substrate emission of the devices. Therefore, to reduce
light output loss, more work should be focused on the growth approach to reduce

template defects and find a new scheme to release the device epitaxial layer by LLO.

At this moment, the LLO of AIN, AlGaN thin films is rarely reported. Most of the
AlGaN based DUV LEDs fabricated by the use of LLO utilized sacrificial layers
which are GaN buffer, AIN buffer and AIN/AIGaN superlattice layer. New
sacrificial layer structure schemes based on Si-doped n-type AlGaN only for AlGaN
based DUV LEDs would be proposed to maintain the high-quality epitaxy growth
and fabrication process should be considered for vertical structure ultra-thin AlGaN
DUV LEDs. Compared to AIN buffer, the high Al mole fraction AlxGa;xN (x> 0.5)
thin films grown on GaN buffer have low crystalline quality (higher dislocation
density) epitaxy growth, however, is more relaxed (with less strain). Also, AlGaN
layer grown on sapphire with GaN buffer can easily crack with the increase of Al
mole fraction and the layer thickness. There is only a relatively small lattice constant
difference between AIN and AlGaN of high Al mole fraction, high-quality epitaxial
growth of AlGaN layers on AIN buffer is easier to achieve by MOVPE method.
While, it requires a different LLO process with the photon energy of a short pulse
laser irradiation higher than AIN band-gap energy (i.e. 6.0 eV) [10]. It only can be
satisfied by the use of 193 nm ArF excimer laser [51]. Instead, AIN/AIGaN
superlattice layer was used as both laser heating absorption and strain management
layer in AlGaN-based DUV LEDs for LLO process; however, the growth of the
superlattice layer in the LED epitaxial structure increases the complexity of the
epitaxial growth. Meanwhile, all these three sacrificial structures have to employ
inductively coupled plasma (ICP) dry etch to remove the remaining layer of the
sacrificial layer to access the n-AlGaN for vertical structure LEDs, which increases

the fabrication cost.

In addition, the thermal performance of such optoelectronics emitter transfer-bonded
on substrates of different material is critical and especially in these new
environments. The performance of a semiconductor laser or a LED is strongly
dependent on the junction temperature which is set by the ambient temperature

together with Joule heating in the device or from surrounding components, which
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leads to temperature gradients [73, 74] as the heat is transferred to a heat sink. High
junction temperature leads to the degradation of the electro-optical properties
through loss in device efficiency or other premature failure mechanisms of the
device. Furthermore, mechanical strain induced by thermal gradients is generally
detrimental. Thus, to provide the best power and emission spectral performance and
assure the semiconductor laser lifetime, the diode junction temperature must be
controlled [75, 76] by minimising the excess heat generation and managing its
removal from the active region. Thermal modeling of the transfer-bonded GaAs laser

diodes would be informative for the device thermal management.

This thesis presents device fabrication and characterization for solving the above-
mentioned challenges to obtain the IlI-nitride thin film optoelectronics emitter and it

also presents an evaluation of the thermal performance.

1.4 Structure of this thesis
This thesis is divided into 6 chapters.

Chapter 1 includes a brief introduction of the fabrication of thin film semiconductor
optoelectronics devices, the transfer-printing method and the IlI-nitride based light
emitters. A review of the published work on epitaxial lift-off on Il1-nitride materials
to fabricate thin film GaN based visible LEDs and AlGaN based UV LEDs is given.
The state of the art work on LLO on GaN in the literature is highlighted. Moreover,
the literature review of thermal modeling of thin film semiconductor optoelectronics

device, especially the thin film transfer bonded GaAs laser diode are presented.

Chapter 2 introduces the background theory of LLO process on c-plane
GaN/sapphire. The relevant process technique required for non-damaged lift-off of
the GaN membranes grown on c-plane sapphire is outlined and the characterization

methods are presented.

Chapter 3 presents a new fabrication process sequence to obtain a free-standing

semipolar (1122) InGaN/GaN MQW LEDs (FS-LEDs) emitting at 445 nm by the
use of LLO and a chemical mechanical polishing (CMP) process. The electrical and
optical characterization of the FS-LEDs before and after fully polish of GaN stripes

on the back surface of the LEDs by CMP are investigated for the first time.
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Chapter 4 describes a new sacrificial layer structure scheme for LLO on c-plane
AlGaN. It is used to implement vertical conduction AIGaN membrane as a critical
process for realizing AlGaN based vertical DUV LEDs. The AuggSng 2 eutectic metal
bonding method is applied to attach the AIGaN wafer on Au coated Si substrate as
mechanical support for LLO and electrode of metal contact. The electrical contact
behaviour of the metal contact on N-polar Si-doped n-type AlGaN created by LLO is

investigated.

Chapter 5 demonstrates a thermal model of the transfer-bonded thin film GaAs based
ridge laser diode. It focuses on the simulation of a two-dimensional temperature
distribution on the transfer-bonded ridge laser diode on a dissimilar material
substrate by using finite element analysis (FEA) software COMSOL Multiphysics. A
simplified 2-D thermal analytical model for thermal resistance calculation is

presented as a comparison.

Chapter 6 summarizes the findings in this thesis and outlines a few suggestions for

further work.
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Chapter 2

Development of laser lift-off for nitride materials

In this chapter, the concept and physical principle of laser lift-off (LLO) of GaN
layers grown on sapphire substrates is initially described. Afterwards, the 1-
dimensional (1D) thermal analysis at GaN/sapphire interface caused by the heat
induced from laser irradiation is demonstrated by simulations in the COMSOL
Multiphysics software. The experimental process includes a brief introduction to the
LLO apparatus based on a Krypton Fluoride (KrF) excimer laser (peak wavelength
Apeak = 248 nm) system; the control of laser beam spot energy density and wafer
attachment on a carrier substrate in dissimilar material are also discussed. Finally,
the experimental and characterization techniques used to verify the LLO processes
are introduced.

2.1 Overview of laser lift-off

In this section, the motivation and concept of LLO to selectively etch c-plane GaN
thin films for the separation of sapphire are emphasized. For development of LLO
process on nitride materials, the fundamentals of LLO at the interface of
GaN/sapphire is firstly described. Due to the difference in band-gap absorption of
GaN and sapphire in the UV spectrum, the short pulsed UV laser is selectively
absorbed in the GaN resulting in its thermal decomposition. This occurs if the energy
density of the laser pulse generates enough heat in a sufficiently short time. The
thermal diffusion analyses of the laser beam interaction with GaN will be presented.

2.1.1 GaN epitaxial thin film lift-off

GaN heteroepitaxial layers are grown on dissimilar material substrates because of the
cost in the preparation of large area high crystalline quality bulk GaN. At present, the
most commonly used substrate is c-plane sapphire (Al,O3) substrate due to the low
cost, high growth temperature of GaN, large scale wafer (e.g. 6” in diameter) and
relatively well-established development of growth methods [1-4]. However, the
lattice mismatch (14%) and the different thermal expansion coefficients between

GaN and sapphire result in high threading dislocation density of 10°-10*cm™ in
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GaN/sapphire [5-7]. In particular, the radiative carrier recombination and carrier
transport can be detrimentally affected by threading dislocations [8, 9]. Moreover, as
GaN and sapphire have relatively high refractive indexes (Nea= 2.5, Nsapphire= 1.77)
compared to air (nsr=1), the low light extract efficiency (LEE) for GaN-based
LEDs is due to a narrow escape cone [10]. Additionally, the low thermal
conductivity of sapphire (k = 35 W/mK) [29, 37] adversely affects heat dissipation of
the device. Hence, the sapphire substrate removal can be necessary to improve the

optical and thermal performance of GaN-based devices.

Due to the low cost and electronic integration potential, the Si substrate is an
attractive choice for the growth of GaN-based devices, but the even larger lattice
mismatch (18%) and higher difference in the thermal expansion coefficients between
silicon and GaN make silicon quite difficult for high quality crystal growth
compared to the use of sapphire substrate [11]. Active research is still being carried
out on Si substrates to engineer the mismatch and improve GaN/Si heteroepitaxial
crystal quality [12]. Alternatively, GaN material grown on sapphire can be
transferred to any dissimilar material substrates, such as Si, GaAs and Ge, by
epitaxial thin film lift-off process and associated wafer bonding process as a more
applicable approach to integrate GaN devices. Also, this method is promising to
provide bulk GaN substrates [13]. The sapphire substrate may be eliminated by
various techniques, including electro-chemical etching of the sacrificial layer [14],
chemical-mechanical removal of the substrate [15], and pulsed ultraviolet (UV) LLO
processing [16-19]. Due to the lack of an effective wet-chemical etchant for GaN or
materials compatible with GaN and the relative hardness of sapphire [20], LLO

technique is the more efficient and viable process among other mentioned techniques.

The basic material properties of wurtzite (w) Ill-nitride materials and selected

substrates are shown in Table 2.1.
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Lattice Thermal
Lattice mismatch Thermal Heat Expansion
Material parameter | with GaN | Bandgap | Density | conductivity | Capacity | Coefficient
A (%) (eV) (kg/m®) (W/mK) (IkgK) (10%/K)
a=3.189 _
w-GaN 0 3.42 6150 130 490 | a=359
¢ =5.185 c=3.17
a=3.112 _
w-AIN 2.5 6.0 3266 350 600 | a=4.2
¢ =4.982 c=5.3
a =3.548 _
w-InN -10.1 1.89 6810 45-176 320 |a=38
¢ =5.760 c=2.9
_ a=4.758 _
Sapphire -14.0 9.9 3980 41.9 875 | a=1>
c=12.99 c=8.5
) a=3.08 _
6H-SiC 35 2.996 | 3210 490 690 |2a=4.3
¢ =15.12 c=4.7
Si a =5.430 -17.0 1.12 2329 150 700 | 5226
GaAs a =5.653 -20.2 1.519 5320 55 330 | a=573

Table 2.1 Materials properties of Ill-nitrides (e.g. wurtzite (w-)GaN, InN and AIN)
and dissimilar material substrates, such as sapphire, hexagonal structure 6H-
SiC, diamond structure Si and zinc blend structure GaAs [21, 22].

2.1.2 Laser lift-off principle

A high power UV pulsed laser is irradiated to the interfacial GaN/sapphire from the
back surface of the sapphire substrate. A carrier substrate (e.g. Si, Cu, glass slide)
with a bonding material to hold the GaN/sapphire wafer is required as a mechanical
At the KrF
Epnoton = 5.0 V), the sapphire substrate (Eq = 9.9 eV) is transparent, and the light is

support. laser light wavelength of 248 nm (photon energy
strongly absorbed by GaN. Only if laser pulse energy density is high enough,
localized decomposition of GaN is induced by the intensive light absorption of
photon energies (e.g. 5 eV for KrF excimer laser photon energy) over the GaN band-
gap of 3.42eV, as shown in Fig. 2.1 (a). The absorption results in a selective

spatially localized heating effect at the GaN/sapphire interface to a temperature that
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is sufficient to cause the thermal decomposition of GaN into its constituent
components, metallic Ga droplets and N, gas as shown in Fig.2.1(b) and a
separation gap is formed at the interface of GaN/sapphire, where the chemical
reaction is expressed as 2GaN (solid) — 2Ga (liquid) + N (gas). As the Ga turns to
solid droplets at room temperature at the interface, a slight warming of the material
above the Ga melting point (i.e. 29°C) [23] is required for lifting up sapphire;

thereafter, it releases the GaN layer material.

Sapphire e

GaN High power KrF excimer laser
buffer layer pulse with A ,,,=248 nm

> Sapphire

hv = :
Il
50eV w < ——
= bonding layer
Carrier substrate
(a) (b)

Figure 2.1 (a) Schematic view of band-gap structure of sapphire/GaN. (b) Schematic
view of LLO process. High energy intensity laser pulse enters the sample through
sapphire substrate that thermally decomposes a thin GaN layer at the GaN/sapphire
interface.

GaN undergoes photo-induced decomposition at the interface. A high energy density
laser pulse can produce an interfacial temperature over 850°C (900°C to 1000°C)
that causes the thermal decomposition of GaN [24]. The laser light creates a
localized explosive shock wave due to the debonding of the interface by the N, gas
generated. Metallic Ga is responsible for visible dark areas that appear after the laser

irradiation, that will be seen later in Fig. 2.17.

2.1.3 The laser beam interaction on GaN

If the excimer laser light irradiates GaN with sufficient energy density, several
interactions occur, including photon energy absorption in GaN, rapid thermalization
at the GaN surface and heat transport (e.g. thermal diffusion, expansion), surface

vaporization, and bond-breaking induced material ablation. Generally, they can be
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divided into two main mechanisms, including thermal-chemical reaction and photo-
thermal reaction [25] as shown in Fig. 2.1 (b). These interaction mechanisms are
affected by laser wavelength (1), laser irradiation energy density (E;) and laser pulse
duration (z). As to the photo-chemical reaction, the photon energy of the irradiated
laser light is higher than the bond energy (e.g. 1.92 eV between Ga and N in
GaN) [26], the chemical bonds between Ga and N are broken under the heating
induced by the photons generated in the laser pulse duration, resulting in the material
ablation. During the photo-thermal reaction, the photon energy is absorbed on the
surface of material, inducing a significant increase in the free electron density and
Kinetic energy at a very short time scale. The thermal energy of the phonons
therefore is converted from the Kinetic energy of free electrons. It is able to
thermalize the film surface resulting in vaporization of material to attain surface
modification (i.e. thermal decomposition) [27]. Moreover, rapid and high energy
plasma may be produced during laser irradiation on the surface of material at a

constant laser pulse energy density (E;), depending on laser pulse duration (z) [28]:

e If 7 is longer than one microsecond (us), the power density of a laser pulse
can be lower than 10° W/cm?. Vaporization dominates the elimination of
material at surface.

e If 7 is on the nanoseconds (ns) scale, the power density of a laser pulse can
reach 10" W/cm?. Thus, laser induced surface plasma can be produced by the

rapid rise of temperature in material [29].

Therefore, during the interaction of laser irradiation and Ill-nitride materials
(e.g. GaN, AlGaN), both photo-chemical reaction and photo-thermal reaction are
generated to induce the laser ablation (i.e. thermal decomposition) at IllI-nitride

material surface.

2.1.4 Thermal analysis

Due to intensive thermal decomposition occurring during the interaction of the laser
light on GaN, micro-cracking and damage might occur to affect the film crystal
quality [30-32]. An optimization of process parameters is required. Initially, E; is
required to be higher than the threshold energy density (Eg) for ensuring that the
decomposition temperature will be generated at the GaN/sapphire interface. The
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laser energy can not be too high; otherwise micro-cracking might occur [33, 34]. The
laser pulse scanning speed is important [35], as it requires enough time for the
dissipation of laser-induced heat before irradiation with the next incident laser pulse.
The bonding method of the wafer on a carrier substrate is vital to manage the
intrinsic strain relief of the GaN thin film. Additionaly, 7 is also an important factor.
During the laser light pulse, the carriers (i.e. electrons) absorb the laser photon
energy and reach on equilibrium condition in 10 s (0.1 ps). Afterwards, hot
electrons pass the energy absorbed from laser photons to the lattice by phonons. As
the lattice relaxation time ~ 10™ s (10 ps) is much shorter than 7 (~ ns), hot electrons
have sufficient time to pass the energy to the lattice and then finally both the
electrons and lattice reach thermal equilibrium. The thermal diffusion time constant
(10° ~10" s) is in ~ ps scale, which is much longer than z, so the heat transport at
the interface is mainly thermal conduction. In this point of view, the laser interaction
with GaN is a thermal interaction and can be considered as a conventional Fourier

thermal conduction in a solid [36].

A 1-D schematic diagram of an incident laser pulse irradiating the GaN/sapphire
interface through a sapphire substrate is shown in Fig. 2.2. In the heat conduction
model, an induced heat source at the interface is produced by the laser beam spot.

KrF excimer
laser pulse
v
]
=
j=5
<
[p]
0 ds z

Figure 2.2 Schematic of 1-D laser induced heat conduction model, the reference
point z = 0 sets at the GaN/sapphire interface.

The laser beam is incident through the back surface of the sapphire. GaN is assumed
as a homogeneous absorbing medium, considering the reflection on GaN at the
interface and absorption by sapphire, the power of the incident laser light P (t) at
time t is absorbed by the GaN at the interface of GaN/sapphire (z =0) and can be
expressed as below.
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P =[P - P(OR]JeHH(1-R_ Je ow

= P(O(1-R,)e™*(1 - Rgay) » (2.1)

Where is P; (t) (in W/m?) is laser system output power density, R; is the reflectivity at
the back surface of the sapphire, Rgan IS the reflectivity on GaN at the interface of
GaN/sapphire, o acay IS the absorption coefficient of sapphire, GaN and ds is the

thickness of the sapphire.

For laser irradiation with a rectangular pulse, the incident light power can be

expressed as:

B oo<t<t
Pl(t): T ] (2'2)
O, l>Ti

where is E; (in mJ/cm?) is the laser system output energy density in a pulse width (i.e.
pulse duration 7). And E;= lo/A, lg is laser system output energy and A is beam spot

area. Substitute equation (2.1) into equation (2.2),

? (1-R)(1— Rgp)e™®, 0< t<T;

P()= (2.3)

O, t> T;

During LLO process, the laser pulse irradiation causes the photo-induced thermal
decomposition of GaN. In order to simplify and approximate the physics in
implementation of the model to attain the temperature distribution at the interface of
GaN/sapphire for solving the partial differentiation equation (PDE) of the heat

condition in COMSOL Multiphysics, some assumptions are made below.

* The incident pulse laser light can be approximated as a surface heat source with
power P;, because of the most of the laser light is absorbed at the GaN/sapphire
interface. The absorption length of GaN at 248 nm wavelength (5.0 eV) laser
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light is ~ 20 nm, which is 200 times less than the thickness of the GaN device
(>4 um).

* The heat radiation and convection can be ignored. Only heat conduction from
the GaN/sapphire interface spreading in both of materials is considered. The
time duration of the laser pulse interacting with GaN material is very short
(i.e. ns scale), thereby the negligible heat exchange of GaN and sapphire in the
ambient environment can be assumed.

*  The heat diffusion length ( &= 2,/Dt; ) is approximately 1.06 um in GaN, where
the thermal diffusivity D = 4.69<10° um?s and t; of 6 ns. It is much less than
the thickness of the GaN device (>4 um). Thus the temperature increase is
confined to 1-um-depth inside the material from the GaN/sapphire interface. So,
the thickness of GaN can be considered as semi-infinite.

* The optical and thermo-mechanical properties of GaN are assumed to be
temperature independent constants. Additionally, there are no phase change,
enhanced reflectivity, thermal conductivity change due to the Ga formation, and

plasma generation [37].

Consequentially, relying on the assumptions above, temperature increase in the
photo-induced thermal decomposition of GaN could be a bit lower than the expected
result in the model. However, the model is able to provide more detailed
understanding of the LLO process, which requires a quantitative analysis of the
temporal and spatial temperature field distribution at the I11-nitride/sapphire interface

during and after the laser pulse irradiation.

The heat condition equation in solid material can be presented as Fourier’s law [36]:

dT(z,t) , d%T(z t)
P Cp dr -k dz?2

=50,z1). (2.4)

where p and C, are the material density and heat capacity at a constant pressure,
respectively. T (z, t) is the temperature distribution at time t. = Q, (z, t) is the sum of
the heat power generation in unit volume (W/m?), k is the thermal conductivity of the

material.
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According to assumptions of the model, a diffusion heat source at the interface can
be used to approximate the photo-induced heating where the lateral heat flow is
negligible, thus 1-D heat conduction in z-direction dominates. The heat power
generated:

S0z =P (z1). (2.5)

Therefore, egn. (2.4) can be rewritten as,

2 .
prp LD = ) EIED 4 B Ry was(1 - Rep)eenvon, for0 1= 7

1

(2.6)
d7@H _ k d? T(z 1)
P g - dzZ '’

fort> g

As seen in Fig. 2.2, the 1-D spatial temperature field distribution Tgan (z, t) in GaN
thin film (z < 0) and T; (z, t) for sapphire (z > 0) can be solved by using eqgn. (2.6),

when the initial conditions and boundary conditions are applied.
Initial condition att = 0:
TGaN (Z, 0) = Ts (Z, 0) = To . (27)

As for the boundary conditions, Tgan (0, t) = Ts (0, t) for z=0, t > 0 at all the time t,
and Tgan (+0, 0) = Ts (-0,0) =T for z =+, t = 0 for eqn. (2.4):

2 2 .
0=k, 000 4 kg TTMED 4 (1 - RY(1 - Rewy), atz=0  (28)
Tean (+0,0) =Ts(-0,0)=To, atz=#w (2.9)

where ks, Ksan 1S the thermal conductivity of sapphire and GaN.

For temperature continuity at the interface (z = 0),
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Tean (0, 1) =T (0,1), fort>0. (2.10)

A 1-D numerical model was implemented using COMSOL. The heat conduction
eqn. (2.6) was solved by using the boundary conditions (egns. (2.7) to (2.10)). The
temperature-independent values of the physical parameters, such as absorption
coefficients of GaN, and the thermal properties (heat capacitance and conductivity)

of GaN and sapphire [38-42] applied in the thermal analysis are listed in Table 2.2.

Diffusion Thermal Heat Absorp
Material Length diffusivity | Density it Therrr_1a! Reflectivity Coeff.
k o (glem?) Capacity conductivity R at 248 nm
&§=2VDt = E C, (J/kg°C) k (W/mK) o (cm'l)
GaN ~1.06 pm | 4.69x10° 6.15 490 130 0.2 4.4x10°
Sapphire | ~0.54 um 1.16x10° 3.980 875 35 0.3 0

Table 2.2 Thermal and optical physical parameters at room temperature [38-42].

The interface was subjected to a 6 ns flat-top pulse profile to model the KrF laser
pulse with absorption of the irradiation occurring at the sapphire/GaN interface. In
COMSOL, it calculated the temperature distribution every 0.1 ns from 0 ns up to an
ending time of 50 ns. The simulations assumed a sample (4-um-thick GaN film on
430-um-thick sapphire) was used in the simulation. The laser pulse in flat-top profile
started atOns to 6ns. At different laser pulse energy density, the maximum
temperature induced at GaN/sapphire interface (Tganssapphire) Was simulated for the
laser pulse duration 7 = 6 ns. It is compared with other Tganssapphire Simulations for

KrF laser single pulse with 7 = 10 ns, 25 ns, and 38 ns, as shown in Fig. 2.3.

As seen in Fig. 2.3, Tcanssapphire 1S linearly increased with laser pulse energy density
E; at a constant 7. At the same E;, shorter 7 give higher temperatures, due to higher

power densities of laser pulse.
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Figure 2.3 Simulated maximum temperature at the GaN/sapphire interface for a KrF
laser pulse irradiation of different pulse durations at different laser pulse energy
densities.

For a single KrF laser pulse with 6 ns pulse duration, an approximately 400 mJ/cm?
is required to induce the surface decomposition temperature of GaN (i.e. 900°C to
1000°C). To achieve such thermal decomposition of GaN, higher pulse energy
density is required for longer 7, 500 mJ/cm? 800 mJ/cm? and 900 mJ/cm? are
requested for a pulse of 7 = 10 ns, 25 ns, and 38 ns, respectively. The corresponding

temperature distribution at these pulse durations was illustrated in Fig. 2.4.

T,=6 ns t;=10 ns t,=25ns 1;=38 ns

-1 0 1 -1 0 1 -1 0 1 -1 0 1
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Figure 2.4 Simulated temperature distribution of GaN film irradiated at the
GaN/sapphire interface for a KrF laser pulse of different pulse duration at energy
density of 400 mJ/cm® The calculation was done using temperature-independent
GaN and sapphire properties.
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At E;j=400 m)/cm? the temperature spatial distribution at the GaN/sapphire
interface varying with time, for a single pulse for different 7 is presented in Fig. 2.4.
The heat spot (red color region) is induced at the interface and heat diffuses into both
GaN and sapphire. For shorter 7, heat induced has shorter thermal diffusion length
(&) which causes less spatial spreading of the heat than a pulse of longer 7. This
helps to keep the high temperature confined at the interface. Compared Tganssapphire
and & induced by a laser pulse of 5=6ns to 5 =238ns at E; = 400 mJ/cm?, the
Toanssapphire OF 6 NS pulse (1093°C) is almost an order of magnitude higher than

38 ns (552 °C), however, £is 1.06 um and 2.67 um respectively.

The temperature in the GaN film at different depths from the interface is simulated
for a 6 ns pulse and shown in Fig. 2.5, where z = 0 is at the interface and the depth at
1 um, 2 um, 3 um and 4 um in the GaN thin film was applied. It shows the GaN film
Is heating up from 0 to 6 ns that reaches at maximum temperature at the interface.
Afterwards, a cooling starts from 6 ns to 50 ns for a decay of interface temperature to
250°C. However, there is only a very small temperature rise at 3-um-depth (~ 100°C)

during the pulse duration.

1000 —0

= 900 — z=-1um
O 800 — zZ=-2um
\q:/ 700 z=-3 um
E 600 z=-4 um/| |
[an)
g 00 Ei = 400 mJ/cm? |
g 400 -
& 300

200

100

0 10 20 30 40 50
Time (ng)

Figure 2.5 Simulated temperature in the GaN film at different depths (z) from the
GaN/sapphire interface for a 6 ns KrF laser pulse, at an energy density of
400 md/cm?.

Therefore, the temperature in GaN film starts to rise after a pulse irradiation, due to
the heat conduction from the GaN material at the GaN/sapphire interface. The pulse
induced heat is dominant at the interface, and temperature rise becomes less obvious

as one progresses into the GaN film, away from the interface. It also can be
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confirmed that the temperature rise is confined to a region less than 2-um thick in the
GaN and less than 1-um in the sapphire, during a pulse heating time of 6 ns, as

shown in Fig. 2.6.

1100

) _l I 2 [ I I
1000 L Ei =400 mJ/(V A
900 T =1093°C —t=Zns |
;C:T 800 - —— t=4ns |
s 700 |- t=Gns |
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Figure 2.6 Simulated temperature at the GaN/sapphire interface vs. depth for a
range of time for a pulse energy density of 400 mJ/cm? (for 6 ns pulse).

A simulated temperature profile at the GaN/sapphire interface as a function of time
and depth for a 6 ns single laser pulse with an energy density of 400 mJ/cm? is

shown in Fig. 2.7.
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Figure 2.7 Simulated temperature distribution of GaN film irradiated at the
GaN/sapphire interface for a laser pulse energy density of 400 mJ/cm?. The
calculation was done using temperature-independent GaN properties and the
maximum temperature at the interface is 1093°C.
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This model created was used to predict E; that is required to induce thermal
decomposition of GaN at the interface of GaN/sapphire. This model would help to
determine E; of KrF laser pulse to perform the LLO process. The simulation showed
that the interface temperature raises over 1000°C, when a 6 ns, 400 mJ/cm? KrF laser
pulse is applied. As seen in Fig. 2.7, the localized heat generated at the GaN/sapphire
interface induces a temperature rise as laser irradiation on the GaN surface at the
interface. A large temperature gradient across the thickness of the GaN film occurs
in a highly localized heated region which is within 100 nm below the interface at
400 mJ/cm?. Due to the relatively higher thermal conductivity of GaN compared to
sapphire, a weaker temperature gradient is distributed in sapphire. The temperature
at the 1-um-depth in GaN below the interface is 200°C at 6 ns. Meanwhile, the

temperature rise of sapphire substrate is not neglectable during the laser irradiation.

The experimental findings were used to confirm E; predicted in the model. A GaN
LED epitaxy of ~ 4 um-thick on sapphire substrate was irradiated by the use of KrF
laser with 6 ns pulse width at different E;. The surface morphology of GaN surface at
the GaN/sapphire interface was examined by optical microscope. For
E; = 400 mJ/cm?, rough surface features with metallic silver colors occurred, and the
features were more noticeable at 500 mJ/cm?. Therefore, it showed that E; should be

over 400 mJ/cm? to decompose GaN — this is consistent with the prediction.

2.2 Laser lift-off method and experiment

As seen in section 2.1, E; required for the KrF excimer laser can be approximately
predicted by the thermal diffusion model. Thus, a LLO system was required to
delivery such energy density per laser pulse irradiation to GaN film. By adjusting the
area of image plane projected at the sample, E; can be obtained. Wafer attachment
process before LLO to integrate the sample to a carrier substrate is also described
and that will be seen later in the section 2.2.3.

2.2.1 Laser lift-off apparatus

The experimental apparatus for the laser was based on a system originally used for

micromachining on polymer. The LLO was carried out in an ambient air

Page | 34



environment using the KrF excimer laser, with a pulse duration of 6 ns. The
maximum output pulse energy of the laser chamber is approximately 10 mJ with
+10% variation. In order to maintain the relative stability of energy density for each
single laser pulse in a pulse scan, the laser has to be kept in energy stabilizing mode.
A fused quartz beam splitter reflects a fraction of the energy to a pyroelectric sensor
which measures the pulse energy. This signal drives a feedback loop by automatic
adjustment of the high voltage discharge in the range of 12 kV to 14 kV to stabilize

the laser output to the pre-set energy level required.

E; of the incident laser light was varied between 400 mJ/cm? and 800 mJ/cm? by
defocusing the laser beam with a fused silica (quartz) plano-convex projection lens,
with effective focal length of 87 mm.

The LLO apparatus consists of three subsystems, as shown in Fig. 2.8 (a):

e ATLEX 300-SI KrF pulsed excimer laser chamber with a gas refill system
e OPTEC Light Deck process programme stage

e Computer with system controller

(b)]

OPTEC Light Deck
" Process stage

pcontroller

System control

Figure 2.8 The LLO apparatus with KrF excimer laser system (a) photograph of the
set-up (b) Schematic of the light delivery of the excimer laser system.

Fig. 2.8 (b) shows a schematic of the excimer laser process equipment. The OPTEC
Light Deck process programme stage constitutes of 3 sections: laser beam delivery
system with UV light reflection mirrors and the silica convex projection lens,

automatic control moving process stage and video imaging.
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2.2.2 Excimer laser beam spot energy density

For a set-up to perform areal laser processing, a homogenized beam profile would be
expected. The KrF excimer laser system provides a flat-top quasi-rectangular
Gaussian beam profile (e.g. typical cross section of 8 <20 mm?) on the target with
homogeneity better than 25% [43]. In order to manipulate the system to be suitable

for the LLO process, the two parameters are important.
e Homogeneity of spatial laser beam profile.
e Laser beam energy density.

Due to the intrinsic non-uniformity in output beam profile that is typically found in a
gas laser, this beam must be reshaped to provide an LLO process window for the
GaN decomposition. A local homogenized high intensity uniform region is made by

cropping the centre area within the irradiation area.

The laser beam profile was adjusted by the use of a simple knife-edge technique. A
beam shaper is an aperture where a razor blade edge is placed across the laser beam.
The shape of the beam spot is a rectangle with a uniform flat top, by opening the
aperture either in the vertical or horizontal direction. The energy of an incident laser
beam spot directly irritating on the back surface of the sample is a function of the
aperture opening area. The energy density of an incident laser pulse beam spot can
be expressed as E; = Io/A, where lg (in mJ) is the incident laser energy on the sample
(or the system output energy), and A is the exposed area of irradiation, namely the

beam spot area.

The beam spot area can be manipulated by changing the demagnification (DM)
factor of the light path control system, which basically adjusts the ratio objective
distance and image distance to shrink the area of the beam spot in image plane
projected on the sample. The beam shaper aperture opening area (Ao) was kept
constant as ~ 6 x5 mm?. Thus, the adjustment of exposed area of irradiation A can
be provided by varying the ratio of objective distance and image distance (Fig. 2.9),
where BM2 is the distance between beam shaper (B) to reflective mirror 2 (M2),
M61 is the distance between reflective mirror 6 (M6) to the objective lens (I) and L,
is the distance from the lens to the sample. The rest of the labels are the distances
between the correlated mirrors. However, only M3M4, M5M6, M6l and L, are
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variable and can be automatically controlled in the system. The rest of the distances

in Fig. 2.9 are constant.

Objective ) o
projection lens Sapphire/GaN sample
Excimer lager r r . , | \
1 i 1 1 1 | 1
I I I i i i 1 |
I I 1 1 1 i i i
[ P B S, N P S 1 S
7=248 nm < >ie-->l< ><->1< 1 <€ >1 < >
=06ns BM2 M2M3 M3M4 MAMSMSM6 Mol Ly

Ei: 400-800mJ/cm?*

Object distance: L,= BM2+M2M3+M3M4+M4MS+M5SM6+Mo6l
Image distance: L,,

Figure 2.9 Schematic of optical distance adjustment to vary the beam image area.

The DM factor can be expressed as:
DM = — (2.12)

L, is objective distance that from beam aperture to objective lens, and L, is image
distance that from objective lens to target sample.

Thus, the beam spot area in the image plane (A) (i.e. exposed area of laser pulse)

irradiation can be obtained:
A= —. (2.12)

Recall the thin lens equation in geometric optics, the relationship between the beam
aperture, imaging lens and projective image on the target material can be described
as:
1 1 1
— _I_ —_— -
LO Lm f

where f is the focal length of the objective lens

, (2.13)

To relate the objective and image distance to the demagnification by substituting
eqn. (2.11) into egn. (2.13),

L,=(DM+1)f, (2.14)
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Thus, the image distance can be obtained:

__ DM+1

L =222 f . (2.15)

Then, after DM factor was put in the system control software, the L, and Ly
values/factors can be calculated as the eqgns. (2.14) and (2.15) in the optical light path
control system and automatically adjusted by the position translation of the mirrors
M4, M5 and the position of the lens.

At the start of the experiment, the system output energy at the target sample position
should be measured by the portable calorimeter, and then the system calibrated to
give the incident energy of the laser pulse (lp) of 5.5 mJ. The opening positions of
the aperture and the distance between the beam shaper and the mirror 2 (M2) are
always the same. The beam spot area can be changed by automatically adjusting the
distance between M3 to M4, M5 and M6 to objective lens, corresponds to a variation
of both L, and L, in geometric optics. Hence, a variation in beam spot area in image
plane is produced. A mark of laser beam spot can be obtained by simply irradiating
incident beam directly on photoresist (PR) covered on Si substrate as shown in
Fig. 2.10, which indicates the size of beam spot and beam profile uniformity.

Figure 2.10 Photograph of beam spots (size scale) of laser pulse at different
demagnification factors (DM) of LLO apparatus on photoresist.

In Fig. 2.10, the photography shows rectangular shape laser beam spots on PR at
different DM factors. At the same DM factor, the laser beam spot was irradiated in 3
times which aligned in one row. The beam spot area is clear and its shape and size
decreases with increasing DM factor.
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As seen in Fig. 2.11, a clear rectangular shape beam spot area of 1.2 x1.09 mm? in
size on PR at the incident laser energy density 400 ml/cm? (i.e. DM =5.0) is
presented. It shows sharp edges at each side of this rectangular shape area that
indicates a good beam profile of the laser irradiation. There are some very fine silk-

type lines surrounding the edges that are the residues of PR after laser irradiation.

| €
e

Figure 2.11 Optical microscope image of a beam spot irradiated at 400 mJ/cm? on
photoresist (PR).

The beam spot area (A) was measured at different DM factors and the corresponding

energy density is then able to be calculated, shown in Fig. 2.12.
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Figure 2.12 Experimental results of beam spot area and corresponding laser pulse
energy density at different DM factors on photoresist (PR).
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The higher DM factors result in smaller A, which leads to higher beam spot energy
density. In the process, the incident laser pulse energy density can be selected just by
simply choosing the DM factor required. The beam spot area almost linearly
decreases with the increase of DM factor. The E; value linearly increases with
increasing DM factor. Thus, at DM factors of 5.0, 5.5, 6.0, 6.5 and 7.0, the
corresponding energy densities are around 400 mJ/cm?, 500 mJ/cm?, 600 mJ/cm?,

700 mJ/cm? and 800 mJ/cm?, respectively.

The attenuation of the KrF excimer laser through about 430-pm-thick transparent
sapphire substrate is approximately zero (as=0) and the reflection at the
GaN/sapphire interface is about 20% [39]. According to C. F. Chu et al. [40], the
relationship of the laser induced GaN decomposition thickness (d) and the incident
laser energy density (E;) for a single laser pulse can be estimated by the Beer-
Lambert law [45]:

0= () m () o1

As seen in Table 2.2, the absorption coefficient at A =248 nm in GaN (aGan) IS
4.4 x10° cm™, and the threshold energy density for GaN decomposition (Ey) is
300 mJ/cm? [41-44].

N
(&)}

\

g /
=
%’ L / i ]
= : 5=25ns ]
3 10 /' a
(o] E d
[oX i ]
£ E ]
8 g ]
8 5—_ i
1~ —u— Calculated
i o Chu et al [40]

400 500 600 700 800
Energy density (mJ/cmz)

Figure 2.13 The thermal decomposed thickness of GaN calculated for a single
incident laser pulse with energy densities from 400 to 800 mJ/cm? for 7 = 25 ns.

Thus, the calculated and measured GaN decomposition thicknesses [40] and the
measured data for a single incident laser beam of E; from 400 to 800 mJ/cm? for
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7 = 25 ns, are plotted in Fig. 2.13. The thickness is estimated to be around 13 nm at
E; = 500 mJ/cm? [11, 34,40] and it is close to the calculated decomposition
thickness of GaN that is about 12 nm at 500 mJ/cm?.

2.2.3 Wafer attachment and experiments

To completely remove a transferred nitride material from its original growth
substrate, a thin film has to be bonded on a carrier substrate. The wafer bonding
process is critical for mechanically keeping the material on the substrate. This
flexible method for epitaxial integration has many advantages; any type of lattice
mismatched or crystal direction mismatched materials can be simply integrated. The
material characteristics are not affected because the bonding process only occurs at
the surface of the bonded materials. A major issue in wafer bonding is the choice of
the optimal bonding layer. The bonding material has to adhere to both the epitaxial
film and the carrier substrate. The temperature necessary to achieve bonding should
be relatively low to avoid thermal stress and without leaving behind any phase with a
melting point below the bonding temperature. Moreover, it should have low
electrical resistance to allow easy contact formation with the bonded device and high
thermal conductivity. According to the bonding intermediate, wafer bonding
technology can mainly be divided into adhesive bonding, metal bonding, and the

method of electroplating a thick metal substrate.

2.2.3-1 Review of wafer attachment for laser lift-off

For the adhesive bonding method, a polymer material is the bonding intermediate,
such as thermoplastic, ethylcyanoacrylate (HgH;NO;) based adhesive epoxy resin
and photoresist etc, as shown in Fig.2.14. W.S. Wong et al. [46] reported a
5 x 5 mm? free-standing c-plane GaN membrane realized, when an Si (001) wafer
was bonded to the surface of the GaN thin film using a low-melting temperature wax
from a sapphire/GaN/wax/Si structure. The LLO process, followed by a 40°C anneal,
was used to remove the sapphire. Free-standing GaN membranes were then
fabricated by dissolving the wax bond in acetone, allowing the membranes to float
off the supporting Si substrate. W. C. Peng et al. [47] fabricated vertical conducting

GaN LED with a metal reflector deposited and bonded the GaN LED epitaxial layer
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on Si substrate by epoxy adhesive bonding and LLO. The device demonstrated an
obvious improvement in its electrical characteristics and light extraction.
R. H. Hong et al. [48] reported a GaN/Ag-reflector/Si substrate vertical conduction
LED by the use of adhesive bonding and LLO.

Sapphire

Figure 2.14 Schematic of adhesive bonding

For the metal bonding method, good electrical and thermal conduction metals were
deposited on the wafer surface as a bonding intermediate. By taking advantage of
metal diffusion or eutectic melting, the wafer with metal can be bonded on the metal
evaporated on the carrier substrate. W. S. Wong et al. used a Pd-In metal bonding to
connect GaN to Si [37, 49], whereas J. Jasinski et al. have succeeded in producing a
GaN on GaAs substrate by direct wafer fusion [50].

T. Fujii et al. fabricated high optical output GaN-LED on Si substrates by using
Au/Sn metal bonding and LLO process [51]. Moreover, S. K. Kim et al. fabricated
an N-face vertical GaN/Ag-reflector/Cu substrate LED by bonding the Cu substrate
and GaN LED epitaxial layer with deposited ITO and Ag and LLO process [52].
C. F. Chu et al. reported a vertical LED on Cu substrate fabricated by bonding the In
deposited on Cu and GaN LED with Ni/Pd/Au as p-type contact metal at 200°C [40].
Even though the metal bonding method provides good thermal dissipation and
electrical conduction which can further improve electrical and optical characteristics
of devices, the bonding process is complicated. There are a few drawbacks that cause

the bonding process to be difficult in operation:

e The cleaning, roughness and uniformity on the sample bonding surface
are extremely critical.
e The curvature of the sapphire wafer makes it difficult to bond as it can

induce an additive compressive stress during wafer bonding, which
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results in a non-uniformity of the bonding layer, weak bond adhesion and
then further cause the instability of laser lift-off.
e Thermal compression is generally required for metal bonding process,

which could lead to the damage in the active region of the device [53].

In the electroplating method, a uniform metal layer is deposited by electroplating on
the wafer surface as the carrier substrate. Because of the good thermal and electrical
conductivity and simple operation of electroplating metal layer, it is widely applied
in photonics device fabrication. S. J. Wang et al. [54] fabricated vertical GaN LED
on Ni electroplated Ni substrate. Y. K. Song et al. [55] made vertical GaN RCLED
on electroplated Cu substrate (~ 100-um-thick) for even better thermal dissipation
than electroplated Ni substrate. However, the thickness of the metal layer
electroplated needs to be carefully controlled, as it affects the curvature of the nitride
epitaxial wafer both before and after LLO and even causes damages on the transfer
GaN LED epitaxial [56, 57]. Both the metal bonding and electroplated metal

substrate methods all have their disadvantages.

In this work, therefore, a soldering bonding method was proposed and used for GaN,
AlGaN grown on c-plane sapphire. Two types of approaches in this method are
described in this chapter as shown in Fig. 2.15. Ti (20 nm)/Au (200 nm) metal stack
is required to be evaporated on both p-contact metal of GaN LED wafer and Si

substrate.

Approach I: a 30-pm-thick Cu layer was electroplated on both the Au layer surface
of GaN LED wafer and Si substrate. In order to integrate the GaN LED wafer on the
Si substrate, a piece of SnogPbps soldering alloy was placed at the centre of
Cu/Au/Ti/Si substrate. The wafer/p-contact metal/Ti/Au/Cu was thermal compressed
on the Cu/Au/Ti/Si substrate at 200<C for 2 to 5 minutes under a uniaxial force
applied on the back surface of the wafer. Then, cooling down in ambient, a IlI-
nitride material/p-contact metal/Ti/Au/Cu/Sng ¢Pbo 4/Cu/Au/Ti/Si was formed, which

is ready for the laser irradiation process.

Approach II: a suitable size of thin AugySnyo foil sheet was placed on the surface at
AU/Ti/Si substrate and then the LED-wafer/p-contact metal/Ti/Au/Cu was thermal
compressed with Au/Ti/Si substrate at 300<C for 10 minutes under uniaxial force

applied on the back surface of the wafer. Then, cooling it down in ambient
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environment, the Ill-nitride LED material/p-contact metal/Ti/Au/AuSn/Au/Ti/Si
substrate was formed, which would be ready for the laser irradiation process.This

approach is used later on for AlGaN based DUV LEDs descriped in Chapter 4.

Sapphire
Sapphire
Ti/Au
Electroplated Cu thin layer [ @a~v 1
S1p 6Pbo 4 Ti/Au
Electroplated Cu thin layer Au, gSn,,
Ti/Au Ti/Au
(a) (b)

Figure 2.15 Schematic diagram of soldering metal bonding method: (a) SnosPbos
with electroplated Cu layer and (b) Aug.gSng» with thin Au layer.

The advantages of soldering metal bonding method are:

e Good thermal and electrical conductivity

e Not strictly need the sample surface to be very clean, low roughness and
low uniformity.

e Both are low-temperature bonding, not affecting the p-contact metal and
active region.

e Forms a thick bonding stack, the influence of wafer curvature is not so

significant.

2.2.3-2 Experimental results

The LLO experimental results for a 15 %20 mm? GaN LED wafer sample bonded on
carrier substrate with the different bonding methods are shown in Fig. 2.16. All
samples were processed at 500 mJ/cm? laser pulse energy density. In Fig. 2.16, the
transferred GaN LED on glass with epoxy is shown as Fig. 2.16 (a); (b) with Au
coating layer direct bonded on Au layer that coated on Si substrate by thermal
compressing; and (c) the transferred GaN LED on Si with SnggPbos soldering
bonding method. Fig.2.16 (a) shows that there are no any damages on the
transferred GaN thin film (at left of the figure) and the sapphire substrate separated is

beside. Fig. 2.16 (c) showed a clear surface on the transferred GaN LED wafer with
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mesa patterned p-metal contact (i.e. the presented patterns when seen through the
GaN LED layer in the figure). However, Fig.2.16 (b) shows that localized
delimitations of the transferred GaN film were observed after the removal of
sapphire. It may be due to the weak adhesion of Au to Au thermal diffusion bond,
which could be caused by the unclean surface on the Au layers and non-optimized
recipe in the thermal compression. Therefore, the adhesive bonding and the metal

soldering bonding method are easier and stable for the wafer attachment.

Figure 2.16 Transferred GaN LED epitaxial layer (~4-um-thick) on carrier
substrate structures with different bonding methods and processed bzy the use of LLO
with a single laser pulse irradiation at an energy density 500 mJ/cm®: (a) GaN/epoxy
adhesive/glass slide; (b) GaN/Ti/Au/Au/Ti/Si substrate (Au-Au direct bonding) and
(c) GaN/Ti/Au/Cu/Sng gPbo.4/Cu/Au/Ti/Si substrate.

To conclude, the adhesive and soldering wafer bonding method can be good
candidates for fabrication of transferred nitride material membranes on wafer-scale
by LLO. For the LLO on IllI-nitride material wafer samples, a step-and-repeat laser

pulse scanning method was used for successful lift-off.

2.3 Characterization methods for laser lift-off

This section outlines experimental techniques for evaluation of substrate lift-off
nitride membranes (e.g. c-plane GaN) that were implemented by LLO. The
characterization techniques in this study include the Nomaski image of laser beam
spot at nitride material/sapphire interface at an incident laser pulse energy density,
cross-section imaging by scanning electron microscope (SEM) and material quality
characterization by X-ray diffraction (XRD). In this section, the evaluation of laser
lift-off on GaN LED wafer grown on c-plane sapphire was taken as an example.
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2.3.1 Nomarski microscopy

An optical microscope is used to capture the laser beam spot produced at the nitride
material/sapphire interface. A successful laser induced-thermal decomposition of the
nitride material at the interface requires sufficient incident laser pulse energy density
of each single laser pulse. It produces a dark color rectangular pattern (i.e. beam spot)
at the interface as Ga metallic droplets present, which leaves a separation gap
between the nitride material and the sapphire and changes the transparency and
reflection at the interface after LLO. Therefore, the minimum energy density
required could be indicated to induce a uniform dark beam spot at the interface. Thus,
for successful LLO on a nitride material wafer sample, the single laser pulse used in
the step-and-repeat laser pulse scanning on the sample, should possess an incident
energy density higher than the threshold value. The beam spot area can be estimated

by the use of Nomarski optical microscope image presented.

g i kX
...40.0mJ/cm\

]
500mJ/cmtL»

600mJ/cm2/v
700mJ/cm?

Figure 2.17 Photograph of beam spots at GaN/sapphire interface on GaN wafer
after excimer laser pulse irradiation at E; over threshold energy density.

In Fig. 2.17, a 1 <1 cm? GaN/sapphire wafer sample was flip bonded on a glass slide
with epoxy. The top surface is the back surface of double polished sapphire substrate.
There are four rows of laser beam spots, which an incident laser pulse energy
corresponds to a single row of beam spots, as labeled in the figure. The beam spots
are smaller, when a higher incident laser pulse energy density required. It was found
that the minimum energy density is 400 mJ/cm? to produce a mark, which was

induced by the GaN thermal decomposition.
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2.3.2 Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) is an important imaging technique and tool
that is widely applied in the examination of the surface of a variety of materials. This
technique can provide high magnification images with a good depth of field and high
resolution. Moreover, it can present dynamic experimental imaging of the sample in
heated up, cooling and starching conditions. The basic principle is a beam of
electrons is generated by a suitable source, typically a tungsten filament of a field
emission gun [58]. The electron beam is accelerated through a high voltage (e.g.
20 kV) and passes through a system of apertures and electromagnetic lenses to focus
and then produce a thin beam of electrons. The beam scans the surface of the sample
by means of scan coils, and then the secondary electrons and back scattering
electrons are emitted from the specimen. All the electrons produced by the
interaction between the beam and sample are collected by a suitably-positioned
detector, and then converted to electrical signals passing to a display tube. Finally,
the magnified image of the sample surface can be displayed on the screen. The plan-
view and cross-sectional configurations of the sample can be examined with this
technique. Plan-view SEM is used to study the surface morphology of the materials
as well as the microstructure or nanostructure in the plane of the devices. On the
other hand, the cross-section SEM can be used to measure the depth distribution of
features within the sample to be studied.

In this study, SEM in cross-section configuration measurement was carried out to
examine the nitride material (e.g. GaN) after LLO. The measurements were taken
using a Philips scanning electron microscope operating at 5 kV. Fig. 2.18 (a) shows a
cross-sectional SEM image of a GaN LED wafer sample that was flip-bonded to a
glass slide with Araldite epoxy before laser pulse irradiation. The sapphire substrate
capped the GaN epitaxial layer on the epoxy resin. In contrast, Fig. 2.18 (b) shows
the 57° tilted cross-sectional view of the GaN LED wafer sample after LLO and
sapphire substrate removal. The thickness of the GaN LED epitaxial layer is around
4-um-thick and it remains on the epoxy. No micro-cracking, buckling or damage on
the GaN layer were observed, which indicates the LLO and the transfer of the GaN

epitaxial layer was successful.
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Figure 2.18 Cross-sectional SEM micrograph of (a) a GaN LED epitaxial layer
grown on sapphire bonded to a glass slide with epoxy, (b) the GaN LED epitaxial
layer after LLO bonded to the glass slide with epoxy. A single laser pulse energy
density irradiated through the sapphire to separate the GaN at 500 mJ/cm.?

2.3.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a useful tool as a non-destructive technique to study the
crystal quality of materials, compositional information of alloys and thickness of
epitaxial films. This technique relies on the diffraction of incident x-ray radiation
from the periodic lattice planes of a crystal. X-rays are generated by bombarding a
metal (typically Cu) with electrons in an evacuated tube and monochromatic x-rays
are selected. These x-rays are scattered by the electron cloud surrounding each atom
in the crystal. The diffraction of plane wave radiation can be described by Bragg’s

equation [59]:
nA = 2d sino

where n is the order of diffraction, A is the wavelength of the incident radiation, d is

the distance between lattice planes and 6 is the Bragg angle
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Figure 2.19 Schematic diagram of XRD setup.
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In this work, the XRD measurements were carried out using a high-resolution x-ray
diffractometer. The x-ray wavelength is close to the crystal lattice spacing. In order
to obtain the compositional information of the sample before and after LLO, ®»-26
measurements were carried out whereby the sample was scanned through the Bragg
angle whilst simultaneously scanning the detector through twice the angle of the
sample as shown in Fig. 2.19. A sample of GaN MQW LED grown on sapphire
substrate was flip-bonded with epoxy adhesive on the glass slide, the LLO was

applied on the sample.
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Figure 2.20 XRD @-20 scans of c-plane GaN LED sample before and after lift-off
from sapphire substrate. A pulse of energy density 500 mJ/cm? was used for LLO.

In Fig. 2.20, the »-260 scan curves of the sample as-grown (i.e. before LLO) and after
LLO are presented. Compared to the diffraction peaks on the curve of the as-grown
sample and after LLO, it showed no sapphire peak of the sample after LLO, which
indicated a successful fully removal and only GaN epitaxial layer remains. The
successful lift-off of sapphire can be verified by the compared XRD scans
before/after LLO.

2.4 Conclusions

The principle and physical mechanism of LLO on IlI-nitride thin film are described
in the chapter, with the demonstration of GaN thin film on sapphire substrate. A
thermal model is developed on the finite element modeling in COMSOL

Multiphysics 5.0 to simulate the thermal conduction of laser irradiation in GaN and
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evaluate the temperature distribution at the interface of GaN/sapphire. It shows that
with a 6 ns laser pulse energy density over 400 mJ/cm? the temperature is over
1000°C that is required to induce thermal decomposition of GaN. To verify the
results, the LLO process with a single pulse energy density at 500 mJ/cm? was used
for a successful LLO by step and repeat laser scanning on a 15 %20 mm? GaN LED
wafer sample bonded on a glass slide (1-mm-thick) with epoxy, and bonded on Si
substrate (500-um-thick) with metal bonding. This chapter summarized the process
procedures and parameters for successful lift-off of sapphire substrate and transfer of
GaN thin film to carrier substrate, which can be applied to process other Il1-nitride
materials, such as semipolar GaN grown on patterned r-plane (1012) sapphire
substrate and AlGaN material grown on non-patterned c-plane (0001) sapphire
substrate.
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Chapter 3

Fabrication of free-standing semipolar (1122) InGaN LEDs

In this chapter, the fabrication process development of free-standing semipolar (1122)
InGaN/GaN multiple-quantum-well (MQW) light-emitting diodes (LEDs) membrane
by the use of laser lift-off (LLO) is presented. Different methods such as as light
output power, current-voltage (I-V) characteristics, fluorescence microscopy
imaging, electroluminescence (EL), optical polarization revolved EL and electro-
optical modulation bandwidth measurements were used to characterize the electrical

and optical properties of the LEDs.

3.1 Introduction

Wourtzite indium gallium nitride (InGaN) based LEDs have demonstrated exceptional
efficiency and output powers in the visible spectral range (420 nm - 700 nm) [1-3].
Commercially available InGaN-based LEDs have been grown on the c-plane (0001)
oriented surface, which has strong built-in piezoelectric fields. The piezoelectric
polarization fields at the InGaN/GaN interface tilt the energy band of the QW based
active region. This induces a quantum-confined Stark effect (QCSE), lowering the
electron-hole wave-function overlap and device efficiency [4], as well as inducing
wavelength shift with current. A reduction in the QCSE will increase the overlap and,
therefore, increase the radiative recombination rate. Hence, it is desirable to produce
InGaN/GaN QW LEDs with a suppression of the internal fields [4-11] for high
bandwidth devices [12-15].

The fields can be reduced by growing LEDs on semipolar and nonpolar oriented
surfaces of the crystal [16, 17]. The semipolar (1122) surface is of special interest
because high-efficiency green and yellow packaged LEDs have been previously
reported [18-21] with best results for devices grown on bulk (1122) GaN
substrates [18]. Such substrates are very expensive and small in size and thus not
suitable for mass-production. Thus, it is preferable to grow LEDs on a low-cost
sapphire substrate. However, (1122) GaN films grown on non-patterned (1010) m-
plane sapphire substrates normally contain a high density of extended defects such as
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basal-plane stacking faults, prismatic stacking faults and partial dislocations [22]. In
order to reduce such defects, several approaches have been proposed in recent
years [23-25]. Here, LEDs were grown on a 50-um-thick GaN template which was
grown on a patterned (1012) r-plane sapphire substrate (PSS) using a growth process

which has been scaled to 100 mm diameter wafers [26].

Despite the good crystallinity of (1122) GaN on PSS, the rough surface morphology
with a high density of micro-sized arrow-head features resulted in a luminescence
non-uniformity of QWSs and LEDs [21, 27]. To overcome this problem, chemical—-
mechanical polishing (CMP) can be used to planarize directly the template
surface [21, 28]. D. V. Dinh et al. first reported LEDs grown on (1122) GaN-CMP
templates (up to 100-mm-diameter) [21]. In order to achieve free-standing (1122)
GaN LEDs (so-called FS-LEDs) grown on sapphire substrate, an epitaxial lift-off of
GaN is required to remove the epitaxial section from the substrate. LLO provides a
fast and convenient way to selectively decompose GaN to separate GaN epitaxy
section from substrate to achieve a FS-LEDs. To the author’s best knowledge, there
is no report on the fabrication and electro-optical characterizations of FS-LEDs
prepared by the LLO process.

This chapter describes the fabrication of free-standing semipolar (1122) LLO-GaN
membrane (so called FS-GaN) and the fabrication of InGaN/GaN FS-LEDs with the
characterization of the material, electrical and optical properties before and after lift-
off and after CMP. An LLO technique was developed for FS MQW LEDs operating
at ~445nm and electro-optical characterization of the devices was carried out,
which included light output power, current-voltage, electroluminescence spectra and
optical polarization at driven current. Meanwhile, the bandwidth measurements of
the LEDs were demonstrated to show that they can be suitable for visible light
communication (VLC) applications. It was found that the thermally annealed p-
contact metal Ni/Ag/Ni performed as a quasi-ohmic metal contact and a good
reflector improving the light output through the substrate. The output power of the
LED (300 %300 pm?) was enhanced after LLO and CMP. A stable light emission
with an anisotropic emission pattern was observed. The polarization ratio was
calculated for the LED after LLO and after CMP. The small signal bandwidth at the
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- 3dB frequency response of the LEDs (which was not optimized for VLC) can
reach 166 MHz at 20 mA.

3.2 Fabrication of free-standing semipolar (1122) GaN membrane

As the initial specification described in the LLO outlined in Chapter 2, an LLO
process for a layer-transfer of a thin film should not adversely affect the properties of
the transferred GaN film. To create an FS-GaN membrane can provide a simple way
to test this criterion for LLO. The characterization of the FS-GaN membrane can
provide details of the material, electrical and optical properties without the effect of
the original growth substrate as well as direct comparison to the thin film before

laser processing.

Moreover, for the removal of the original growth substrate by LLO, a thin film
transfer process is required. It can eliminate the influence of the original growth
substrate in the characterization. The material properties of FS-GaN membrane can
be examined to determine the effect of substrate removal by laser processing and
GaN v-grooves removal by CMP. In this section, the fabrication of the membrane

with characterization of the material structure after LLO and CMP are described.

To fabricate FS-GaN membrane based on LLO, GaN templates were grown on PSS
by two techniques: metal-organic vapor phase epitaxy (MOVPE) followed by
hydride vapor phase epitaxy (HVPE) [46-48]. The cross-section of the HVPE
GaN/sapphire sample and its SEM image are shown in Fig. 3.1.

c'[i123] €[0001)

(a) (1122) HVPE GaN|

W
K \

MOVPE GaN buffer
o m ¢
x

'm[1100]

m ¢’

(1012) patterned sapphire substrate

Figure 3.1 Cross section of HVPE GaN/sapphire sample (in the m= (1100)-plane of
a direction of 0[1122], the directions x[1120], ¢ [1123] and ¢ [0001] projected onto
the sample surface, all given directions relate to the crystal structure of GaN.
(@) Schematic of the layered structure of the HVPE template (inset: GaN crystal
structure), (b) SEM image [30].
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The MOVPE-grown GaN buffer layer has a thickness of ~ 6 um and the thickness of
HVPE-grown GaN layer is ~50 um. The HVPE process provides a faster growth
rate in comparison to MOVPE, enabling a quicker production of high crystal quality

FS-GaN substrate for the subsequent development of devices [29].

3.2.1 Semipolar GaN thin film transfer and laser lift-off process

The bonding process used to create FS-GaN membranes was similar to the process
previously described in Chapter 2 for c-plane GaN LED wafer. A 2-inch (1122)
HVPE-grown GaN template wafer was diced into different pieces of 1.5 x1 cm® and
then the pieces were flipped bonded on a carrier substrate (glass slide) using a low-
melting temperature thermo-adhesive (crystal-bond 509 clear wax [49]) to form a
sapphire/GaN/SiO, structure. The wax pieces were placed at the centre of the glass
slide, which was going to be prebaked initially by the hot plate at 120<C for 5 min.
The wafer sample was baked on the hot plate at same temperature at the same time.
After the wax fully melted in ~2 min, the sample was flip-bonded the surface of the
GaN template on the melting wax layer as shown in Fig. 3.2. In order to keep the
thermal induced stress in the wax bonding layer as small as possible, the bonded
wafer sample was left on the hot plate to cool down to the room temperature for ~
30 min. Afterwards, the wax layer was completely cured, the total thickness of the
bonded sample was measured using a micrometer, and the thickness of the wax layer
was estimated (~ 70 um) by subtracting the total thickness and the wafer sample

thickness.

Melting temp T(°C)

Sapphire
WANASAWANAWAWAN
\ (1132) HVPE GaN f
Wax adhesive laver
Carrier substrate

Figure 3.2 Wafer bonding of semipolar (1122) GaN template wafer sample using
wax adhesive.
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Sapphire substrate removal was achieved by laser-induced delamination of GaN
strips enhanced by the air-filled grooves [46-48] at the substrate-GaN film interface.
A single-shot laser pulse with an irradiation density of 500 mJ/cm? was scanned
across the back surface of PSS of the wafer piece using the KrF excimer laser system
(ATLEX-300-SI) to remove GaN film from the substrate without damage was
observed due to the LLO process. By using this two-step process of LLO and wafer-
debonding, the GaN film up to 1.5 x1 cm? in area was successfully transferred by
irradiating a 0.01 cm? beam spot across the entire sample as shown in Fig. 3.3(a).

(a) Incident light of the single b
laser pulse at hp.q. =248 nm ( )
N; gas Sapphire
; NN
‘\ (11-22) HVPE GaN
Adhesive layer
Carrier substrate

Figure 3.3 Schematic of laser lift-off on semipolar GaN on pattered sapphire
substrate (b) Photography of the top view of a ~ 50 &m thick free-standing semipolar
GaN membrane (size 1.5 x 1 cm?).

The Ga droplets on the back surface of the GaN/sapphire interface were cleaned by
HCI: DI (1:1) solution for 2 min, then rinsing in DI in 1 min and dried up with N,
gas. After LLO and transfer of the GaN membrane onto the supporting glass slide,
the GaN/wax/SiO; was then immersed in acetone to dissolve the wax adhesive bond
and release the 50-um-thick GaN film creating a FS-GaN membrane. By using the
process developed above, the GaN film was successfully lifted-off as shown in
Fig. 3.3 (b). Moreover, as shown in Fig. 3.4 there are no cracks and no damage on
both the back and top surfaces of GaN layer after LLO; therefore, the process gives
no mechanical damage during the laser irradiation. The metal contact patterns for
circular transmission line method (c-TLM) were deposited on the top surface of the
sample before LLO. After LLO, no detrimental effect on the patterns was observed

as shown in Fig. 3.4 (b).
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Figure 3.4 Nomarski microscopy image of a sample after LLO (a) back surface and
(b) top surface

3.2.2 Chemical-mechanical planarization

On the back surface of the FS-GaN membrane, there are periodic GaN strips (~ 3-
um-wide) with crystal defects [9]. Thus, it is necessary to polish these GaN strips (v-
grooves) to achieve the good crystal quality of the membrane. In order to polish off
the strips on the back surface of the membrane, it is then required to be transferred
onto a supporting frame. A (001) Si wafer (2 x2 cm?size, 500-um-thick) was
bonded to the top surface of the 50-um-thick membrane using a black wax
(Mounting wax 100) to form a GaN/wax/Si structure. The CMP is a good candidate
for polishing these GaN features (v-grooves) on GaN with high standard surface
flatness [21, 28].

3.2.2-1 Overview of chemical mechanical planarization

CMP is a process whereby a chemical reaction increases the mechanical removal rate
of a material. CMP is mostly used for material removal by polishing the “hills” on
wafer and “flattening” thin film. The chemical reaction between the slurry and wafer
is tailored to enhance material removal and bring about quicker planarization of the
thin film [31]. The combination of chemical and mechanical reactions was applied to
remove material leaving a planarized and damage-free surface. ldeally, material
removal is achieved by chemically altering the surface to a mechanically weaker
form; this material is then abraded from the surface leaving the bulk undisturbed.
Planarization occurs due to the acceleration of both mechanical grinding and
chemical transformation at the high points (as seen in Fig. 3.5). Mostly, CMP has
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been used to polish sapphire and SiC substrate [32, 33]. J. L. Weyher et al. [34] and
P. R. Tavernier et al. [35] reported GaN CMP studies on N-face (0001) and achieved
smooth surface morphology over small areas on the N-face, the Ga-face (0001)
showed no alteration but damage induced to the surface. S. Hayashi et
al. demonstrated a CMP process on (0001) GaN substrate with a fine polishing to
achieve scratch-free surface without crystalline damage [36] and the reports of no
crystalline damage CMP process on GaN were reported by others [37-45]. Recently,
D. V. Dinh et al. has successfully demonstrated CMP for (1122) LED wafers up to

100-mm diameter to achieve a smooth surface [21].

At Tyndall National Institute, CMP process on the GaN strips on the back surface of
the FS-GaN after LLO, was carried out by the use of G & P technology POLI-500
(Fig. 3.6).

¢ . L, - —/
== Pad
: =

Wafer Carrier (-—— =X
/ & L:::-’j
Wafer Surface

Figure 3.5 Schematic diagram of CMP Figure 3.6 G&P POLI-500 CMP system [51]

The outcome of CMP process is specified by the material removal rate, within wafer
non-uniformity and surface quality (roughness, scratching) of a wafer sample. As
shown in Fig. 3.7, the process quality is determined by these input parameters and
process parameters. The input parameters include details of polishing pad, slurry,
wafer geometry and materials. The polishing pad consists of fiber structures on the
polishing surface associated with mechanical modulus and compressibility

contributed to mechanical polishing. The condition of the pad also influences the
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process. The slurry contains small abrasive particles and etching chemical solution in
certain pH and concentration value. The geometry and size of abrasive and corrosive
colloidal slurry contribute to chemical etching and fine mechanical polishing, as the
rotation of polishing pad and retainer ring. The wafer sample materials and geometry
can affect the material removal rate and polished surface uniformity. The process
parameters were set in the CMP system to control the process, which includes
head/ring pressures (g/cm?), polishing pad rotation speed (rpm), head rotation
speed (rpm), slurry flow (rpm), temperature (°C) as well as the overall polishing

time (s).

Polishing pad
Fiber structure, conditioning, ’
Compressibility, mechanical | @ %,
’ %, Y
modulus %
%
Slurry N
PH. cochentraImn: 0x1d1lzers: ‘ X, pR—
Buffering agents. Abrasive
Abrasive geometry and size Within-wafer non-
- . )
Wafer geometry =P uniform material
and materials C';iTP Output removal
utpu
Surface Quality
Process Roughness
Head/ring pressures Scratching
Polishing pad rotation speed @f’
Slurry flow & &
3 & &
Temperature > @
S : <
Polishing time R

Figure 3.7 CMP parameters

3.2.2-2 Chemical mechanical planarization on FS-GaN membrane

After the GaN film debonding from the glass slide based on the work described in
section 3.2.1, the FS-GaN membrane was flip-bonded on a (001) Si substrate
(2 <2 cm?) by black wax (Mounting wax 100). Then, the stripes on back surface of
the wafer were polished by CMP. CMP process parameters were: wafer
pressure = 80 g/cm?, retainer ring pressure = 160 g/cm?, carrier/platen
speed = 60/60 rpm, slurry =55 rpm, polish time =45 min. Finally, the FS-GaN
membrane wafer was achieved by dissolving the thermo-adhesive bonding layer
between the Si carrier substrate and the wafer in trichloroethylene (TCE) solvent. As

shown in Fig. 3.8, there is no damage or fractures on the 50-um-thick HVPE-grown
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GaN thin film when the thin film is transfer bonded on Si substrate and after CMP at
optimized process parameters. The thin film debonding process after CMP is shown

in Fig. 3.9, and a FS-GaN film after CMP was successfully created.

(a) (b)
Figure 3.8 Free-standing semipolar GaN membrane (1.5%1cm?®) bonded on Si
substrate (a) before CMP and (b) after CMP.

Figure 3.9 The film debonding process for semipolar HVPE GaN thin film after
CMP. (Left: Immersion in TCE; Top right: separation between the GaN thin film
and Si substrate after wax was dissolved; Bottom right: the chemical mechanical
polished free-standing GaN thin film sitting on a glass slide after thin film debonding)

Nomarski images of the back surface of the LLO- and CMP-GaN membranes are
shown in Figs. 3.10 (a) and (b), respectively. The GaN stripes features on the back
surface of the LLO-GaN membrane which is the GaN v-grooves (3-um-wide and 2-

um in height) can be seen in inset image of Fig. 3.10 (a). After CMP, the GaN stripes
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were successfully removed and the morphology of the FS-GaN membrane after
CMP is smooth as shown in Fig. 3.10 (b).

[11-23]

(a) (b)
Figure 3.10 Optical microscope images of back surface morphology of free-standing
(1122) GaN: (a) before CMP, (b) after CMP.

The CMP process was successfully demonstrated that the GaN stripes on the back
surface of the FS-GaN films after LLO were fully removed. The successful method
by both LLO and CMP to implement FS-GaN membranes was developed. These

methods can be used to produce and develop FS-LEDs.

3.3 Fabrication of free-standing (1122) InGaN/GaN MQW LEDs

A (1122 )InGaN/GaN MQW LED was grown by MOVPE on HVPE-
grown (1122) GaN/sapphire template at Tyndall National Institute [21]. In order to
make the process easier, the entire fabrication procedures of device mesa structure
were carried out on sapphire substrate initially. Eventually, LED chips on wafer were
fabricated through the conventional photolithography and dry etching techniques. p-
contact and n-contact metals were deposited on p-GaN and n-GaN layers,
respectively. As the same method developed for fabrication of FS-GaN membrane
by LLO, the pre-processed InGaN/GaN MQW LED on GaN/sapphire templates was
lifted-off and transferred from sapphire onto glass slide. The FS-LEDs wafer was
obtained by the wafer debonding process with back surface cleaning and then
transfer-bonded on a Si substrate for CMP to remove the GaN stripes on the wafer

back surface. In this section, the growth structure of LED epitaxial layers, the main
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procedures for the fabrication on LED mesa and the process for FS-LEDs are

described below.

3.3.1 Structure of LED epitaxial layers

The LED structure was grown on the (1122) oriented surface of a GaN template on a
PSS and is shown schematically in Fig. 3.11. The template was prepared in two
stages [20-22]. Firstly, a 6 um-thick GaN layer was grown by MOVPE on a PSS
which was patterned with 1-um-deep grooves on a 6 um pitch oriented along the
[1120] a-direction of sapphire ([1010] m-direction of GaN). A SiN interlayer was
used to reduce the defect density and a very low basal-plane stacking fault density
was obtained. Subsequently, a ~ 50-um-thick GaN layer was grown by HVPE. The
wafer was diced into 2 x2 cm? pieces and CMP was used to smoothen the HVPE-
grown template surface. The LED structure was grown on this template and
consisted of 1.5 pm-thick Si-doped n-type GaN ([Si] =~ 1 <10 cm™®), 120-nm-thick
n-Ing01GaggoN, five periods of InGaN/GaN (2.5 nm/6.5 nm) QW active region,
120 nm-thick Mg-doped p-type GaN, and 15 nm heavily doped p-type GaN contact
layer. The p-GaN was initially annealed at ~ 800°C to activate the p-dopant (Mg).

Details of the LED growth conditions and CMP process are reported elsewhere [21].

P**-GaN contact layer (15 nm) ([Mg] = 3x10% cm?)
p-GaN (120 nm) ([Mg]= 8x10" cm?)

; ‘4 GaN cap layer (1.5 nm)

n-InGaN (In=1%) layer (120 nm)

n-GaN (1.5 um) ([Si]= 1x10" ¢m™3)

m%m-zz) HVPE GaN layer

GaN buffer layer grown by MOVPE
\ SiNinterlayer

(10-12)Patterned sapphire substrate (PSS)

/|

Figure 3.11 The schematic diagram of epitaxial structure.
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3.3.2 Fabrication process

In order to obtain the highest LED performance, the entire fabrication procedures of

(1122) LEDs were carried out on sapphire substrate initially. The entire fabrication

procedures of the LEDs are shown in Fig. 3.12.
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Figure 3.12 Schematic diagram of the LED structure fabrication procedure.
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The 300 %300 um? LED chips on a 1 <1 cm? wafer were fabricated through the
conventional photolithography, dry/wet etching techniques and electron-beam
deposition. The photolithography for the p-contact used a standard mask developed
for c-plane 300 <300 um®> LED chips. The p-contacts consisting of
Ni (1 nm)/Ag (100 nm)/Ni (2 nm) were deposited on p-GaN by electron-beam
evaporation. Afterwards, a thin SiO, layer (~ 100-nm thick) was deposited on the p-
contact by plasma enhanced chemical vapor deposition to suppress the
agglomeration and expansion of Ag during thermal annealing. The p-contacts were
then annealed by rapid thermal annealing (RTA) at 500°C for 60s in O, ambient. The
sample with chip mesa area was etched in a depth of 1 um down to n-GaN by using
inductively coupled plasma reactive ion etching to expose the n-GaN layer. After the
photolithography, Ti (20 nm)/Al (80 nm)/Ti (5 nm)/Au (200 nm) was evaporated on
the n-GaN layer to serve as n-contacts by e-beam evaporation. Then, the remaining
oxide layer covering the p-contacts was fully stripped off by a diluted buffered oxide
etch (BOE), by dipping the sample in the diluted BOE solution (BOE : DI = 1:5) for
6 s.

In Fig. 3.13, a 3-D schematic view of two types of fabricated LEDs on PSS are
presented. The device mesa size is 300 x300 um? and contact areas are the same for
both types, except the one in Fig. 3.13 (b) has a circular bond pad area on both p-and
n-contact metals. The fabricated substrate-emitting LEDs on sapphire of these two
types are shown in Fig. 3.14.

n-metal ==
(TI/A/Ti/AY)__==

—

n-metal
(Ti/Al/Ti/Au)

(@ (b)

Figure 3.13. Schematic of 3D view of standard substrate emission LEDs on sapphire
substrate. Example of (a) Type A and (b) Type B.
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As seen in Fig. 3.14, Nomarski image of the fabricated LEDs on sapphire substrate is
shown in a top-down view. The n-contact metal (Ti/Al/Ti/Au) is exhibited as the
dark-gold frame surrounding each LED mesa, and the patterns in light-silver color at

centre of each mesa is the annealed Ni/Ag/Ni p-contact metal.

)
e A e
C e G e

CIC
. | ?F:Mnm‘mmwmw
| "lﬂﬁﬁ@?@fﬂ\

Figure 3.14 Nomarski  microscopy image of the fabricated semipolar
(1122) substrate emission LEDs on sapphire substrate.

Moreover, there are some black spots on the wafer surface and some of them on the
p-contacts metal. It looks like the wafer surface was not cleaned well and a few of
the metal residues after n-metal lift-off and dust still remain. As to the spots on the p-

contact metal, they could be the Ag cluster after p-contact annealing.

The process procedure for FS-LEDs is illustrated in Fig. 3.15, which followed the
same procedures as the development of FS-GaN membrane by LLO in section 3.2.
After the full mesa LEDs has been fabricated on PSS, 5 main steps were required
including (1) Flip-bond the LEDs wafer onto a glass carrier substrate, (2) LLO and
remove PSS, (3) Debond the LEDs wafer, (4) Flip-bond the FS-LEDs membrane
onto an Si substrate and CMP, and (5) Debond the FS-LEDs membrane after CMP.
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Figure 3.15 Schematic diagram of the fabrication process for obtaining free-
standing (1122) LEDs by the use of LLO and CMP techniques. (a) Fabrication of
LEDs on patterned sapphire substrate (300 x 300 zm? mesa LED chip on PSS),
(b) Wafer flip-bonded with thermal adhesive on glass carrier substrate, (c) Laser
lift-off of LED wafer and removal of the PSS, (d) De-bond sample and dissolve the
adhesive layer, (e) Free-standing LEDs with grooves (LLO-LED), (f) Flip-bond and
CMP, (g) De-bond and dissolve adhesive layer, (h) Free-standing LEDs without
grooves (CMP-LED).

In the experiment, a wafer sample of fully fabricated mesa LEDs on PSS was diced
to a size of 1 x1 cm? After the LLO process, the back surface of the (1122) LEDs
membrane was cleaned in HCI solution and dried up with N, gas, as seen in the
photographs of the back surface of the FS-LED membrane before/after cleaning in
Fig. 3.16. Eventually, a 1 x1 cm? FS-LEDs membrane with the GaN stripes (v-

grooves feature) on the back surface fully polished was achieved.

In Figs. 3.16 (a) and (b), the photograph of the (1122) LED wafer after LLO (LLO-
LED). The PSS removed was placed beside the LLO-LED wafer. The LLO-LED
membrane was still fully attached on the wax-adhesive bonded on a glass slide.
During LLO, a cracking occurs across the bottom corner of the PSS, resulting in the
break at the bottom corner of the PSS. It might be due to the severe thermal
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expansion at the defective region on the patterned surface of PSS. Moreover, it was
found that the back surface of the LLO-LED was black as seen in Fig. 3.16 (a). That
is due to the Ga metal residuals covered on back surface of the membrane. The back
surface was fully cleaned in HCI solution and the membrane appeared to be
transparent, as seen in Fig. 3.16 (b).

Figure 3.16. Photograph images of the LED wafer in 1x1 cm? area bonded with wax
adhesive layer (crystal-bond 509) on a glass slide after LLO (a) the back surface
before cleaning and (b) the back surface after cleaning in HCI:DI (1:1) solution.

Nomarski images taken on the back surface of the LLO-LEDs wafer are shown in
Figs. 3.17 (a) and (b).

Figure 3.17 Nomarski microscopy images of the back surface of the sample wafer (a)
before and (b) after surface cleaning in HCI:DI (1:1) for 2 min.

The rough morphology on the back surface of the LLO-LEDs wafer is shown in
Fig. 3.17. The device mesa can be clearly seen through the back surface of GaN
layer after dipping the sample in diluted HCL solution (Fig. 3.17 (b)), compared to
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the sample before surface cleaning (Fig. 3.17 (a)).The smooth morphology of the
LLO-LEDs after CMP wafer (CMP-LLO-LEDSs) is shown in Fig. 3.18 that shows
the GaN stripes were successfully removed during CMP.

The optical microscopy image in Fig. 3.18 shows that the back surface of the CMP-
LLO-LEDs membrane is very clean, indicating that the GaN stripes (v-groove

features) were fully polished.

LEDs wafer after CMP.

After the fabrication process, FS-LEDs (i.e. LLO-LEDs and CMP-LLO-LEDS) on
the wafer were probed with an injection current (linjecr) for an initial check. In
Fig. 3.19, light emission was exhibited on an LLO-GaN LED on the wafer at
linject = 5 MA, which shows no damage was induced on the LEDs during the process.
Under a dark ambient shown in Fig. 3.19 (b), it was found that the light emission
demonstrates an anisotropic emission in an elongated direction along the GaN stripe

in m [1100] direction and orthogonal to ¢’ [1123] direction .

Si photodetector

Iinject= S mA Iinject: SmMA

Figure 3.19 Photograph images of the light emission from top side of a free-standing
semipolar LED device (with stripes) on the wafer (a) under room light ambient and
(b) under dark ambient at injection current 5 mA.
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3.4 Electro-optical characterization of free-standing semipolar LEDs

The electrical and optical properties of the FS-LEDs were characterized after
LLO (LLO-LEDs) and after the CMP process (CMP-LLO-LEDs). The thin-film
transfer allowed the LEDs membrane to be flipped over and rigidly supported for

probing on the original front-side metal contact pads.

Initially, the current-voltage (I-V) characteristics were collected of two different
types of 50-um-diameter (i) annealed reflective Ni/Ag/Ni p-contacts and (ii) non-
reflective 40-nm-thick Pd p-contacts on circular transmission line method (c-TLM)
patterns. Light output power (Pop) Was collected from the backside of the devices
with a numerical aperture (NA) of 0.5 and 1.0 into a calibrated Si photodetector. The
contacts were evaporated by electron-beam on the (1122) p-GaN layer. The LLO-
LEDs and CMP-LLO-LEDs were analyzed by fluorescence microscope (FM)
respectively. Electroluminescence (EL) measurements of the LEDs with varying
injection current were recorded by an optical spectrometer with a silica optical fiber
coupled from the backside of the LEDs. As a strong anisotropic optical emission was
observed on the device with injection current along a certain elongation direction in
the plane of the LEDs, the polarization ratio of the LLO-LED and CMP-LLO-LED
were calculated based on the measured data. Moreover, the electrical-to-optical
bandwidth of the LLO-LEDs was measured.

3.4.1 Current-voltage characteristics of p-contacts
I-V measurements are important to characterize the electrical properties of a LED.

The current from the reverse I-V characteristic can be used as a parameter to

determine the quality of the materials.

In the LED configuration, a particular issue with GaN planes is the difficulty in
obtaining high p-type doping with Mg. A x4 higher Mg flux is required to obtain the
same incorporation in the (1122) surface-oriented crystal as compared with c-
plane [18, 51]. The acceptors show higher compensation due to unintentional oxygen
impurity and, as a result, it is difficult to obtain a high free hole concentration
resulting in non-ohmic p-contacts. 50-um-diameter Ni/Ag/Ni (1 nm/100 nm/2 nm)

and Pd (40 nm) as p-type contacts were compared using the c-TLM measurement.

Page | 72



The Ni/Ag/Ni formed a quasi-ohmic behavior after rapid thermal annealing (RTA) at
500°C under oxygen for 60s. The Ag interlayer also provides high reflectivity
enhancing the light emission through the substrate. Pd is a common ohmic p-contact
metal on c-plane p-GaN, therefore the Pd p-contacts were deposited on (1122) p-
GaN for the comparison. However, the as-deposited Pd contacts showed non-ohmic
properties as shown in Fig. 3.20. Due to the high reflection and better electrical
properties, annealed Ni/Ag/Ni was applied as p-metal contact, instead of as-
deposited Pd.

=T S R N . =
i L

K ——Pd, as-dep
............ o ; —— Ni/Ag/Ni, as-dep
—— N/AgNi, 500°C

Figure 3.20 Current-voltage 1-V characteristics of a 50-um-diameter disk contact
with a gap of 280 xm on c-TLM pattern (inset) of Pd (40nm) as-deposited and Ni
(1 nm)/Ag (100 nm)/Ni (2 nm) before & after anneal at 500 <C.

3.4.2 Electrical characteristics

The L-1-V characteristics provide the relationship of optical light output power with
forward injection current and corresponding voltage cross the junction. Threading
dislocations and BSFs have been found to act as leakage paths for the carriers in
semipolar GaN LEDs. In addition, series resistance of an LED can also be obtained
from the forward I-V characteristics. The series resistance may be caused by the bulk
resistance (due to a high resistivity layer such as the p-GaN layer or n-GaN), contact
resistance, as well as the resistance caused by the abrupt heterostructure in the
LED. If the series resistance is high, the operating voltage of the LEDs will be
increased. The series resistance can be extracted from differential plot at high bias

regime (above turn-on voltage) in the I-V characteristic.
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The L-1-V measurements were carried out using a Keithley source meter model
2400 [52], Keithley multimeter mode 2000 [53] and a Newport 818-UV
photodetector [54]. The photodetector was placed at 1 cm beneath the LEDs sitting
on a glass slide (~ 0.5-mm thick) for NA = 0.5. The injection current of the LEDs
was provided by the source meter. A labview program was used to control the
equipment to perform a current sweep within a specific required range and record the
corresponding voltage with photocurrent captured from the detector. For the optical
output power measurement, the Newport 818-UV photodetector with a circular
active area of 100 mm? was placed directly below the LEDs before LLO (non-LLO
LEDs) and after LLO (LLO-LEDs). The responsivity of the photodetector at 445 nm
is 0.2176 AW™ with a numerical aperture (NA = 0.5). In order to collect all the light
emission in the vertical direction from the back side of the LEDs, a Si photodiode
with a NA = 1.0 was used instead of NA = 0.5. To compare with the optical power
collected with a NA = 1.0, the CMP-LLO-LED was placed directly on the Thorlabs
FDS1010 Si photodiode [55]. The detector has a size of 10 <10 mm? and is able to
detect the spectrum wavelength range of 350-1100 nm, with a responsivity of
0.1131 AW™ at 445 nm. It should be noted that the power was measured only in the
substrate direction for both NA = 0.5 and 1.0 (i.e. without an integrating sphere). The
light has been only partially collected as there was a plenty of uncollected light in the
forward and side directions. Thus, a multiple of this power can be collected by

structuring and packaging the LED chips.

Voltage (V)
Optical power { L W)

—s— Before LLO(NA=0.5)

—+— After LLO (NA=0.5)]

—— After CMP (NA=1)
T T T

T T T T T
0 1 2 3 4 5 6 7 8 9 10

Current (mA)

Figure 3.21 L-I and V-I charateristics of the LEDs before LLO/after LLO measured
with NA = 0.5 and after CMP (measured with NA = 1).
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Figure 3.22 log-1-V of free-standing semipolar GaN LED after CMP.

The light ouput power (L-1) and I-V of the LEDs before LLO (non-LLO-LEDs), the
LEDs after LLO (LLO-LEDs) and the LEDs after LLO and CMP (CMP-LLO-LED)
are shown in Fig. 3.21. The I-V characteristics for the CMP-LLO-LED and LLO-
LEDs are similar with a threshold voltage of ~ 3.6 V. The series resistance is found
to be 368 Q and this may be due to the non-ohmic behaviour of the metal contacts.
The light output power of the LLO-LED is enhanced by 14% at 10 mA compared
with the non-LLO-LED, which is due to the light scattering caused by the GaN
striped features on the back surface. The light output power of the CMP-LLO-LED
is lower than the LLO-LED with GaN stripes when measured with NA = 0.5.
However, to compare with results previousely reported from other groups, the output
power of the CMP-LLO-LED was also measured with NA of 1. The measured
output power of the CMP-LLO-LEDs with NA =1, i.e. directly on the photodetector
is 870 pW at 20 mA (J=22 Alcm?), which is comparable to values previously
reported for other blue semipolar (1122) InGaN LEDs grown on sapphire
substrates [56-58]. For example, an output power of ~ 1.8 mW has been obtained for
a packaged (1122)LED grown on GaN bulk substrate with a chip size of
320 x 320 um?® (J=20 A/cm?, 1=20 mA) emitting at 420 nm [56], ~0.38 mW has
been obtained for a 280-um-diameter unpackaged (1122) LED grown on a
GaN/sapphire template (J=33 A/cm?, 1=20 mA) emitting at 422 nm [57], and
~ 1.0 mW has been obtained for a unpackaged (1122) LED grown on GaN/sapphire
template grown on patterned sapphire substrate emitting at 440 nm with the chip size

of 1100 x 600 pm? (J=3 Alcm?, 1=20 mA\) [58].
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For the LEDs studied here, one can expect that the output power will significantly
increase with fully packaged devices through controlled surface roughening and
epoxy encapsulation. Fig. 3.22 shows the log I-V characteristics of the FS-LEDs for
currents from 100 nA to 1 mA indicating that the LEDs have no shunt paths but a
small non-radiative leakage current, which delays the light emission until voltages

larger than 3 V.

3.4.3 Fluorescence microscopy

Fluorescence microscopy (FM) provides a simple LED and wafer characterization
method, which does not require any electrical contacts to inject electrical carriers to
the wafer [59]. Conventionally, photoluminescence (PL) is used to qualify the
optical properties of QWs grown as part of a heterojunction LED structure where the
relative brightness of the wafer when compared with a reference sample or with a
low temperature measurement can indicate the quality. Low light emission is
generally ascribed to the non-radiative recombination in the QW region and/or due to
limited carrier transport into the QW region if the light excitation is absorbed in a
GaN layer. The transport issues are nominally avoided by pumping, only the QWs to
get an equal electron and hole generation in each well. The LLO-LEDs and CMP-
LLO-LEDs were analyzed by FM. In FM measurements, the LEDs were excited
optically by a 405 nm line of a mercury vapour lamp as excitation source, which was
focused on the samples through the detection objectives, and the resulting PL
emission was detected by a microscope. The PL emission was captured by a color
camera, thus producing a real-color representation of the QW emission and allows us

to investigate the spatial distribution of the luminescence.

The luminescence uniformity of the LLO-LED and CMP-LLO-LED was
investigated through the back surface. Fig. 3.23 (a) and (b) show the FM images of
the LEDs (peak emission wavelength ~ 445 nm). The uniform luminescence of the

LEDs can be observed from both images on the active region.
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Figure 3.23 FM images (560 x 560 xm?) of the backside of the LEDs (a) after LLO
(inset: the photography in top view of the fabricated LEDs, where area 1 is p-metal
and area 2 is n-metal) and (b) after CMP. (Exposure time of 100 ms).

It is seen that the p-contact region is brighter than the region without the p-metal due
to the reflection of the Ag interlayer. Moreover, the brightness intensity in Fig.
3.23 (a) is higher than Fig. 3.23 (b), which is due to the light scattering caused by the
GaN stripes (v-grooves). Figs. 2.23 (a) and (b) show bright emission from the mesa
edges which may indicate stronger light emission in the plane of the QWs but is also

due to light scattering at the mesa edges.

3.4.4 Electroluminescence measurements

The electroluminescence (EL) measurements of the LEDs are attained by injecting
carriers electrically under forward bias. Under forward bias, holes and electrons are
both injected into the active region from the p-contact and n-contact layer,
respectively. The radiative recombination processes between hole and electron pairs
are occurring in the active region to provide photons. The photons escape from the
LED material to constitute EL. In this study, EL of the LEDs was measured using
Ocean optics 2000 spectrometer [60] (optical resolution is 0.2 nm) coupled to a silica
optical fiber with NA =0.5. The EL spectra were recorded using Spectrasuite

software [61] provided by the spectrometer manufacturer.

Fig. 3.24 (a) shows the normalized EL spectra at currents up to 10 mA (J = 11 A/cm?)
of the LLO-LED. With increasing drive current, the EL peak emission at ~ 445 nm is
stable.
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Figure 3.24 (a) EL spectra of the free-standing semipolar LED as a function of
current up to 10 mA (11 A/cm?); (b) Normalized EL spectra of the freestanding
semipolar LEDs at 1 and 10 mA.

As the injection currents increases, the EL emission intensity increases as seen in
Fig. 3.24 (a) due to more carrier density pumping into the active region. In
Fig. 3.24 (b), the normalized EL spectra of the LED at 1 mA and 10 mA were
compared. The LED starts to show EL emission at Apea 0f 444.7 nm with FWHM of
24.8 nm. As injection current increases in the range from 1 to 10 mA, Apeax is slightly
blue shifted to 443.6 nm and the FWHM is reduced to 23.9nm. The peak-
wavelength shift Adpea is 1.1 nm and emission line-width changes Apwnm is 0.9 nm.
Such small variation indicates stable EL spectra of the LEDs, which indicates
reduced QCSE and lower band-filling effects in the QW based active region of the
LEDs.

3.4.5 Optical polarization measurement

An optical polarization measurement was performed in the EL from the LEDs both
before and after LLO. It shows a stronger emission intensity along the [11-23] ¢ -
plane growth direction, forming an elongated light emission pattern dominated by

E L ¢’ polarized. This preferential emission property has a direct consequence on the

emitter performance, resulting in a complete difference to the c-plane InGaN QW

blue LEDs, which are predominantly E L c polarized.
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Fig. 3.25 shows the schematic diagram of the experimental set-up to measure the EL
intensity of LEDs v.s. polarization angle. The sample stage has a copper X-y-z
translator stage holding LEDs and it can be rotated around the y-axis. Light emitted
along the z-axis passing through a pin-hole at centre of the copper stage and a
circular polarizer is coupled to a lens (NA = 0.5) capped with silica optical fibre and
ultimately detected by a spectrometer (Ocean Optics USB2000). The polarizer can
be rotated about the z-axis to resolve E || x (electric field along x-axis) and E Il y
(electric field along y-axis), where the m-direction of the LED (i.e. the crystal
direction of the v-grooves) is along the elongated direction of the y-axis and c¢ -
direction of the LED is along the elongated direction of x-axis. The dependences of
the EL intensity on the polarization angle for the LLO-LEDs and CMP-LLO-LEDs

were measured and presented as Fig. 3.26 and Fig. 3.27.

Polarizer

Optical fibre

Figure 3.25 Schematic diagram of the experimental set-up to measure the optical
polarization revolved EL spectra of the LEDs.

The optical polarization anisotropy was observed in the EL intensity from the non-
LLO-LEDs and LLO-LEDs with stronger emission intensity along the [1123]
inclined ¢’-direction, as shown in Fig. 3.26 (a). An elongated light emission pattern
is formed due to the scattering from the grooves. The intensity as a function of
polarization angle for LLO-LEDs and CMP-LLO-LEDs, both at 2 mA driven current,
was measured. When the polarizer is placed along the elongated direction of the GaN

grooves i.e. the [1100] m-axis (i.e. 0= and 1809, the EL emission intensity is
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maximized. The minimum intensity occurs for the polarizer set along the [1123] ¢’-
axis (i.e. 90°and 270<C).
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Figure 3.26 EL intensity with polarization angle for the freestanding semipolar
(1122 ) InGaN/GaN LED (LLO-LED and CMP-LED). The inset shows (a)
anisotropic light emission profile after LLO and (b) after CMP more uniform spot
like emssion.

The polarization ratio is independent of the GaN grooves, as both the LLO-LED and
CMP-LED show a polarization ratio ppotar = (Imax = Imin)/(Imax + Imin) Of 0.14. With the
grooves present the light emission shows a larger light broadening along m- and ¢ -
directions. After CMP, a uniform spot-like emission is obtained indicating the role of
the grooves on the emission pattern. The polarized light provided by FS-LEDs is

another advantage above the reduction in QCSE.

As shown in Fig. 3.27, the EL-spectra peak wavelength of the FS-semipolar LED is
the same (i.e. Apeak ~ 445nm) for polarizer angles of 0° and 90° which is

independent of the polarizaer angle.
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Figure 3.27 EL intensity at polarizer angle of 0° and 90° for the freestanding
semipolar (1122) InGaN/GaN LED (LLO-LED).

3.4.6 Electro-optical bandwidth measurement

Due to the reduced piezoelectric fields in QW on semipolar plane, an increased
overlap of the electron and hole wave-functions results in a faster radiative lifetime.
The demonstrated LEDs can, therefore, be expected to have a high modulation
bandwidth and high data transmission rate, even though the epitaxial structure and

the device mesa geometry were not optimized for the bandwidth.

3.4.6-1 Small signal bandwidth

The small-signal frequency response of both the FS-LEDs and a reference
commercial c-plane InGaN/GaN QW LED emitting at 466 nm grown on double
polished sapphire substrate with the same mesa size (light output power at 20 mA is
2.45 mW) was measured. It was measured on-wafer from the backside of the LEDs
as a function of current using a microwave probe (DC to 3.5 GHz) without a heat
sink. A sinusoidal signal with low-RF power from a vector network analyzer
(Agilent 8753ES) was applied on top of a DC bias using a bias tee (Mini-Circuits
15542 ZFBT-6GW-FT 9628). Keithley 2400 source meters were used as the DC
power supplier for the LEDs and photoreceiver. The light output from the LEDs was
collected with 2-cm-diameter lens with a corresponding numerical aperture (NA) of
~ 0.5. SubMiniauter-version-A (SMA) coaxial cables (DC to 18 GHz) with 50 Q
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impedance were used as transmission lines for RF signals. A high bandwidth silicon
p-i-n photodiode (f3gs ranging from 10kHz to 1.4 GHz) with integrated
transimpedance amplifier (T1A) photoreceiver (HAS-X-S-1G4-SI) [62] was used and
the frequency response curve was recorded by the vector network analyzer at
different bias currents. A schematic of small signal bandwidth measurement set-up is
shown in Fig. 3.28.

Vector
K DC
Networ Bias T_e_} _ TIA
Analyzer
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Figure 3.28 A schematic diagram of bandwidth measurement experimental set-up

The measured frequency responses of the FS-LED and referenced c-plane GaN LED

for varied injection current (1) were shown in Figs. 3.29 (a) and (b) respectively.
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Figure 3.29 Normalized frequency response of LEDs at different injection current:(a)
300 x 300 xm? FS-LED and (b) 300x300 zm?’c-plane LED.

At each injection current applied on the LEDs, a low power RF signal added on the
injection current was swept in frequency from DC to 500 MHz and the transient

optical power (in dB) detected by the photoreceiver was recorded. The maximum
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injection current that can be applied on FS-LEDs was 20 mA, otherwise, it would be
burnt-out because of excessive heating as the LED membrane is only ~ 50-um-thick,
while the reference c-plane GaN LED on sapphire can be driven to 50 mA. At a
constant injection current, the frequency response curve of both FS-LED and
reference c-plane LED rolls off with increasing frequency. It indicates less efficient
radiative recombination rate produced in the active region of the LEDs due to the
increase of the carrier radiative recombination life time (z,) at the RF signal of higher
frequency, resulting in less optical power being detected by the photoreceiver. The -
3 dB frequency of an LED can be determinated by measuring the frequency at which
the photoreceiver signal decreases to a half of the low-frequency value. Fig. 3.29 (a)
shows that the -3 dB point on the frequency response curve of the FS-LED
significantly increases with the injection current density (J) compared with c-plane
LED in Fig. 3.29 (b), which presents the -3 dB bandwidth of 166 MHz for the FS-
LED and 38 MHz for c-plane LED at J = 22 A/cm? (I = 20 mA). A slightly increase
on bandwidth of the c-plane LED shown in Fig. 3.29 (b) can be seen for higher
currents. It can be explained by the higher forward current injection pumping more
carriers into the active region of the LED, which provides a higher possibility for the
carriers to meet each for radiactive recombination than is the case for low injection
currrent. Howerer there is a lower electron-hole wave-function overlap in the QW of
c-plane LED due to the stronger QCSE; thus, the increament of bandwith with J is
less obvious than for the (1122) LED. Therefore, it was found that the (1122) LED
gave higher bandwidth than the conventional c-plane GaN LED for the same mesa

size, which is due to the reduction of 1, produced by the higher overlap of

electron/hole wavefunction in the (1122) QW based active region.

The measured -3 dB bandwidths as a function of injection current are shown in
Fig. 3.30 and compared with the reported bandwith of high-speed LEDs on c-plane
(0001) and semipolar (1122) planes [63-66]. The bandwidth of c-plane LEDs in
smaller dimensions is compared with semipolar (1122) LED in larger dimension to
show a dependence on the driving current. The 300 <300 um? (1122) LEDs emitting
at 500 nm and 450 nm grown on PSS show the bandwidth at 72 MHz and 100 MHz,
respectively [63].
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Figure 3.30 -3dB small signal signal bandwidth of the (o) 300 x 300 um?
freestanding (1122) LED and (o) 300 x 300 xzm? c-plane GaN LED as compared
with the high speed GaN based LEDs reported in literature. (A) Reference [63]
300 x 300 xm? (1122) blue LED, (V) Reference [63] 300 x 300 xm? (1122) green
LED, () Reference [64] 72-um-diameter c-plane GaN LED, (%) Reference [65] 44-
um-diameter c-plane GaN LED, (<) Reference [66] 75-um-diameter c-plane GaN
LED.

The 75-um-diameter c-plane LEDs emitting at 441 nm and 72-um-diameter emitting
at 450 nm grown on single polished sapphire substrate show the -3 dB bandwidth of
110 MHz (J =450 A/cm?, 1=20 mA) and 150 MHz (J =490 A/cm?, | = 20 mA),
respectively [64, 65]. The smaller dimensional LED of 44-um-diameter c-plane LED
grown on single polished sapphire substrate (J = 1.3 kA/cm?, | = 20 mA) emitting at
450 nm shows a higher bandwidth of 435 MHz [66]. As shown in Fig. 3.30, the —
3 dB bandwidth of all the LEDs is found to increase with increasing injection
current. However, the — 3 dB bandwidth of the 75-um-diameter c-plane GaN LED
starts to saturate at injection current 1>40 mA. This is likely due to the RC
limitations and /or intolerance to higher injection current density which this LED can
support [67]. For the 300 >300 um?® (1122) GaN LEDs and the 300 >300 pm? c-
plane GaN LED, the c-plane LED has to be driven at about 5 orders of magnitude
higher injection currrent to achieve a similar — 3 dB bandwidth value obtained for the
(1122) LEDs. This can be attributed to a shorter effective carrier radiative lifetime

(tr) in the (1122) LEDs, resulting in a higher -3 dB bandwidth (f-34g). The 75 — f-348

relationship can be described as t, = V3 - (2nf_345) ' [68]. According to the data
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points shown in Fig. 3.30, at 1 =20 mA, a calculated 7 for the 300 300 pm? c-
plane LED is ~ 7.3 ns, about four times longer than that of the 300 <300 um? (1122)
FS-LEDs, which is ~ 1.66 ns. This is consistent with previous results reported for c-

plane and (1122) LEDs [67, 69].

3.4.6-2 Data transmission measurement

The transmission data rate of the FS-LEDs was investigated. Data has been sent over
several centimetres of free space with the same collecting set-up. To determine the
transmission data rate of the LEDs, a 2'-1 non-return-to-zero (NRZ) pseudo-random
bit sequence (PRBS)-7 from a pattern signal generator (Anritsu MP1632A [70]) has
been added at each DC bias. The eye diagram is the photoreceiver signal of a
randomly generated digital signal and allows one to estimate the overall performance
of an optical communication system. The large signal back-to-back data transmission
rate was presented by “eye diagram”, which were collected by a digital osciliscope
(Agilent Infiniilum DSO80804A [71]). The large-signal modulation is a 2 V peak-to-
peak amplitude square-wave pattern, which is 200 times larger than the peak to peak
amplitude sinusoidal wave of the small-signal modulation (10 mV) applied. When it
is added to the bias tee with the LEDs being biased at 20 mA, the transmitted data
rate for an open eye diagram can be up to 300 Mbps. A schematic diagram of the
experimental set-up of data transmission measurement under the large signal

modulation is exhibited in Fig. 3.31.
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Figure 3.31 A schematic diagram of data transmission measurement under large
signal modulation experimental set-up.

In the simple free-space optical communication system, the unpackaged FS-LED and

the photoreceiver are separated over several centimeters of free space as shown in
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Fig. 3.31. The data transmission measured for the LED at 20 mA injection current is

presented as the eye diagram in Fig. 3.32.
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Figure 3.32 Eye diagrams of the free-standing semipolar (1122) InGaN/GaN LED
at 300 Mbps and 200 Mbps at linject = 20 mA.

The eye diagrams of the FS-LED operating at 300 megabits per second (Mbps) and
200 Mbps are shown in Fig. 3.32. The time scale is 5 ns/division and the amplitude
is 10 mV/division. The visual opening of the “eye” was used for the indication of
digital data transmission of the LED, thus the amplitude value was not so critical and
can be treated as arbitrary unit. From this figure, it indicates the digital signal level
of the “1” state and the “0” state and the decision level (i.e. the boundary between
what is interpreted by the photoreceiver as “0” and “1”. The figure also reveals the
pattern “eye”, which shows a wide clear “open eye” on both transmitted data bit
rates. It indicates that the LED allows for a low bit-error rate data transmission at
these modulation frequencies applied on the LED. It is seen that the eye at 300 Mbps
is slightly narrower compared to the eye at 200 Mbps, and the eye will close, as the
data rate is further increased, thus the voltage signal representing the “0” and “1”
levels as detected by the photoreceiver cannot be clearly distinguished which results

in an increase in bit-error rate.
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3.5 Conclusions

In this chapter, the LLO method was explored on the semipolar (1122) GaN LED
grown on patterned sapphire substrate. A relatively low energy density of a single
laser pulse is required (i.e. 500 mJ/cm?) to achieve non-damage lift-off, because the
laser-induced delimination of GaN strips is enhanced by the air-filled grooves at the
substrate-GaN film-interface. In the CMP process, in order to obtain a smooth
surface, the process parameters (head/ring pressure, polishing pad rotation speed,
slurry flow) are the main contributor to surface smoothness. However, the uniformity
of polishing within the wafer and the material removal rate are obviously affected by
the wafer geometry and materials. Hence, the process parameters (recipes) of the

semipolar GaN wafer samples can be different for the different geometries.

The fabrication of free-standing semipolar (1122) InGaN/GaN MQW LED on
HVPE-grown GaN template has been demonstrated by the use of both LLO and
CMP. No detrimental effect on the light optical power was observed after the
processes. Ni/Ag/Ni p-metal provided a better light extraction and low contact
resistance for substrate emitting LEDs. The emission properties were quite stable
with peak shift less than 2 nm. The output power of the CMP-LLO-LEDs was
0.87 mW at 20 mA without any extraction features or low refractive index
encapsulation. The polarization ratio was 0.14, independent of the GaN v-groove
features. The LEDs showed an electrical-to-optical bandwidth of 166 MHz at 20 mA
and the signal transmission data rate of 300 Mbps that is promising for VLC

applications.
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Chapter 4

Fabrication of vertical conduction AlGaN membrane

This chapter describes the fabrication of a vertical structure conduction Al,Ga;xN
(0 <x<1) membrane as the critical process for implementation of AlGaN based
vertical conduction deep ultraviolet (DUV) light-emitting diodes (LEDS). It presents
a new structure scheme for laser lift-off (LLO) process on AlGaN membrane grown
on AIN on c-plane sapphire substrate. An AuggSng, eutectic alloy was applied to
attach the metal-polar ((Al, Ga)-face) AlIGaN/AlIN/sapphire wafer on thin Au layer
(~ 100-nm-thick) coated Si substrate (~ 500-um-thick) as a mechanical support for
LLO and electrode of metal contact. The LLO of AlGaN from AIN/sapphire has
been successfully performed. The electrical properties of the metal contact to N-

polar (nitrogen-face) Si-doped n-type AlGaN were investigated.

4.1 Introduction

Al Ga;«N alloys have been used for the development of DUV LEDs operating from
200 nm to 360 nm [1-6]. As the next generation UV light source, AlGaN based DUV
LEDs have been progressed using MOVPE for high quality and crack-free AlyGa;«N
and AIN buffer layers prepared on sapphire substrate [7]. AlGa;-«N layers can be
also grown on GaN [8, 9]; however, GaN is absorbing to wavelengths shorter than
360 nm. AIN serves as a more ideal template material, as the smaller in-plane lattice
constant of AIN relative to AlyGa;«N device layers mitigates cracking [7, 10-12].
Moreover, AIN is ideally transparent to wavelengths greater than 200 nm. It has a
high thermal conductivity that could improve the thermal management of the LED
structure. However, the high resistivity of n-type AlGaixN, leads to current
crowding [1, 13-15] and device self-heating which limit the achievable output power
at high forward currents [16]. An ideal DUV LED would incorporate a heat-sink
mount for a vertically conducting design to improve device series resistance, current
spreading and thermal management [8, 9, 17, 18]. The development of vertical
conduction DUV LEDs has been dominated by four issues associated with (a) high
quality epitaxial structure with LLO sacrificial layer, (b) good electrical properties of

the metal contact to backside N-polar AlGaN, (c) light extraction and (d) emission
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area scalability. All of these issues are related to each other and affect the device

performance and reliability.

Vertical conduction AlGaN based DUV LEDs emitting from 280 nm — 325 nm have
been demonstrated by other groups [8, 9, 17, 18]. Schematic diagrams of DUV LED
structures with sacrificial layer are shown in Fig. 4.1. A GaN buffer layer has been
utilized as a sacrificial layer that absorbs laser pulse to induce separation of a highly
strained LED epitaxial layer stack from the sapphire substrate, which have been
reported by Kawasaki et al. [8] and Zhou et al. [9], as shown in Figs. 4.1 (a) and (b).
The use of GaN buffer layers (Fig. 4.1(a)) is ineffective for growth of high Al mole
fraction (> 40%) AlGaN layer for DUV LEDs because of cracking [12, 17-19].
Zhou et al.[9] used a conventional GaN/sapphire template with a low-
temperature (LT-) AIN interlayer to achieve operation at A =280 nm, as shown in
Fig. 4.1(b). However, the insertion of the layer degraded the crystal quality of the
over-grown AlGaN layer compared with that of the underlaying GaN templates, in
terms of the edge dislocation density [18, 19]. Without a GaN sacrificial layer,
Adivarahan et al. [17] first demonstrated a vertical conduction DUV LED by the use
of a 10-period AIN (10 nm)/AlysGag2N (10 nm) superlattice on an AlN/sapphire
template, shown in Fig. 4.1(c). However, the growth of the superlattice layer needs
be optimized and it is difficult to be removed after LLO. According to the vertical
conduction LED fabrication reported for these 3 types of DUV LED structure, a dry-
etch process had to be used to remove the remaining layers to access N-polar n-
AlGaN contact layer after LLO.

p-Gan e - p*-GaN contact
p-Al0.24Ga0.76N
p-A1033Ga0 67 p-AlGalT p-AlgsGagsN clad
3-A10.15Ga0.85N
A0 2Ga0. 8N MOW MOV p-AlosGaosN electron block
n-Al0 3Ga0 TN - A1GaNT [ 5 MQ\V —
10-AIN, — AlGaN/AlGaN =
A10.3Ga0. 7N SL L T-AIN = —
A10.32Ga0.68N
n-AlgsGagsN clad
10-AN Gal
A10.3Ga0. 7N SL

A10.36Ga0.64N E——— AIGaN/AIGaN SLS
Gal
LT-GaN

Sapphirs AIN buffer

Sapphire _ —l \ Sapphire

(a) (b) (c)

Figure. 4.1 Schematic diagrams of an AlGaN-based DUV LED structure with
sacrificial layer on a sapphire substrate for fabrication of vertical conduction thin-
film LEDs: (a) DUV LED (4=322nm) using a thin-GaN buffer (thickness < 150 nm)
as both a seeding and LLO sacrificial layer [8], (b) DUV LED (4=325 nm, 280 nm)
using a GaN buffer as a sacrificial layer with an AIN interlayer [9], and (c) DUV
LED (A= 280 nm) using an AIN/AlysGag 2N superlattice on AIN buffer [17].
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However, the heat treatment induced by LLO on n-AlGaN contact layer of DUV
LEDs, could produce thermal-annealing effect on the N-polar surface of n-AlGaN. It
will not require inductively coupled plasma (ICP) etch to reach the backside of the n-
contact as there are no remaining layers between n-AlGaN and AlN/sapphire

template.

As to the sacrificial layers presented in fabrication of vertical conduction DUV
LEDs [8, 9, 17], there are no reports of LLO directly on high Al-content (~ 50-60%)
n-AlGaN as both n-contact and sacrificial layer. Moreover, there are no reports of N-
polar high Al mole fraction AlGaN and the electrical contact directly on the N-polar
n-AlGaN created by LLO. Therefore, LLO of high Al mole fraction n-AlGaN (Al ~
50-60%) is presented. Based on the development of LLO on AlGaN for vertical
conduction structure, the LEDs can be initially flipped with metallic p-contacts
downward bonded on electrical conductive layer that coated on a carrier substrate.
Then, the sapphire substrate was removed by LLO; afterwards metallic n-contacts
can be deposited on the N-polar surface of the n-AlGaN created after

photolithography processes.

4.2 Fabrication of AlGaN membrane by laser lift-off

This section presents the fabrication of a substrate lift-off n-AlGaN (~ 1.5-um-thick)
membrane, including the description of 3 types of AlGaN epitaxial structure with
sacrificial layer for LLO and the corresponding experimental results. Directly LLO
on n-AlgsGag4N/AIN/sapphire is a promising candidate for DUV LED epitaxial
layer grown on sapphire substrate. A single laser pulse of 600 mJ/cm? incident
energy density exhibited a successful lift-off. This result was verified by simulation
of the localized temperature distribution at the interface of AlgsGagsN/AIN induced
by a single laser pulse. In order to guarantee the mechanical support of transferred
AlGaN layer, an eutectic bonding method of the Au-AuSn foil-Au was employed to
attach the AlGaN layer onto an Au-coated Si substrate before LLO. The method is
described at the end of this section.

Page | 95



4.2.1 Sacrificial layer

A photon-absorption layer is required to be grown on top of the AIN/sapphire
template of the DUV LED epitaxy as a sacrificial layer for LLO. It is delaminated
due to short wavelength laser pulse induced decomposition at the interface between
the layer and AlIN/sapphire template by LLO. In order to achieve this purpose, a few
trade-offs of the sacrificial layer should be satisfied, which are described as follows:

e Strong absorption
* Low lattice mismatch for high quality crystal growth

e Strain management

According to the LLO on GaN described in Chapter 2, it is known that GaN layers of
several micrometer thickness epitaxially grown on sapphire substrates are thermally
decomposed at the GaN/sapphire by a laser pulse irradiation (photon energy
E =5.0 eV). The remaining Ga droplets are melted at temperatures over 30<C [20],
allowing easy separation of the epilayers from sapphire. Alternatively, n-AlGaN can
be used both as a laser irradiation absorption layer and an n-contact layer. It has been
reported that AlGaN or AIN epilayer cannot be easily removed from sapphire
substrates by LLO. This has been attributed to the Al droplets generated by the LLO
thermal decomposition being very rigid [21]. Therefore, the epilayer parts are
mechanically cracked during the removal process from the substrates. In addition,
the thermal shock induced by the laser irradiation very often leads to cracking during
and/or after the LLO process [18]. However, no such results has been observed in the
LLO AIGaN layers on AIN in this study. It might be due to the lower surface
temperature of AIN (i.e. metal-polar AIN) at the AIGaN/AIN interface than the
AlGaN (i.e. N-polar AlGaN) surface for the laser pulse induced heating, as heat
conduction in AIN layer is faster than in sapphire (i.e. Kain =350 W/mK, Ksapphire
= 35 W/mK). Due to much higher melting temperature of Al (~ 660°C) [22] than Ga
(~ 30°C), the majority of Al droplets could be intended to condense on the N-polar
AIN surface at the interface. For that reason, the light-silver colour mirror-like
surface was observed on the N-polar AIN surface after LLO.

To develop a high crystal quality, crack-free and substrate-lift-off capable n-AlGaN
structure for implementation of vertical conduction DUV LEDs, 3 types of proposed
n-type AlGaN structures were grown in the MOVPE reactor in the Tyndall National
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Institute [23,24], that were investigated as the candidates for LLO, as shown in
Fig. 4.2. Sample #A presents a 1-um-thick n-type AlysGagsN was grown on 10-nm-
thick GaN interlayer on 1-um-thick AIN buffer layer on (0001) double side polished
sapphire substrate, shown in Fig. 4.2 (a). Samples #B and #C were grown on 2.5-
um-thick (0001) AIN buffer layer on double polished sapphire. Sample #B consists
of a 5-um-thick n-Aly75GagosN layer with about 200-nm-thick n-AlgsGagsN
interlayer as seen in Fig. 4.2 (b), while only a 1.5-um-thick n-AlysGag4N single

layer was grown as sample #C, as shown in Fig. 4.2 (c).

n-Alg 75Gag 55N (5 pm)

n'AIU.SGaO.SN (1 ”m} n'Alo_jGao_jN (200 nm) D-AIU_GGﬂU_4N(1-5 i)
Iy AINQ S um) AIN @5 )
(0001) sapphire (0001) sapphire (0001) sapphire
#A (430-pm-thick) #B  (430-um-thick) #C  (430-pm-thick)
(@) (b) (©

Figure 4.2 Schematic diagrams of n-type AlGaN structure grown on AIN buffer
layer on double polished (0001) sapphire substrate for laser-lift-off: (a) n-
AlosGapsN layer with  GaN interlayer, (b) n-Aly7sGagsN  layer  with  n-
AlosGagsN interlayer and (c) n-AlpsGag 4N layer.

Due to the larger in-plane lattice constants of AlGaN than AIN, the AlGaN/AIN
layers are inherently compressive stresses [25]. Thus, a metal bonding method was
required for the wafer sample as both a carrier substrate and a good heat sink, before
the LLO process. Thus, the eutectic bonding method of AuggSno soldering foil is

introduced for sample bonding.

4.2.2 Laser lift-off process for Al,Ga, 4N epitaxial thin film

The bandgap energy of semiconductors can be adjusted by incorporation of alloys to
achieve a desired emission/absorption wavelength. Al atoms are incorporated in GaN
matrix to obtain AlGaN alloys to achieve shorter wavelengths. The bandgap energy

of AlGaN alloys is given by:

Page | 97



E;l"cal‘xN = (1 —x)EF™ + xE™N — bx(1 — x), (4.1)

Where ES?N = 3.4 eV and EZ*™ = 6.0 eV are the band gap energy of GaN and AIN,
and the bowing parameter b is 1.3 eV [26]

2 AIN
buffer layer YV photons

Sapphire

High power KrF excimer laser

pulse with A ., =248 nm

Laser are absorbed Ga, Al metal
pulse E. droplets Sapphire
hv )
W\ N
50eV ;

bonding layer

Carrier substrate

(a) (b)

Figure 4.3 Schematic view of (a) band diagram of photoabsorption AlGaN layer on
AlN/sapphire, (b) the view of LLO process on an n-Al,Gai;xN (x <60%). High
intensity laser pulses enter the sample visa the sapphire substrate and AIN buffer
thermally decompose a thin AlGaN layer at the AlIGaN/AIN interface.

From Fig. 4.3 (a), it can be seen the laser induced thermal decomposition of AlGaN
at the AlGaN/AIN interface, similar to the laser interaction with GaN. Likewise, the
laser pulse creates a localized explosive shock wave due to the debonding of the
interface by the produced nitrogen gas. The localized temperature induced by the
high power laser irradiation at the interface could be over 2000°C, resulting in the
decomposition of AlGaN to metallic Al, Ga droplets and gaseous nitrogen.
Regarding the variation of Al mole fraction, the bandgap energy of the AlyGa;«xN
alloys are in the range from 3.4 eV (emission wavelength of 360 nm) to 6.0 eV
(emission wavelength of 200 nm). The LLO apparatus is based on 248-nm KrF
excimer laser system that is only able to provide a photon energy of 5.0 eV. Thus, in
principle, in order to cause photoabsorption in AlyGa;«xN alloys at certain Al mole
fraction, the bandgap energy should be less than 5.0 eV (i.e. > 248 nm), whereas, the
predicted Al-content of AlGaN alloys, which can be LLO processed, is no more than
60%. It was also confirmed by comparison of the measured optical absorption
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spectrum and the transmission spectrum between n-AgesGagssN and n-AlgsGagsN

layers both were grown on 2.5-um-thick AIN/sapphire (Fig. 4.4)

200000 — 1Al sGaoyN (L5 pm)
180000 _ expected value AN (2.5 pm) _
: for above band-gap (0001) sapphire ]
160000F absorption 3
140000F 77 \ @) E
120000:— \,\ n-Aly 6Ga N (1.5 pm)
. \«“ AIN (2.5 pm)
—TE 100000F 4 I\\". (0001) sapphire
5] [ A% \
= E B E
= 80000 f o (b)
60000F \\ 4
40000, s 3
oo A n-Al Ga N |1
! n'AlcmsGat).MN
OF :
200 240 280 320 360 400

Wavelength (nm)

Figure 4.4 Measured optical absorption spectra at RT of n-AlpsGag4N layer and n-
AlossGag 34N layer grown on AIN/sapphire. The insertion (a) the sample structure of
n-Alp6Gag4N layer, (b) the sample structure of n-AlggsGag 34N layer .

As shown in Fig. 4.4, the absorption of light measured at room temperature (RT) of
light spectrum through 1.5-um-thick n-AlpesGaossN and n-AlgsGagsN layers were
grown on 2.5-um-thick AIN/sapphire. The absorption coefficient data of n-AlGaN
samples at wavelengths shorter than 250 nm are not valid due to stray light (full-
spectrum white noise) [27]. This is caused by the limitation of measurement system.
The monochromator detects all spectrum light, the light at optical wavelength less
than 250 nm is fully absorbed in 1-um-thick of both AlGaN layers, but there still has
stray light presented. The stray light was collected by the monochromator, therefore,
low absorption coefficients were present at the wavelength less than 260 nm for the
n-AlgsGag 4N layer sample. Thus, the data in the wavelength less than 260 nm are
not true and the absorption coefficient expected above band-gap absorption should
be in the shaded-region labeled shown in Fig. 4.4. The sample n-AlyssGapssN at
248 nm wavelength is nearly transparent, which means that the KrF laser irradiation
cannot be fully absorbed by the n-AlggsGagsN layer.
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Figure 4.5 Measured transmission spectra of n-AlgsGag 4N layer and n-Alg gsGag 34N
layer samples both grown on AIN/sapphire.

Fig. 4.5 shows the transmittance curves of the n-AlysGaosN and n-AlggsGag 3N
layers grown on AlIN/sapphire templates. At the wavelength of 248 nm, the
transmittance of n-AlgeGagsN is zero, however, the n-AlgesGagasN still has a
transmittance of approximately 5%. Hence, the KrF laser irradiation can be fully
absorbed in the n-AlggGaosN layer to generate localized heating at the
AlgsGag4N/AIN interface, which leads to the thermal decomposition of AlysGagsN.
In addition, the oscillations present on the transmittance curve at the flat top range in
wavelengths from 280 nm to 400 nm of the n-AlysGag 4N layer and from 260 nm to
400 nm of the AlggsGagssN layer are due to the interference reflections from the

interface of each layer material.
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Figure 4.6 Measured transmittance of n-Alg75Gag2sN/n-AlgsGags layer grown on
AlIN/sapphire.

Fig. 4.6 shows the transmission spectrum of the 200-nm-thick n-AlpsGagsN layer
on 5-um-thick n-Aly75Gag2sN buffer layer grown on 2.5-um-thick AlIN/sapphire. At
a wavelength of 248 nm, the layer structure has a transmittance of approximately
10%, which is related to Aly75Gag2sN; however, the AlpsGagsN layer should be not
transparent to the KrF laser irradiation: as seen in Fig. 4.4, there was no transmission
through n-AlgsGag4sN/AIN layer at & = 248 nm. This n-AlGaN interlayer scheme can
provide thicker n-AlGaN with Al mole fraction over 70% for AlGaN based active

region (A <280 nm).

4.2.3 Thermal analysis

To verify the laser pulse energy density applied to LLO AlgsGagsN layer grown on
AlN/sapphire, the 1-D finite element thermal diffusion model developed for GaN in
Chapter 2 was modified to estimate temperature at the AIGaN/AIN interface from a
single laser pulse. In the model, the parameters of material properties of AlysGagsN
layer, AIN and sapphire are required. There is no experimental data reported on
temperature dependent thermal conductivity of AlyGa;.xN (x> 0.5). The reported RT
thermal conductivity varies in the range from 25 to 55 W/mK when the Al mole
fraction changes from 0.4 to 0.1 [28]. The variation of the thermal conductivity

presents a rather unusual temperature independence of thermal conductivity when
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the Al mole fraction changes. As shown in Fig. 4.7, for both the theoretical curves
and experimental data, the thermal conductivity variation with the Al mole fraction
presented a characteristic abrupt reduction when x rises from 0.0 to about 0.1,
followed by gradual approach to a minimum. The minimum thermal conductivity is
achieved at approximately at x =0.5. For Al mole fractions larger than 0.9, the
thermal conductivity starts to increase rapidly, approaching the bulk AIN crystal
value [28].

—— Model: Vitanov et al.[29-37]
300 # Experimental: Daly et al. [36]

® Experimental: Liu et al. [28,37]

Thermal conductivity [W/mK]

*

0.0 0.2 04 0.6 0.8 1.0
Al mole fraction x

Figure 4.7 Al,Ga;«N thermal conductivity as a function of Al mole fraction x at
room temperature [29, 37].

The experimental data of Daly et al. [36] and Liu et al. [28, 37] of Al,Ga;«N thermal
conductivity as a function of Al mole fraction at room temperature were presented
with data from a model of Vitanov [29]. The expression below is used for RT
thermal conductivity of AlGa;«N alloys [30-32], where a mean value is used to

model the conductivity at 300 K.

AlyGai_xN __ [ 1-x x (1-x)x -1
o = Gt ) 4.2)
The kfx®@ =" k4, kS is thermal conductivity of Al,Ga;,N, AIN and GaN at
300 K respectively, A complement factor Cy value of 3.1 W/mK is used for the

AlyGa;«N, which is in good agreement with a value previously reported for
AlGaN [30, 36, 37].
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Figure 4.8 Temperature dependent thermal conductivities of Al,Ga;.xN layer shown
as (a) experimental measured thermal conductivities of HVPE GaN, AlyosGaggN,
Alp23Gag 77N, Alp33GagesrN, and Aly4GaggN layers in the temperature range from 80
to 400 K, (b) simulated thermal conductivity as a function of temperature for alloy
Al,Ga; 4N with x=1.0, 0.9, 0.5, and 0 [28].

According to Fig.4.7 and Fig. 4.8 reported [28, 29, 37], the higher Al mole fraction
can make the thermal conductivity of AlyGa;«N increase less which turns to be flat
at higher temperatures from 350 to 400°C. In other words, the variation of Kajxcat-xn
is less dependent on temperature. For AIN, the variation of the measured value of
thermal conductivity is small, the thermal conductivity of AIN at RT is assumed as
350 W/mK [33] and it decreases with temperature [33-35], kan= 350 W/mK,
kean = 130 W/mK. Recalling equation (2), the thermal conductivity of AlgsGagsN at
RT can be calculated:

AlggGagaN _ (04 | 06 | (1-0.6x)04)\1 _
kil = (o + oo+ 220 = 12 W/mK, (4.3)

Recalled the Vegards’s law [38], the material density (p4; cq, .~) and heat capacity

of AlpsGao.sN (Cp) can be expressed as:

PatGas_ N = XPaiv + (1 — X)Pgan (4.4)

Cp = xCAlN + (1 - x)CGaN . (45)
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Where calculated papssaoan is 4420 kg/m® and its heat capacitance is 556 J/kg°C. The

thermal parameters and material properties of AlosGagsN, AIN and GaN for the

simulation of temperature distribution induced by LLO are listed in Table 4.1.

Material Diffusion Thermal density Heat Thermal Absorption
length diffusivity | p (g/cm®) | capacity conductivity | coefficient
& =2V6D D= k- C, (J/kg°C) | k(W/m K) at 248 nlm
pC, a (cm™)
AlpsGag,N | ~0.31um | 4.11x10° 4.42 556 12 ~2x10°
AIN ~2.07 pm | 1.79 x10* | 3.266 600 350 0
Sapphire | ~0.54 um | 1.16 <10° | 3.980 875 35 0

Table 4.1 Material properties used for thermal analysis of laser-lift-off on
AlosGag 4N grown on AlN/sapphire [29,39,40].

According to the epitaxial structure schematic shown in Fig. 4.2 (c), a 1.5-um-thick
n-AlpsGagsN grown on 2.5 um-thick AIN on 430-um-thick sapphire with sample
size after dicing of 2 <3 mm? is used. A 1-D heat conduction model in COMSOL
software was constructed and the temperature distribution of an AlygGag4N thin film
irradiated at the AlysGag4N/AIN interface for a laser pulse incident energy density
was simulated. The temperature-independent value for density p, heat capacity C,
thermal conductivity k, reflection R, absorption «of AlysGagsN used in the finite
element analysis calculations are shown in Table 4.1. It is assumed the ideal
boundary condition (i.e. a constant temperature of 25°C) at the top surface of
AlosGapsN and the rest of boundary surfaces are thermal isolated. A single KrF
excimer laser pulse irradiation at 600 mJ/cm? energy density and a pulse duration of
6 ns were employed to successfully lift off n-AlygGag4sN from AIN template for
implementation of a transfer of an AlIGaN membrane onto a Si substrate. The
interface was subjected to a 6 ns flat-top pulse profile to model the actual laser pulse
with absorption of the irradiation occurring at the AlysGagsN/AIN interface. The
model in COMSOL calculated the temperature distribution every 0.1 ns from 0 ns up
to an ending time of 50 ns. The laser pulse in flat-top profile started at O ns to 6 ns.
As reported in the results of GaN in Chapter 2, the single pulse of 248 nm KrF laser
has the energy density of approximately 400 mJ/cm? which was required to induce

the surface decomposition temperature of GaN thin film (i.e. above 800°C). Due to
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higher thermal decomposition temperature of AlysGagsN than GaN, the incident
laser pulse energy density required for LLO AlGaN is higher. The simulated results
under the boundary conditions is shown below.

Fig. 4.9 presents the maximum temperature (T aican/ain) induced in the sample by an
irradiation of a 6 ns KrF laser pulse at different energy density. A linear increase of

the temperature with incident pulse energy density is revealed.

3000+
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1000
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Figure 4.9 Simulated maximum temperature induced in AlgsGag 4N/AIN/sapphire for
a 6 ns KrF laser pulse at different energy density. Inset: schematic of 1-D laser
induced heat conduction model with reference point z=0 at AlysGag4N/AIN interface.

The simulated temperature at different depth (z) in the AlpsGagsN film from
AlosGagsN/AIN interface for the laser pulse at 600 mJ/cm?, is shown in Fig. 4.10.
The maximum temperature is induced at depth z =60 nm in the AlysGagsN below
the interface; however, it occurs at the GaN/sapphire interface (z=0) for LLO
GaN/sapphire. It is due to the high thermal conductivity of AIN and the large thermal
conductivity difference between AlpsGagsN and AIN. Similar to the LLO on
GaN/sapphire described in section 2.14 of Chapter 2, the heating is produced in the
laser pulse duration from 0 to 6 ns and the temperature induced exponentially decays
with cooling time are illustrated for LLO Al GagsN/AIN, as shown in Fig. 4.10. A
more detailed look of the temperature variation through the depth of
AlgsGag 4N/AIN/sapphire during the heating time, is presented for the time duration
from 0 to 10 ns in Fig. 4.11.
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Figure 4.10 Simulated temperature in the AlpsGaog4N film at different time (t) from
AlosGaosN/AIN interface for a 6 ns KrF laser pulse, at energy density of 600 mJ/cm?.

From Fig. 4.11, a dramatically temperature change is seen in the first 500 nm of
AlgsGaosN film below the AlGaN/AIN interface and then diffused into AIN buffer
and sapphire. The localized heat source in the sample is induced in the AlggGaosN
film and with its location moves slightly deeper inside the film, as the increase of

heating time (e.g. from t = 2 ns to 6 ns).
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Figure 4.11 Simulated temperature at the AlysGag4N/AIN interface v.s. depth (z) for
a 6 ns KrF laser pulse at energy density of 600 mJ/cm?.

After 6 ns, the temperature starts to decrease and the heat induced diffuses into both
AlosGaosN and AIN. The overall temperature change can be demonstrated by time-
resolved temperature distribution mapping shown in Fig. 4.12.
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Figure 4.12 The temperature distribution of Alp¢GaosN film irradiated at the
AlosGaosN/AIN interface for a 6 ns KrF lase pulse at energy density of 600 mJ/cm?.

In Fig. 4.12, it was found that a highly localized heat region was originally generated
at around 60 nm into the AlysGag4N layer below the AlGaN/AIN interface at the
laser pulse duration time 6 ns. For 600 mJ/cm? laser irradiation energy density, the
maximum temperature generated in AlysGag4N is 2108°C and the depth of heat
transferred in the AlGaN layer is less than 1 um, thus, the temperature at the depth of
1um in AlGaN below the interface is less than 200°C. The temperature at the
AlgsGag4N/AIN interface is above the thermal decomposition temperature of GaN
(i.e. above 800°C) and higher than the growth temperature of AIN buffer layer
studied here (i.e. above 1100°C) [23, 41]. Temperature gradient across the thickness
of the AlGaN layer is smaller than the AIN layer, which is due to the large difference
of the thermal conductivity of AIN related to AlysGagsN. At the AIN/sapphire
interface, due to the relatively higher thermal conductivity of AIN to sapphire, a
weaker temperature gradient distributed in the sapphire. Therefore, a layer having a
low thermal conductivity and being transparent to the laser light (e.g. AlosGagsN)
can be added between the AlGaN layer and AIN buffer layer to suppress diffusion of
the heat generated in AlGaN to AIN layer. It can result in even higher surface
temperature at the AlGaN/AIN interface; thus, a lower incident laser pulse energy
density would be required for LLO Al Gag4N.
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4.3 Wafer bonding for AlGaN and experiment

Direct bonding of the AlGaN epitaxial layer itself or with coated-metal onto a carrier
substrate is challenging, due to the surface roughness of the epitaxial
layer (e.g. ~ 100 nm), poor cleanliness at the bonding surface and optimized control
of compression pressure. The use of transient-liquid phase to accommodate surface
roughness by spreading laterally to fill voids has been shown to successfully bond
ceramic materials for high temperature applications. According to the phase diagram
of Au-Sn alloy [42], the eutectic AuSn alloy is 80%Au/20%Sn with the eutectic
temperature of 280°C and starts to be reflowed at this temperature that permits
bonding to a wide range of substrates. In this section, the eutectic reaction of AuSn
binary system to Au layer as the bonding medium is briefly described. Relying on
this bonding principle, a wafer bonding system was introduced to attach the AlGaN

wafer sample on Si substrate and a related AuSn reflow recipe was developed.

4.3.1 Eutectic reaction of AuggSng, foil to Au layer

The eutectic reaction of AuggSng, foil to Au layers coated on n-AlGaN wafer sample
and carrier substrate (e.g. Si substrate) was used for the wafer sample bonding. The
minimum temperature required to reflow AuggSho2 soldering can be found in the

Au-Sn alloy phase diagram
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Figure 4.13 The phase diagram of Au-Sn alloy [42]
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The phase diagram of Au-Sn is exhibited in Fig. 4.13, which depicts a complex
combination of eutectic and peritectic systems. There are five intermediate phases:
€ phase, AusSn, AuSn, AuSn,, and AuSns. The { phase (hexagonal close-packed
crystal structure) is homogeneous between 12% and 16% atomic percentage of Sn.
The intermetallic compound AuSn has a very narrow range of solubility. The
homogeneity range of AuSn, and AuSn, are also very narrow. The liquid phase is
identified as L. The L < [{ + AuSn] eutectic occurs at 278 °C with 29.5% atomic
percentage of Sn. This is the most commonly used eutectic composition of 20 wt.%
Sn and 80 wt.% Au. The & phase is determined as the AuSn intermetallic that has a
melting point of 419.3°C. The homogeneity range extends from 50.0% to 50.5%
atomic percentage of Sn. The ¢ phase is identified as the AuSn, intermetallic
compound. The temperature of the peritectic [L + 8] < ¢ reaction is 309°C, giving
the liquid composition of about 72% atomic percentage of Sn. The homogeneity
range of this phase is very narrow. The m phase is the AuSn,; compound. The
temperature of the peritectic [L + &] < m reaction is 252°C, giving the liquid
composition of about 88.5% atomic percentage of Sn. The L < [n + BSn] eutectic
reaction occurs at 93.7% atomic percentage of Sn at 217°C, called as second eutectic
reaction. Lastly, the allotropic temperature between two terminal solid solutions of
(B-Sn) and (a-Sn) is 13.05°C. The (B-Sn) solid solution has a solubility up to 0.2%
atomic percentage of Au in B-Sn. The (a-Sn) solid solution has a very limited solid

solubility, that is, less than 0.006% atomic percentage of Au in o-Sn [36].

4.3.2 Wafer bonding system and laser lift-off experiment

The sample wafer-attached with Au-Sn soldering foil as bonding medium in thermal
compression was used for bonding the AlGaN wafer onto a Si substrate. The wafer-
bonding process was performed using a fine flip-chip bonder as shown in Fig. 4.14,
which is cable to provide a maximum bonding temperature of 400°C. The system is
equipped with two resistive heaters (i.e. the top heater with bonding head and heat
stage) and manually adjusted cantilever weight for mechanical pressure bonding.
Wafer samples were attached with applied force of 25 N to join the Au layer coated
Si substrate at 320°C. The temperatures of the two heaters were controlled by using

the specific software with the wafer bonding system.
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Figure 4.14 Wafer-bonding system

The metal Ti (20 nm)/Al (170 nm)/Ti (5 nm)/Au (100 nm) layer stack was initially
deposited by e-beam evaporation on the AlGaN thin film as a connecting layer. This
metal stack is used as n-contact layer of n-AlGaN on metal face. Ti/Au was
deposited on a 500-um-thick Si carrier substrate as shown in Fig. 4.15 (a).
Fig. 4.15 (b) shows the AugsSno2 soldering foil sheet in 50 <9 mm? The foil sheet
is used to bond the sample and the substrate by the use of thermal compression.
When it is heated up to the reflow temperature, the AuggSng, reflows and reacts with
Au layer deposited on the sample and the substrate. This 18-um-thick AuggSng2
soldering foil was cut to small pieces with a similar size as of the AlGaN wafer
sample, as seen in Fig. 4.16 and placed on the centre of the carrier substrate.

(a) ' force and heat

(0001) Sapphire

working level Allg 481 , foil

n-Al,Gay N

TYAUTYAL

AugBrig; Substrate
Au

Figure 4.15 (a) Schematic of bonding process for AlGaN wafer onto Si substrate and
(b) Aug.gSno 2 soldering foil sheet.
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Figure 4.16 Aup sSno, soldering foil pieces for test sample.

The Au-Sn reflow recipe developed is shown in the Fig. 4.17 below. The yellow line
is the setting temperature profile; the green line is the temperature profile tracked
from the bottom heater and the top heater. The peak annealing temperature is at 320
°C in the bell-shaped profile as shown in Fig. 4.17. The heating temperature of the
bottom heater starts at 250°C and sets 320 °C as the target temperature with
temperature ramp of 20 °C/s, then stays at 320 °C for 30 s and the top heater was set
at temperature 320°C for 34 s. Afterwards, the system ramps down the temperature
to 40 °C at rate of 20 °C/s.
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Figure 4.17 The temperature profile during the Au-Sn reflow. The yellow line is the
setting temperature; the green line is the tracked temperature profile from the
bottom heater and the top heater.

Page | 111



(@)

(0001) Sapphire

n-Al,Ga; N
TiV/AITI/Au
AugzSng;

Au

Figure 4.18 (a) Schematic of an n-AlysGaosN wafer sample after bonding and (b)
Photograph of an n-AlysGag 4N wafer sample after bonding.

In Fig. 4.18, it can be seen that an n-AlgsGagsN template (~ 10 x5 mm?) sample was
flipped and successfully bonded on the Au coated Si substrate (~ 16 <12 mm?) with
25 N applied force on the back side of sapphire and annealed by using the
temperature recipe as exhibited in Fig. 4.17. The bonded sample showed good
adhesion to the Si substrate. Afterwards, LLO process was applied on the sample to
remove the sapphire substrate at 600 mJ/cm?. After LLO, the sample was dipped into
diluted HCI solution (HCI: DI= 1:1) for 30s and then rinsed in DI water for 60s to
clean the residue of metal droplets (i.e. metallic Ga, Al droplets) and then dry up

with a N gas.

By the use of both wafer bonding and LLO, a 1.5-um-thick n-AlpsGagsN
(10 <4 mm?) was transferred on Si substrate. In order to study the electrical
conduction behaviors of the metal on N-polar n-Alp¢GagsN transferred on Si
substrate, a metal stack in the form of circular transfer length method (c-TLM)
patterns was deposited on the N-polar n-AlpsGagsN (shown in Fig. 4.19) after
undergoing a standard photolithography. Ti/Al/Ti/Au is a metallization used as
ohmic contact metal to metal-polar n-AlGaN. Thus, as the initial test, the metal
layers Ti/Al/Ti/Au were deposited on the N-polar surface by e-beam evaporator as n-
metal without annealing, as seen in Fig. 4.19 (b).
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Figure 4.19 (a) Schematic of c-TLM patterns deposited on N-polar n-AlpsGagsN
wafer sample bonded on Au coated Si substrate, (b) Photograph of c-TLM patterns
deposited on N-polar n-AlpsGag4N layer.

The Nomarski image of c-TLM patterns deposited on N-polar n-AlysGagsN created
by LLO is shown in Fig. 4.20. The Ti(20 nm)/Al (170 nm)/Ti (15 nm)/Au (100 nm)
c-TLM patterns with the internal disks of 50-um-diameter were deposited on the
back surface of the n-AlysGagsN and leave a circular space gap in diameters of
480 um, 280 um, 220 um, 140 um and 80 um. The measurement of I-V (current-
voltage) characteristic from the c-TLM patterns will be described in the following

section 4.4.3.

50 um 80 um 140 pum

|

480 um

Figure 4.20 Optical microscope image of c-TLM patterns deposited on the N-polar
n-AlpsGag 4N wafer sample bonded on Au coated Si substrate.
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4.4 Experimental characterizations

The 3 types of n-AlyGa; N template with sacrificial layer shown in Fig. 4.2 were all
demonstrated to be able to be LLO. Optical microscope images on the surfaces
created by LLO are presented and the XRD ®-26 scans of the n-AlGaN templates
are shown to exhibit successful removed of the AlIN/sapphire substrate at the n-
AlGaN/AIN interface. The current-voltage (I-V) characteristic of as-deposited
Ti/Al/Ti/Au metal contact on N-face n-AlysGagsN transferred onto Si substrate is

reported.

4.4.1 Surface morphology of AIGaN membranes after LLO

The n-AlGaN structures were examined as promising candidates for a substrate lift-
off structure. Nomarski images of all these 3 types of n-AlGaN structure samples
reveal successful LLO on the AlGaN layers. Due to the stronger laser pulse
absorption of GaN related to AlGaN, a single pulse of 500 mJ/cm? was applied to
process sample #A, while 600 mJ/cm?® was used for both samples #B and #C. The
sample #A has a thin GaN interlayer, both samples #B and #C only have AlGaN

layers.

Figure 4.21 (a) Transferred GaN interlayer/n-AlosGagsN thin film by LLO on a Si
substrate with a single laser pulse energy density of 500 mJ/cm?, (b) transferred n-
AlosGagsN/ n-Alg75Gag,sN  thin film by LLO on a Si substrate at 600 mJ/cm?
and (c) transferred n-AlgsGaoN thin film by LLO on a Si substrate at 600 mJ/cm?.
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After the LLO, it was found that no micro-cracking or buckling was formed on all
samples as seen in Fig.4.21. Meanwhile, it was also seen that the periodic
rectangular patterns were presented on the laser irradiated surface on the GaN
interlayer in sample #A, n-AlpsGagsN in sample #B and n-Alp¢Gag 4N in sample #C.
These patterns were produced by the laser pulse irradiation through the sapphire
scanning across the whole area of the samples. However, as seen in Fig. 4.21 (c),
several localized delaminated points were observed on the n-AlgsGaog 4N layer, which
may be due to the weaker adhesion between the metal-polar n-AlGaN surface and
the Ti/Al/Ti/Au layer. It might be caused by contamination (e.g. dust, organic
residues) on a poorly cleaned surface (i.e. metal-polar) of the n-AlGaN before the
deposition of Ti/Al/Ti/Au.

4.4.2 X-ray diffraction scan intensity of layer structure after LLO

The ©-26 scans of the n-AlGaN templates were measured by x-ray diffraction (XRD)
to compare before LLO (as-grown) and after LLO. Fig. 4.22 shows the 26 scans of
the n-Alps5GagsN layer with GaN interlayer grown on sapphire before and after LLO.
Additionally, the GaN interlayer was fully removed after the sample was being
dipped in NaOH solution (NaOH: DI=1:1) for 45s while the AlysGagsN layer was

remained.

Sample #A B — Before LLO
GaN After LLO
(0004) AjGaN (0004) B — LLO+ NaOH clean |
2 || |
& |
= || AIN(0004)
E ' Sapphire
E | (00012)
i
] 5
o U bl ay LAM Lb ﬁ‘ 'y i
P i it
75 80 85 90
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Figure 4.22 XRD 26 scan of (red plot) an as-grown n-Aly sGag 4N sample, (green plot)
an as-grown sample after LLO, and (blue plot) the sample after LLO with NaOH
clean.
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In Fig. 4.23, the n-AlpsGaogsN layer on AlN/sapphire is 15% - 20% strained [24].
The ®-20 scans of the n-AlysGag4sN template in (0002) crystal plane as-grown
sample (i.e. before LLO), as-deposited Ti/Al/Ti/Au bonding layers on as-grown
sample and after LLO were measured. Compared with the XRD scan before LLO
and after LLO, no presence of sapphire on the XRD scan after LLO was observed,
however, a relatively weak (i.e. 4 orders of magnitude less) reflection of AIN still
remained after LLO, which may indicate that a small amount of AIN residuals was

presented on the laser irradiated surface on n-AlysGag 4N layer.

-------- T T T T T T T T T T T O I

T T
Sample #C as-grown 3
Al Gag N - AN as-dep THAITI/AU | ]
Metals (0002) | (0002) after LLO |
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Figure 4.23 XRD @-26 scans (blue plot) of an as-grown n-AlysGagsN sample of,
(green plot) an as-deposited Ti/Al/Ti/Au on the as-grown sample and (red plot) the
sample after LLO.

4.4.3 1-V characteristics of metal contact on N-face n-AlGaN

The quality of the n-AlysGag 4N should be known before any process, especially the
electrical properties of the n-AlygsGaosN is vital for I-V characteristics on metal-
polar n-AlGaN contacts. The metal contact of Ti/Al/Ti/Au was deposited on the
metal-polar surface of an 1 <1 cm? n-AlgsGap 4N wafer sample. Schottky behaviour
of the metal contacts was presented on this as-deposited metal contact. Then, the
metal contact on metal-polar of n-Aly¢Gag 4N was annealed at 850°C in N. The Hall
measurement was carried on the annealed metal contact of Ti/Al/Ti/Au. An ohmic

behviour to metal-polar n-AlgsGag4N was achieved, as seen in Fig. 4.24. The n-
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AlosGaosN has the carrier concentration of 9.5 X 10%/cm? hall mobility

40.5 cm?/Vs, the resistivity of 1.62 X107 Q cm, pseet (Sheet resistivity) of 1.08 Q/o.

V (volts)

Figure 4.24 1-V characteristics of Ti/Al/Ti/Au contact to metal-polar n-AlysGagsN
template. The contacts were annealed at 850°C in N,.

The n-AlgsGagsN membrane attached onto Si substrate was fabricated and described

in section 4.3. The 1-V measurement of the as-deposited Ti/Al/Ti/Au metal contacts

on N-face n-AlysGap 4N was demonstrated in Fig. 4.25.

a
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N
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Ti

Figure 4.25 Schematic of I-V characterization on the metal contacts of N-polar n-

AlGaN.
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The I-V data collected are plotted in Fig. 4.25.
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Figure 4.26 1-V characteristics of the as-deposited Ti/Al/Ti/Au metal contacts to N-
polar n-AlysGag 4N

Fig. 4.26 shows a Schottky contact behaviour of as-deposited Ti/Al/Ti/Au contacts
on the N-face n-Al¢Gap 4N layer created by LLO, when probed at a 50-pum-diameter
metal dot to the surrounding metal in the current range from -1 mA to 1 mA with an
increment of 1 uA. This poor electrical behaviour of the metal contacts to N-face n-
AlosGagsN may be due to the AIN residuals, non optimized metallization metal
contacts. It is noted that Ti/Al/Ti/Au alloys have been annealed at 850°C to achieve
ohmic contacts on the metal-polar surface, while the Ti/Al/Ti/Au contacts on N-face
n-AlpsGag 4N have not been annealed. This is because the AuSn bonding layer can
not stand for a temperature such high annealing temperature [43], and the metal
contact of n-AlysGagsN might be ohmic after annealing, therefore, further contact

optimization is required.

4.5 Conclusions

Three types of AlGaN templates were proposed as the candidates for the epitaxial
structure of DUV LEDs that contain an LLO sacrificial layer for the fabrication of
vertical conduction thin film DUV LEDs. However, the templates without GaN
interlayer (i.e. Sample #B consisting of an n-Aly7sGagosN layer with a thin n-
AlysGagsN interlayer, while only an n-AlpsGaosN single layer is grown on

sample #C) were recommended. Both the absorption and transmittance spectrum of
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n-AlgsGagsN confirmed n-AlysGagsN is near the 248-nm KrF laser irradiation
absorption edge, thus, the maximum Al fraction of AlGaN that the LLO system can
successfully process is 60%. Moreover, the 1-D temperature distribution at the
AlgsGaosN/AIN interface of the sample was simulated for a single pulse energy
density of 600 mJ/cm?. To verify this energy density, the successful LLO
experiments on n-AlpsGap4N were applied. It found the maximum temperature
induced by a laser pulse is at 60-nm-depth into AlpgGagsN film from the
Al sGapsN/AIN interface. With the aid of Au-Sn soldering bonding, the n-
AlgsGagsN template was bonded on Si substrate for LLO. A vertical conduction n-
AlgsGagsN thin film membrane was successfully fabricated by the wafer bonding
process and the LLO on AlGaN/AIN template. Normaski images and XRD scans of
the AlGaN templates showed before and after sapphire removal to assess the LLO
process and its effect on the device performance. An initial test of electrical behavior
of as-deposited Ti/Al/Ti/Au on N-face n-AlysGag 4N created by LLO was reported,
but a Schottky contact behaviour was presented on the N-face n-metal contact.
Therefore, in order to achieve vertical conduction DUVLEDs with lower forward
voltage and less joule heating, new metallization scheme for an Ohmic contact to N-

face n-AlGaN is desirable and should be investigated in future work.
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Chapter 5

Thermal modeling of transfer-bonder GaAs laser diode

In this chapter, the substrate-removal of a 3-um-wide-ridge AlGaAs/GaAs multiple-
quantum well (MQW) edge-emitting laser diode (LD) that was fabricated in Tyndall
National Institute is introduced. Two-dimensional (2-D) temperature distribution of
the LD transfer-bonded to submounts with different thermal conductivities
(e.g. GaAs, Alumina, Si) were simulated in finite element analysis (FEA) by the use
of a commercial FEA software, COMSOL Multiphysics 5.0. The thermal resistance,
R, was compared with a simplified steady-state analytic expression. The effects of
laser cavity length, thickness of dielectric passivation layer, contact metal layer
thickness and submount material were investigated in order to reduce the thermal
resistance of the laser when referenced to LDs with a native GaAs substrate. The
simulations show the importance of reducing the GaAs substrate thickness especially
for short cavity lengths. The Ry, of a 200-um-long LD with the substrate fully
removed is 37.5 K/W, compared with 230 K/W for a 200-um-long LD with a 100-
um-thick GaAs substrate. Increased p-contact metal thickness and reduced dielectric
layer thickness further reduce Ry. The simulated 2-D temperature distributions of the
LD without substrate transfer-bonded on 10-um-thick submout of alumina, GaAs,
silicon were compared, which indicated the silicon submount above a perfect heat
sink provided an acceptable low Ry.

5.1 Introduction

While infra-red semiconductor laser diodes (LDs) are widely used in many diverse
applications there is a new range of opportunities set by the need to co-integrate the
LD with functional substrates. Examples include the integration of LDs with silicon-
on-insulator waveguiding platform as a means of realising low-cost, energy-efficient
transceivers in high-bandwidth, short-reach interconnects for data centres and
supercomputers. LDs are required for high density heat assisted magnetic recording
and directly integrating the device within the read-write head would simplify the
packaging requirements and ease scaling to very large volume. There is also a target
to integrate LDs onto polymer[1], glass and ceramic substrates to support
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applications such as photonic integrated circuits, flexible, large-scale integrated
electronics [2, 3], wearable electronics and for conformal bio-compatible
sensors [4, 5]. In some of these applications, there is a requirement to remove the
native growth substrate due to limited space. Such substrate removed devices can be
realized using micro-transfer-printing [2]. The transfer-bonded thin film LD can also
be realized by die or wafer bonding followed by removal of the growth substrate
which can then be recycled. As an example shown in Fig. 5.1, the microscope
images show the GaAs based ridge waveguide lasers were separated from GaAs
grown substrate (Fig. 5.1(a)) and one of the laser device was picked up to transfer-
bonded on a magnetic-recording read-write head transducer (Fig. 5.1(b)) as the light
delivery source for next generation heat-assistant magnetic recording (HAMR) high
data capacity storage hard drive [2].

before pick up after pick up

llll'n-llllll-

— 11—

IIIIIIIIIIIIIIII_I_I_III J

Figure 5.1 Optical microscope image (top view) of (a) an array of lasers tethered to
the GaAs growth substrate after the removal of sacrificial layer(AlAs), and some
laser devices have been picked up by the use of transfer-printing elastormer
stamp[6]; (b) a transfer-bonded ridge laser on part processed AITiC substrate of a
magnetic recording read-write head transducer for data storage hard drive[2]

Transfer-bonding provides a low cost high-speed method with high chip yield and
excellent overlay accuracy controlled by a structured elastomer stamp. It requires
atomically smooth interface between a LD and a carrier substrate for an effective
direct bonding. Alternatively, this issue can be bypassed by applying an adhesive
layer such as photoresist resin, benzocyclobutene (BCB) and metal on the carrier
substrate. A metal layer stack can contribute both as an adhesive and a thermally

conductive interface. Heat management is a critical issue for lasers in general and
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especially in these new integrated deployment environments. The performance of an
LD is strongly dependent on the junction temperature which is set by the ambient
temperature together with Joule heating in the device or from surrounding
components, which leads to temperature gradients [7,8] as the heat will be
transferred to a heat sink. High junction temperature leads to a degradation of the
electro-optical properties through loss in device efficiency or other premature failure
mechanisms of the device. Furthermore, mechanical strain induced by thermal
gradients is generally detrimental. Thus, to provide the best output power and
emission spectral performance and assure the semiconductor laser lifetime, the diode
junction temperature must be controlled [9, 10] by minimising the excess heat
generation and managing its removal from the active region. The epitaxial layer
design of LD, device geometry (contact size and resistivities, dielectric passivation
composition and thicknesses, metallization thicknesses, substrate thickness) and
carrier geometry are factors that affect the heat dissipation of the device. In
conventional LD devices mounted with the epitaxial side up, the semiconductor
substrate is the largest contributor to the total thermal resistance of laser chip
body [11]. Hence, the removal of chip substrate can significantly reduce the thermal

resistance of the transfer-bonded device.

A literature review reveals many examples of the thermal analysis of GaAs based
LDs [6, 11-13], while Joyce and Dixon [13] gave a thorough analysis of the thermal
resistance of LDs. Liu et al. [11] presented a finite-element thermal modelling
analysis of a packaged high power pump laser with epi-up and epi-down bonding on
a mounting substrate. Bezotosnyi et al. [12] reported the a 3-dimensional modelling
in COMSOL of high-power laser diode at varied parameters (e.g. width, thickness)
of different types of submounts. However, most of the papers describe edge-emitting
GaAs based LDs with a thick GaAs substrate mounted with solder on a heat sink (e.g.
Cu or diamond) [11-14]. The thermal properties of those devices can differ
significantly from the GaAs based LDs with substrate removed and bonded on a Si
submount. As the Si-based circuit integration approaches its scaling limits, the
potential for Si-based photonics can improve the performance in future integrated
circuit chips. It has created strong demand for efficient on-chip lasers [2]. Recently,
Sheng et al. [6] demonstrated a thermal simulation together with experimental works

of a transfer-bonded GaAs based LD printed on Si substrate with different interface
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layers, such as GaAs, eutectic In/Ag and SU-8 photoresist. This chapter presents a 2-
D finite element thermal modeling of the temperature distribution at the ridge region
of a substrate removed GaAs based LD and the LD without substrate removal (i.e.
with 100-um-thick GaAs substrate). The thermal resistance of both of them were
calculated from the simulations and compared with analytical calculations. Moreover,
the thermal distribution of transfer-bonded LD on different types of thin submount
(i.e. interposer) without any interface material layer that only use the van der Waals
forces between interposer and the LD device, was presented. To our best knowledge,
there is no similar work that has been reported in literature.

5.2 The structure of the laser diode

In this section, the structure of transfer-bonded ridge LD is described. The LD
considered is a multiple-quantum-well (MQW) AlGaAs/GaAs ridge waveguide
device emitting around 830 nm with a 3-um-wide (w) etched ridge, and a length, L,
is typically 200 um. The chip has an overall width, W, of 54 um. The LD is
considered with a 100-um-thick GaAs substrate present and with the substrate fully
removed (representing the transfer-bonded LD) leaving the 3.6-um-thick laser
waveguide material layers. The bottom side of the chip is mounted on metal (Au)
which is assumed to be a perfect heat sink. The device cross-section layout is shown
in Fig. 5.2, where the ridge is clad by a dielectric (SiO,) of 270-nm-thick and a metal
(Au) contact of thickness 275 nm.

T ~1.4 um J } P-metal Au (thickness ~275 nm)
— Dielectric layer SiO, (thickness ~270 nm)
Heat source (thickness ~47.4 nm)
~2.2 um Device epilayer (thickness ~3.6 ym)
o y
GaAs substrate X

Figure 5.2 Schematic of the GaAs based MQW LD cross-section and the location of
the heat source.
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5.3 Thermal models of the laser diode

In this section, a simplified analytical model for thermal resistance calculation of the
LD and a numerical model based simulation of thermal distribution in the transfer-

bonded LD are presented.

Such a short cavity length is desired for future footprint and bandwidth requirements.
As a result, the excess power is generated in a small volume leading to the need for
high laser efficiency and excellent heat spreading. According to the light output-
injection current-voltage (LIV) data of the LD, a 100 mW input power was applied
on the LD and the measured light output power is 60 mW. Therefore, the heat power
generated is 40 mW, which is to be dissipated from an area of 3 x200 pm? in the
ridge confined active region of device. The thermal resistance and 2-D temperature
distributions were simulated for different device configurations using the FEM
software  COMSOL Multiphysics 5.0. It can provide accurate temperature
distribution for the specific geometries. As the simulation are time consuming for the
large variation in critical dimensions in the laser structures, a simplified analytical
model based on the work of Fu et al. [14] was also used to provide general

guidelines for thermal management.

The current through a device is confined by the ridge and here it is taken that the
excess power is created in the junction region as a narrow source of heat. 2-D steady
state heat flow is described by heat conduction equation below [15]:

V-(kvT)=Q (5.1)

where K is the thermal conductivity and Q is the heat generation source. The thermal
conductivities of all the materials are considered constant with temperature, T. The
electrical power input to the LD is dissipated as optical output power and as heat.
The heat generation is due to non-radiative recombination, Auger recombination,
Joule heating effect, and optical absorption [16]. In steady-state, the overall heat
generation (Q) is the sum of those effects [7], which is equal to difference of the
input power (Pi,) and the optical output power (P,), Q = Pi,—P,results in a junction
temperature T; rise. The temperature rise in the active region, 47 = T;- Ty, is defined

in terms of an overall thermal resistance Rn= AT;/Q, where T, is the heat sink
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temperature. The thermal resistance substantially depends on the thermal
conductivity and geometry of the LD and submount (or heat spreader, interposer)
located between the LD and the heat sink. Determining the thermal resistance
requires the solution of the thermal conduction equation with non-trivial boundary

conditions.

It is assumed that Q is uniformly dissipated across the source region. In the model,
the heat source is a heat confined volume given by the product of the ridge width (w),
laser cavity length (L) and MQW region thickness (d), namely
3 um <L um x0.0474 um. The power density in the heat core is Q/(w <L xd)
(W/m?). Thus, the power in the 2-D calculation (W/m?) is scaled by L with the heat
generated in a cross section area A (i.e. w < d). In order to simplify the calculation in
the analytical model, a uniformly distributed rectangular heat strip in the size of w <
L was applied as the heat source. The areal power density is Q/(w <L) (W/m?).
Therefore, the total heat power for the laser device is scaled by the cavity length L

(um) in both models.

The simulated structure in the FEM modelling was based on the cross sectional
geometry of a realised laser. It consists of an etched ridge structure of GaAs with a
heat core with area (A), Au layer as p-contact metal (~ 275 nm) and SiO; (~ 270 nm)
layer as the dielectric passivation. The heat source (active region) is 47.4 nm thick,
which is located below the etched surface of the ridge. 2-D simulations of selected
LD structures were performed by using COMSOL to solve equation (5.1), subject to
boundary conditions using Newton’s law of cooling. It aimed to understand the
individual contribution of the substrate and submount to the thermal performance of
the LD. A static thermal analysis of the laser with a heat load uniformly distributed
along the laser chip length, L at the active region was applied and the temperature on
the bottom surface was assumed to be fixed at T(°C (i.e. 20°C) as a perfect boundary
condition. The heat generated inside the chip was assumed removed by conduction

with both convective heat transfer and radiative cooling neglected [16].

As the temperature variation on the LD is less than 200°C during operation, the
thermal properties of the materials are only slightly changed which could therefore
be considered as being constant. Thus, the analytical and numerical modelling

approach assume temperature independent properties, and the thermal properties
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used are shown in Table 5.1.

Material Thermal conductivity
(W/m K)
GaAs 55
SiO, 1.4
Au 318
Alumina 1.35
Si 150

Table 5.1 Thermal property of the materials[17-20]

5.3.1 Analytical modeling of laser diode

The analytical method of Fu et al. [13, 14], was used where the heat dissipation in a
LD can be represented as a thermal resistance circuit composed of individual thermal
resistance components. The total thermal resistance was obtained by calculating the
sum of parallel and series components. Similar to Fu’s case, it is assumed a
rectangular parallelepiped consisting of 2 layers below the heat source (GaAs
waveguiding and GaAs substrate) and 3 layers above (GaAs upper cladding, SiO;
dielectric and Au metal) are used as the laser geometry (see Fig. 5.3(a)) in the
analytical model. A narrow heat source is located at the interface between layers 1
and 2 in Fig. 5.3(a). The thickness of the each layer is labeled as t; (i=1, 2, 3, 4, 5)
The corresponding thermal conductivities for the Au layer, SiO, dielectric layer,
GaAs (layer 2), GaAs (layer 1) and the GaAs substrate layer are ks, ks, ko, K1, and ks,
respectively. For simplifying the calculation in the analytical model, this rectangular
slab layers stack (shown in Fig. 5.3) is used, instead of using the geometrical region
of the LD in etched ridge structure (shown in Fig. 5.2). Fig. 5.3(b) shows a half of
the simplified LD structure in Fig. 5.3(a). It is used to further simplify the calculation
by taking advantage of the symmetry of the LD structure.
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Figure 5.3 Schematic of a simplified laser thermal model consisting of heat flow
(solid line with arrow) from a uniform heat source in the active region and the heat
flow spreads from the active region both upward and downward. The device length,
width and source width of the laser are labelled as L, W and w. Other terms are as
described in the text. (a) Schematic of the simplified laser structure used for the
analytical model and (b) Device with symmetry at heat core position.

The heat flow from the heat source is considered in two parts: The primary part of
the heat flow is downward (Qq) directly through the substrate to the heat sink, while
the second part (Q,) which is more relevant with a thick heat spreader flows upwards
and then enters the oxide layer and the Au layer before flowing downward. The heat
flow through the device junction region, oxide barrier layer and metal layer, are
taken to be planar. The thermal resistances of layer 1, layer 2, oxide layer and Au
layer can be expressed as Rin-1, Rin-2, Roxide, Rau, based on a 1-D heat conduction flow
respectively. The downward heat flow in the substrate spreads in a 2-D fashion to the

heat sink.

In order to derive the thermal resistance for Qg, the maximum temperature at the
active region is calculated first. For convenience, a dimensionless temperature
distribution in rectangular coordinates ¢ (X, y) where ¢ = (Ti — To)/To is expressed
for each layer [13-15]. Perfect thermal interface boundary conditions with
continuous temperature and normal heat flow are assumed [13, 14]. The LD is
assumed mounted on a perfect heat sink, with the interface between the laser
substrate and the heat sink maintained at the same temperature as the heat sink
(To = 20°C). The heat escape through the sides of the LD and top surface exposed to
the ambient are assumed negligible and heat dissipation is only due to heat

conduction downward. Thus, the sides and top surface of the laser configuration can
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be assumed as being thermally insulated and the bottom side temperature Ty is used

as the boundary condition in the thermal resistance calculation.

The dimensionless temperature distribution function ¢;, representing the 2-D
distribution of temperature variation can be calculated by a separation of variables

solution of Laplace’s equation [13-15],

4.(x,y)=B,, (1— riyoy)+ i B, [cosh(kn y)—r, sinh(kny)]cos(knx) (5.2)
1
From the equation (5.2), the undetermined coefficient Bi, and ri, (i = 1, 2, 3, 4, 5)
are required to calculate ¢; (X, y). The coefficients B;, and r;, contain the physical
parameters of the laser, such as geometry size, thermal conductivities of materials,
heat source power and ambient temperature. The r;, should be derived first and then
substituted it into equation (5.2) to derive Bi, by solving the corresponding partial
differential equations (PDEs) for the selected boundary conditions. The thermal
resistance can then be derived by substituting an expression for B;, in equation (3).

For satisfying the requirement of no heat escape from all the sides %.W/2y)_, the

ox
separation constant k,= 2n7/W is required.
The boundary condition on the bottom surface of substrate is:

¢3(X,t3) =0 (i.e. T3=Ty) (5.3)
By using equations (5.2) and (5.3), we can obtain
(X, t;) = By o(L— 1,0 y)+ > By, [cosh(k, y) — 1., sinh(k, ) |cos(k, x) (5.4)

n=1

By using the orthogonal property of cos (k,\W) respect to the constant
koW = 2nm [15, 21], then we can solve equation (5.4) to obtain the separation

coefficients r;, for i = 3.

r,, =1/,

o = 22NL) ot ) (5.5)
= sinh(k,t;)
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Recall the equation (5.6) required by the boundary conditions and equation (5.5), the
Bso and B3, are calculated to determine Rgypstrate and at least 100 terms are required to

the summation terms in equation [13]:

Oy (x,0) __Q [0 < x|< ﬂj
2

oy  Toklw'
04,(x0) _ [ﬂ x| ﬂj (56)
oy 2 2

Integrating both side of the equations above from x = 0 to x = W/2 and recalling the
orthogonal property of cos (k,W) [14, 21], we can obtain undetermined coefficients
Bso, Bsn for layer 3 [13]. Substituting into equation (5.7), then the thermal
resistance Rsupsirates  Which expresses the thermal resistance of the heat flow

downward from active region, can be calculated as [13, 14]

w w2 T é.(x,0 T,B 2T, & B;, . (k
Repprs= 1J- /22 R . (X)dx= J- //22 o¢3( )dX: 0530, “lo z 3, Sln(—”WJ
w W oW Qq wQ, wQ, = k, 2

(5.7)

Therefore, according to the parallel thermal resistance network of each component

shown in Fig. 5.4, the total thermal resistance of the laser can be calculated below.
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Figure 5.4 Thermal resistance network of the simplified analytical laser model.
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in-1 substrate oxide

The thermal resistance aspect to the upward heat flow consists of the Rin-1, Roxide, Rau
and thermal resistance component, Ryp, for the heat flow bounds downward after Qy
spreads wider over ridge region when it reaches the top Au layer. However, due to
the redistribution of upward heat flow from the Au layer down to the substrate, a
suitable analysis with good assumptions would be required for simplifying analytical

calculation in the thermal resistance of the Q..

Rup has more effect only for a thick Au layer on the top of the device. The heat
spreading is less obvious in a thin Au layer compared to a thick Au layer and
negligible heat escape from the top surface of Au layer was assumed (i.e. thermal
isolation). Moreover, the good thermal isolation of the dielectric layer (SiO;) blocks
the upward heat flow from the active region, Thereby, for a device with a thin Au
layer, the heat dissipation from active region is expected to be dominated by a 1-D
heat flow downward. The relative separation coefficients rsg, rin, Bso, Ban,
separation constant k, and parameters including physical geometry and material
thermal properties were all defined as variables in Matlab code [14, 15]. Afterwards,
the thermal resistance of each components and the total thermal resistance of the LD

can be calculated.

5.3.2 Numerical modeling of laser diode

In this subsection, the finite element method as an numerical approach for the
modeling is introduced. The simulation results of the LD thermal model built in
COMSOL Multiphysics are presented.

5.3.2-1 Introduction of numerical approach

The numerical modeling of the laser was implemented by the use of finite element
method (FEM), and was constructed in a commercial modeling software for finite
element analysis. FEM is a numerical technique for finding approximated solutions

to partial differential equations (PDEs) in boundary value problems. It provides an
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analysis approach to understand practical application problems by subdividing a
large problem into smaller, simpler parts, which is called finite elements. The
domain of the problem is divided into a collection of subdomains (i.e. finite elements)
by mesh generation techniques, with each subdomain represented by a set of element
equations to the original problem, followed by systematically recombining all sets of
element equations into a global system of equations for the final calculation. The
global system of equations is calculated from the initial values of the original
problem to obtain a numerical solution. The equations of the domain are often PDEs
and the element equations of the subdomains are simple equations that locally
approximate the PDEs. From the view of mathematics, it is to construct an integral
of the inner product of the residual and the weight functions and set the integral to

ZEero.

The method eliminates all the spatial derivatives from the PDEs, therefore the PDEs
are locally approximated with a set of element equations, which are a set of algebraic
equations for steady state problem and a set of ordinary differential equations for
transient problems. Thus, a global system of equations is generated from the element
equations through a transformation of coordinates from the subdomains’ local nodes
to the domain’s global nodes. The spatial transformation includes appropriate
orientation adjustments as applied in relation to the reference coordinate system.
Usually, FEM modeling software can implement this procedure by using coordinate
data generated from the subdomains [22].

The FEM method is often used in complex physical systems with the underlying
physics expressed in either PDEs or integral equations, for example, the heat
equation in LD. A complex physical problem can be divided into small elements
representing different areas in this physical system. It is convenient to analyze
problems in complicated geometries and domains. The FEM model has another clear
advantage, as it can be easily adapted to other optoelectronic devices.

COMSOL Multiphysics is a powerful modeling and simulation software package
based on finite element analysis, which uses FEM to solve the equations. The
software package has over 26 different modules to provide software solutions of
multiphysics problems. These modules can be easily coupled and applied to solve

numerous engineering and physics based problems. Using the built-in physics
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interfaces, it is possible to specify material and physical properties and define
parameters. The heat transfer module with the built-in physics interfaces were used

in the thermal modeling.

5.3.2-2 FEM thermal model of the laser diode

The 2-D thermal model of LD was based on the geometry in Fig. 5.2 that was
constructed in COMSOL Multiphysics and the material thermal property parameters
were assigned to the layers of geometry. The physics module “Heat transfer in Solids”
in COMSOL was applied in the model and preset the study in steady state for the

simulation of temperature distribution in LD.

The 2-D steady state temperature distribution of a 200 um long laser with a 100-um-
thick GaAs substrate (representing the reference laser) and with the substrate fully
removed (representing the transfer bonded laser) is presented in Fig.5.5. For
continuous wave (CW) operating at room temperature (To=20°C) with a heat load
of 40 mW, the highest junction temperature of 29.2°C was simulated in the laser
with a 100-um-thick GaAs substrate, and 21.5°C in laser with the substrate fully
removed with both mounted on a perfect heat sink. The LD junction temperature,
Tmax, Can be estimated from the thermal resistance Ry of the structure. The
corresponding Ry, of the transfer bonded laser is 37.5 K/W, which is much less than
the reference laser (230 K/W). As the GaAs substrate is the largest contributor to the
total thermal resistance, reducing its thickness can significantly reduce the thermal

resistance.
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Figure 5.5 Simulated temperature profile and thermal contour plots of a laser with
40 mW heat load (L=200 pm) for (a) Laser device with 100 xm thick GaAs substrate;
inset: thermal contour plot at the ridge region, and (b) Transfer-bonded laser (inset:
thermal contour plot at the ridge region).

The poor heat conduction properties of the SiO, dielectric layer on both sides of the
etched ridge result in the heat flux being downward to the heat sink. Comparing
Fig. 5.5a and Fig. 5.5b, it is seen that the heat flux for the transfer-bonded laser is
oriented primarily in the transverse direction due to the proximity of the heat sink
(Fig. 5.5b), while the temperature is 2-dimensionally distributed for the standard
laser configuration due to the heat spreading (Fig. 5.5a). In order to further reduce

the junction temperature in the transfer-bonded laser, the heat spreading at the ridge
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region should be increased and additional heat removed in the upward direction by

the metal contact and its associated spreading.

The thermal resistance of the laser as a function of cavity length (L) for different
thicknesses of Au, SiO,, and GaAs substrate shown in Table 5.2, were obtained by
simulation using both the FEM model and simplified analytical model.

Au SiO, native GaAs substrate
Device label
(nm) (nm) (nm)
Reference laser-FEM 275 270 100
G1-FEM 275 270 removed
G2-FEM 2000 270 100
G3-FEM 2000 270 removed
G4-FEM 2000 100 100
G5-FEM 2000 100 removed
Rgown Calculated 275 270 100

Table 5.2 The list of laser device geometry simulated.

250 i T
—e— Reference laser-FEM
I8 G1-FEM
Rdown calculated
200 |

—A—G2-FEM
\ —%— G4-FEM
—— G3-FEM
—%— G5-FEM -

150 \

100

Thermal resistance Rth (K/W)

50

800 300 400 500 600 700 800
Laser cavity length L (um)

Figure 5.6 Comparison of the thermal resistances of a laser as a function of cavity
length for the configuration with 100-zm-thick GaAs substrate and with substrate
fully removed and different thickness of p-metal (Au layer) and SiO, dielectric layer
on a perfect heat sink at constant 40 mW heat load by FEM model. The thermal
resistance Rqown Calculated by analytical method for downward heat flow is also
presented.
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In Fig. 5.6, Ry, as a function of cavity length is compared using the FEM method and
analytical method for the reference laser and the transfer-bonded laser. It shows a
relatively small difference (~ 27%) between Ry, and Ryown calculated by the FEM and
analytical models respectively. It is due to the ridge structure in the configuration
and the approximation made that assumed 1D heat flow in the analytical model. The
upward heat flow is minimal, so the effect of the Ry, is not so clear when the thermal
resistance of downward heat flow dominates. Therefore, Rqown IS quite close to the
Ri obtained by FEM model. The thermal resistances of both devices decay
exponentially with the laser cavity length as the power is distributed over a larger
area. The calculated thermal resistances using FEM model for laser cavity lengths of
200 um and 370 um are 230 K/W, 125 K/W for the reference geometry respectively
and 37.5 K/W, 20 K/W for the transfer bonded laser respectively. The measured Ry,
for a 370 um long transfer bonded laser is around 15 K/W indicating that the model
is reasonably accurate. Nevertheless, from Fig. 5.6, it is seen that increasing
thickness of the p-metal (Au layer) is effective at reducing Ry, (i.e. by increasing the
thickness from 275 nm to 2 um) for both the reference LD and transfer bonded LD,
while Ry, can be further slightly decreased by reducing the thickness of the SiO,
dielectric layer. The thick Au layer on top of the LD improves the heat spreading,

therefore reducing the temperature at the ridge region.
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Figure 5.7 Thermal resistance of a laser for different residual GaAs substrate
thicknesses and the laser cavity length on a perfect heat sink (corresponding to the
bonding on metal) by FEM model.
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The combined effect of the laser cavity length and the residual substrate thickness on
the thermal resistance has been investigated. The simulated Ry, for GaAs substrate
thicknesses between 0 um and 5 um is shown in Fig. 5.7. The highest Ry, of 60 K/W
to 70 K/W is calculated for the short (200 um long) cavity and thickest residual
GaAs. For the 200-um-long cavity laser, the minimum Ry, of 37.5 K/W is obtained
for the substrate completely removed. However, there is no significant difference in
Ry for laser cavity lengths from 500 um to 800 um with a residual substrate

thickness between 0 and 5 um. Therefore, the shorter cavity laser benefits most from

a thin residual substrate.

5.4 Thermal analysis of laser diode on different types of submount
The substrate removed laser can be mounted on different materials by van der Waals
forces. The 2-D temperature profile of a LD transfer-bonded to 10-um-thick

submounts (180-um-wide) composed of alumina, GaAs, and Si was evaluated. The

10 . 40

y-coordinate (pum)
=
W w
O

-10

20 | 25

1 1 1 1 1 1 20
=~ 20 T : : : ] 23.1°C
\% 22.5
P 10t ] 22
s O ﬂ "
o]
S -10 21
$ 20 20.5
>\ 1 1 1 1 1 1 20
T T T T T T 22.20C

T 20} . 22
3
P 10r 1 21.5
[+
c 0
1§
S -10
S " 20.5
>‘ 1 1 1 1 1 20

-20 0 20 40 60 80
x-coordinate (pm)

Figure 5.8 Simulated temperature distribution of a transfer-bonded thin-film
laser on 10 xm thick submount ((a) alumina, (b) GaAs, and (c) Si at 40 mW heat

load at room temperature To=20C by FEM model. A perfect heat sink is
assumed on the bottom face.
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alumina (aluminium oxide) thermal properties are in line with those formed by
sputtering where voids and other inclusions may be present. The thermal interface
between the submount and device is assumed to be perfect. The bottom surface of
submount is fixed at room temperature (To = 20°C). The top surface and the surface

on each side of both the LD and the submount are assumed to be thermally isolated.

Fig. 5.8a shows the 2-D temperature profile of the transfer-bonded laser on an
alumina submount. Due to the low thermal conductivity of alumina, the heat spreads
laterally resulting in a high junction temperature of 48.2<C. In Fig. 5.8b, the LD on
GaAs shows a more obvious broad parabolic heat spreading from the ridge region.
The thermal distribution profile of LD on Si as seen in Fig. 5.8¢c that shows a
parabolic heat spreading and the lowest temperature rise at the junction.
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Figure 5.9 Simulated temperature at the junction of a transfer-bonded thin-film laser
with 40 mW heat load at room temperature (T;=20 <C) as a function of submount
thickness composed of alumina, GaAs and Si respectively.

Fig. 5.9 shows the calculated junction temperature of the LD as a function of
submount thickness for different submount materials. It shows that the junction
temperature of a transfer-bonded laser on alumina strongly depends on its thickness,
while it is relatively independent of thickness for GaAs and Si. Thus, thickness of
alumina should be minimised to reduce the heat conduction path between the ridge

region and the heat sink.
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5.5 Conclusions

The 2-D temperature distribution of an AlGaAs/GaAs MQW LD with a 3-um-wide
ridge with 40 mW of power dissipated was modelled by FEM software for different
cavity lengths and device configurations. The total thermal resistance was calculated
by the FEM model and by an analytical model. The FEM model shows a reasonable
matching with measured thermal resistance of LD. It is essential to reduce the
thermal resistance for a 200-um-long cavity laser due to the high heat power density.
This can be done by increasing the p-metal layer thickness in order to increase the
lateral heat spreading. The heat flow from the heat source is dominated by the
downward heat flow to the heat sink and the contribution from the upward heat flow
is minimal. Comparing the simulated maximum temperature (Tnax) Of the junction in
the transfer-bonded LD on different submount materials (e.g. GaAs, alumina and Si),
shows that reducing the alumina thickness is critical to decrease the junction
temperature of the device. Both GaAs and Si submounts show a weak dependence of
the junction temperature on thickness. For a 10-um-thick submount, Si provides the

lowest Trax Of about 22.2°C for 40 mW of power dissipation.
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Chapter 6

Conclusions and future work

6.1 Conclusions

For the integration of semiconductor optoelectronics devices on dissimilar material
platforms in the applications of on-chip optical communications, next generation
optical/biomedical sensors, and wearable optoelectronic systems etc., the thin film
technology for optoelectronics is critical and is applied to separate the device
epitaxial layers from their native substrate and transfer them onto new platforms.
The thermal management of such devices is very important for effective control of
device junction temperature. For visible to ultraviolet spectral range, high efficiency
wide-band-gap Il1-nitride based emitters have been developed over last two decades.
Compared with other methods (e.g. wet etch, mechanical removal, and chemical-
mechanical-polishing), laser lift-off (LLO) is more effective to separate Ill-nitride

layers from the sapphire substrate.

In this thesis, LLO processes/methods of Ill-nitride semiconductor materials to
integrate on dissimilar substrates were described. The separation of IlI-nitride light-
emitting diodes (LEDs) grown on sapphire substrate by LLO has been presented for
(0001) GaN, semipolar (1122) GaN, and (0001) n-AlysGag4N layers. The thermal
analysis of temperature distribution induced by a high-power 248-nm KrF excimer
laser pulse irradiation on GaN and n-AlysGag4N grown on sapphire was simulated
using COMSOL Multiphysics software. Due to the high optical absorption
coefficient of GaN at the KrF excimer laser wavelength, the laser pulse induced a hot
spot localized at the GaN/sapphire interface. A one-dimensional thermal diffusion
model showed that the temperature rise was over 1000°C, coupled with a steep
temperature gradient across the GaN material at a pulse energy density (E;) of
500 mJ/cm?. It indicated that the peak temperature at the interface is higher than the
GaN growth temperature (i.e. 900-1100°C) which induces the thermal
decomposition of the GaN film surface. However, the laser pulse with
E; > 600 mJ/cm? is able to successfully perform LLO on n-AlgsGagsN/AIN in
experiment. Based on the simulation the localized heat source is at the depth of

~ 60 nm into the n-AlysGag4N layer with a peak temperature of 2108°C.
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The transfer of (0001) GaN thin films from sapphire onto epoxy-bonded glass
substrate and soldering-metal bonded (100) Si substrate was successfully
demonstrated. Characterization of the transferred film by x-ray diffraction (XRD),
optical microscope, and scanning electron microscope (SEM) showed the successful

separation.

Furthermore, free-standing (FS) semipolar (1122) bulk substrate and InGaN/GaN
MQW LEDs (300 %300 pm?) emitting at 445 nm on HVPE-grown GaN template on
patterned (1012) r-plane sapphire substrate (PSS) were first realized by the
separation from PSS using LLO. No detrimental effect in the light optical power was
observed after LLO. The chemical-mechanical polishing (CMP) process was applied
on the FS-LED membrane to remove GaN grooves for improving the light emission
uniformity. After CMP, the measured light output power of the FS-LEDs
(300 %300 pum?) slightly increased (14%) after separation from sapphire and a power
of 0.87 mW was realized at 20 mA. Electroluminescence peak emission was almost
unchanged with a peak shift less than 2 nm. Based on the polarizer angle-resolved
EL spectra measurement, the polarization ratio was 0.14 and was independent of the
GaN v-groove features. The LEDs showed an electrical-to-optical bandwidth of
166 MHz at 20 mA and a signal transmission data rate of 300 Mbps which is

promising for visible light communications applications.

Two types of AlGaN layer structure with n-AlGaN as both sacrificial layer and n-
contact layer were proposed for vertical structure deep ultraviolet (DUV) LEDs and
substrate lift-off flip-chip DUV LEDs. The transfer of AlGaN films from AIN
template onto eutectic AuggSng, soldering foil on Au layer covered Si substrate was
implemented by wafer bonding and LLO processes. Optical microscope and XRD
measurements showed the successful separation of AlpsGapsN from AlIN/sapphire.
To make the integration process complete, the development of a thermal
compressive wafer bonding process for low-temperature transient liquid-phase
Aup gSno 2 soldering was presented. AupgSng2 soldering metal-bonding was utilized
to form a thermally and electrically conductive interface between the transferred
GaN and carrier substrate. The bonding technique was applied at 320°C to form an
eutectic compound for constructing Au-Aug gSno2-Au layer. When an AuggSng ., foil

is heated, the AuggSng, layer melts to fill any voids or rough surface at the interface
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of AlGaN film/carrier-substrate. In order to attach the sample on the carrier substrate,
a force of 30 N was applied on the bonding, while AuggSno reacts with Au to form
the intermetallic compound. The versatility of AuggSno, soldering foil eutectic
thermal-compressive wafer-bonding was demonstrated by successfully joining and
transfer of AlGaN onto Si substrate, which made it possible to directly evaporate n-
metal Ti/Al/Ti/Au on the exposed N-polar n-AlGaN films to implement a vertical
conducting configuration. However, the -V characteristic of the electrical contacts
on the N-polar n-AlGaN showed non-ohmic behavior, which might be due to AIN
residual on the interface of AIN/sapphire after LLO, a low donor concentration in the

AlGaN thin film and/or non-optimized n-contact metallization.

As a thermal evaluation of transfer-bonded ultra-thin optoelectronics emitters on
dissimilar substrates, two-dimensional temperature distribution of transfer-bonded 3-
um-wide-ridge AlGaAs/GaAs MQW thin film laser diodes with different cavity
lengths and device configurations (e.g. p-metal thickness, SiO, passivation layer
thickness and with/without 100-pum-thickness GaAs substrate) was modeled by the
finite element method in COMSOL Multiphysics software. At the fixed ridge width
and power dissipation (i.e. 40 mW), the maximum temperature at the junction can be
effectively controlled by the thermal conductivity of the interposer (i.e. submount),
thickness of submount and p-contact metal. It can be utilized to optimize the thermal
management of the transfer-bonded thin film optoelectronics emitters.

6.2 Future work

The LLO process and wafer attachment method can be successfully used to
implement the transfer of (0001) GaN, semipolar (1122) GaN and (0001) AlGaN on
different substrate materials. However, more optimization of the LLO process on
larger-scale wafer samples is required. For transfer-printing the GaN LEDs, a good
anchor-holding structure and trench etching of the device mesa will be required for
LLO which will enable transfer-print of GaN LEDs by a pick and place on Si based

microsystem.

According to the high bandwidth and performance of the macro-
scale (300 <300 umz) FS-(1122) InGaN/GaN MQW LEDs, a further improvement
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of the devices should be investigated for optimization of the mesa size, metal contact
scheme, geometry configuration and heat sink which are required to enhance the
bandwidth and data transmission for visible light communication applications.
Moreover, the polarization angle of the LED membrane should be studied for deeper

understanding, which will be vital for a novel device.

The AlGaN based DUV LEDs suffer serious heating issues and, thus, the transfer of
the DUV LED epitaxial layer to a dissimilar substrate of high thermal conductivity,
such as Si, Cu, and AIN, will be a good option. The AlGaN sacrificial layer based n-
AlGaN template grown on sapphire substrate was proposed and successfully LLO
processed. Optimization of the metal bond, either by varying the temperature and
applied compression or with different metals systems, can be performed to increase
the thermal stability of the bond interface. A better understanding of the n-metal
scheme and N-polar n-AlGaN to form ohmic contacts is vital for improving the

devices.

The 2-dimensional finite element thermal model of the transfer-bonded thin film
GaAs based laser diode, is built in COMSOL Multiphsics. It provides an easier way
to simulate heat distribution in the laser diode at steady state, which can contribute to
optimize the performance of transferred thin film optoelectronics devices. For the
dynamic thermal performance of the devices, a self-consistent thermal model can be

developed.
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