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Study of Efficiency Enhancement for I1I/V Compound Semiconductor

Devices by Wafer Bonding Technique

Student: Yea-Chen Lee Adviserof. Hao-Chung Kuo
Prof. Tien-Chang Lu

Institute of Electro-Optical Engineering, Natioi@iao Tung University

Abstract

This dissertation is study of wafer bonding techeigapplied for IlI-V compound
semiconductor optoelectronic devices. The wafer dban technique overcomes
hetero-epitaxy growth and achieving better eleatrend optical performances which are
restricted by physical barrier of lattice match uegment. Firstly, the conventional 650nm
RCLEDs for plastic optical fiber with GaAs subsé&ras replaced with a high thermal
conductivity Si substrate by glue bonding and mbtaiding technique. This MBRCLEDSs is
maintained p-side up and DBRs materials structund without sacrificing electrical
performances. The MBRCLEDs has_higher output pohigh temperature insensitivity, less
decay in high current injection, lower-junction-fggnature as compared with conventional
RCLEDs. Furthermore, the MBRCLEDs have superioabdity and achieve 622Mbit/ sec.
Second, the glue bonding technique=is applied ©@a&iP-based LEDs. The conventional
GaAs substrate, having inherent drawbacks of pberntal* conductivity and absorbed, is
replaced with a transparent.sapphire substrate s@pphire substrate sidewall has geometric
shaping by using high temperature chemical-etchizrns geometric sapphire shaping LEDs
provide superior light extraction efficiency as qmared to without one. In order to improve
thermal issue in sapphire substrate,the flip-cstiucturewis applied for improving. The
flip-chip AlGalnP-based LEDs haverthick window lay& sapphire, which has geometric
sidewall shaping, p-side layer close.to Si submdantthermal dispersion. This flip-chip
structure provides an excellent light' extractiomcedncy and stable reliability. Furthermore,
the metal bonding technique is implemented in AlPabased LEDs, and the GaAs substrate
is replaced with Si substrate. The metal bondin@p&bBave textured surface for increasing
light extraction efficiency. Several textures ofcnoi scale bowls array and nano scale rods
added in micro bowls are implemented by anisotraiemical etching and nano-spheres
spin-coating with dry-etching. Comparing to convenal plane surface, the nano-rods added
in micro-bowls surface LEDs has two magnitudes oupower due to less total internal
reflection effect. Finally, the vertical thin filnbaN-based LEDs are fabricated by metal
bonding and laser-lift-off technique. In order &dease internal stress and improve yield after
laser lift-off process, a laser cut trench befortahbonding process is used. The optimized
Al an Ag composition to form AlAg alloy for p-ohmigontact and high reflector application
is applied. The AlAg alloy provides not only higaflectivity but also high thermal stable
property. In order to solve n-ohmic contact at efaa-GaN layer, higher doped n-GaN layer
and chemical cleaning at N-face are also implenteritbe optimized KOH chemical etchant
for surface roughing is applied for enhancing lighttraction efficiency. Comparing to
conventional sapphire-based GaN-LEDs, the vertizal film GaN-based LEDs has higher
output power under equal current density, lowewéod voltage, less wavelength shift under
high current injection and high ambient temperatliower thermal impendence, and higher
reliability over 1000hr.
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CHAPTER 1

Introduction

1.1 Overview

“Wafer bonding” technique generally refers to thegess that two mirror-polished wafer
adhere to each other. Wafer bonding is alternatikebws as “direct bonding” and “fusion
bonding”. The wafer bonding technique can combirith vany two (ore more) different
semiconductor materials on a substrate or filmrdftsnded wafers surface proper polishing
and chemical treatment. The wafer bonding techniguedependent of whether the bonded
materials are crystal or noncrystal, the_latticeration and parameter, the surface doping
type and profile, and the bonded ‘materials thicknés other words, the wafer bonding
technique could solve any materials-integratedeisstsemiconductor process. Recent years,
many groups have been widely investigated waferdibgntechnique, especially the IlI-V
compound semiconductors optoelectronic-devicesnaegrated on silicon. The integration of
[1I-V optoelectronic devices ons<silicon integrateidcuits could be formed the optoelectronic
integrated circuits (OEICs) [1]-[3]. Te OEICs tedjure is highly desirable for optical fiber
data communications and optical interconnects. MR¥ compound semiconductors are
main materials for optoelectronic devices, suclogtical amplification, laser diodes (LDs),
vertical-cavity surface-emitting laser (VCSEL), ainght-emitting diodes (LEDs). However,
the optical devices of IlI-V compound semiconduaog grown on IlI-V materials substrate
due to the physical limitation of epitaxy latticeatoh. Therefore, the integration of IlI-V
optoelectronic devices with silicon for OEICs apption could be realized by wafer bonding
technique. Wafer bonding technique solves a proldémislocations caused by the epitaxy
lattice mismatch between silicon and relevant lllegdmpounds semiconductor when the

hetero-epitaxial growth is performed. SuccessfuAS&aevices on Si [4], InP/Si [5], and



InP/GaAs [6] wafer bonding have been demonstrabedaser diodes, light-emitting diodes,
detectors, and waveguides. Therefore, wafer boridiag alternative technique for achieving
the purpose of growing epi-layer transferred totheosubstrate or film. By wafer bonding
technique, it is accomplished hetero-epitaxial leetwvlattice mismatch materials and without
sacrificing devices performances. Therefore, thd-VII compound semiconductor

optoelectronic devices via this technique are nfleseble and valuable for applications.

1.2 Outline of This Dissertation

In this dissertation, the wafer bonding techniqgiased for enhancing efficiency of 111-V
compound semiconductor. All of investigations amsdidl on wafer bonding technique,
including metal bonding, glue bonding,-and twicadhag. The device conventional substrate
was removed and replaced with arrew substrate, asiehhigh thermal conductively silicon
substrate or a transparent sapphire substrater. &it#anging.the conventional substrate, the
[lI-V devices could achieve® higher ‘efficiency anbacacteristic, such as light extraction
efficiency enhancement, high temperature insemsitahd stability, suitable for high current
operating, and stable performances in high-temperambience.

In chapter 2, the high performances 650 nm resecarnty light-emitting diodes
(RCLEDs) were demonstrated via high quality epitayd excellent chip process. The
RCLEDs were designed with different light-outputeetpre sizes 84, 60, and 40n, for
different applications of plastic optical fibers drder to solve the RCLEDs performance in
high temperature operation, the metal bonding RCLEMBRCLEDs) with high
performances, high temperature insensitively, aigh heliability have been successfully
fabricated on Si substrates by twice wafer bondewpniques. By wafer bonding technique,
the RCLEDs, growing on conventional GaAs substratere replaced with a high thermal

conductively silicon substrate. MBRCLEDs are thasdxd on RCLED epi-layer structure and



changed GaAs substrate. Therefore, the MBRCLEDsntaiaed original RCLEDs
performances and improve devices characteristieuhigh temperature ambiance especially.
The junction temperature variations of the MBRCLERsre also relatively smaller as
compared with the RCLEDs. Furthermore, the stabbnbprofile, high reliability over 1000
hours and clearly eye diagram in high temperatperaiion. These excellent performances of
the MBRCLEDs devices should be suitable for higmgerature ambiance, high current
injection and high data communication applications.

In chapter 3, several methods to enhance AlGalnmDsLEperformances were
demonstrated. The AlGalnP LEDs performances enmagicekey points in this study is to
replace the absorbing GaAs substrate with a traespaapphire substrate or high thermal
conductively silicon substrate, and thenfabricai@$ace textured for reducing total internal
reflection effect. The LEDs efficieney-enhancemeants based on wafer bonding techniques
of glue bonding and metal.bonding process, andsth&ace.roughness, geometric structure
and flip-chip techniques were also.applied for ewireg AlGalnP LEDs performances. The
AlGalnP LEDs with a transparent.sapphire substrees fabricated by glue bonding method.
This transparent sapphire substrate /s a-geons#taping sidewall (GSS-LEDS) structure by
chemical wet etching processes. The GSS-LEDs sutias a nano-roughened texture by
natural mask and chemical wet etching processesrdier to improve light extraction
efficiency. It was demonstrated that the GSS-LEDscture could not only reduce the TIR
effect but increase more probabilities of outpghtiescaping from the transparent substrate
due to the oblique sidewall structure. The GSS-LEDss still not suitable for high current
injection or high temperature ambience operatimgeeslly in short wavelength of AlGalnP
system material. For this reason, a novel flip-chialnP-LEDs structure which has a thick
geometric sapphire substrate (GSSFC-LEDs) windogerlavere demonstrated using glue

bonding and flip-chip bonding techniques. This HdB&SFC-LEDs structure shows higher



output power, longer reliability and higher walliglefficiency as compared with GSS-LEDs,
conventional flip-chip LEDs (CFC-LEDSs), and convenal glue bonding LEDs (GB-LEDS).
Finally, the AlGalnP epi-layers were bonded to ghhihermal conductive Si substrate via
metal bonding technique due to the sapphire iarp@rfect substrate in devices, and achieved
excellent light extraction efficiency using micrand nano-scale surface textured technique.
This structure, having micro-bowls and nano-roddute on surface has the highest output
power as compared with micro-bowls only and plaméase devices.

In chapter 4, the InGaN/ GaN LEDs efficiency wasarced by metal bonding, laser
lift-off, and surface roughness technique. The emtiwnal InGaN/ GaN LEDs with
non-conductive and poor thermal conductivity propef sapphire substrate were replaced
with Si substrate. Firstly, a novel and simple'diite of single electrode pad (SEP-LEDS) in
GaN-based LEDs are demonstrated:—The concept was@tom laser diode process of face
coating. The ITO film was deposited on SEP-LEDswidll,-and then a conductive current
path was formed from chip sidewall to" sapphire: satk by=ITO film. The SEP-LEDs has
high performances than conventional lateral LEDE-LEDs) although both substrates are
sapphire. It is attributed that SEP-LEDs-has “maght loutput area and uniform current
spreading properties. However, the SEP-LEDs stractan not be applied in future LED
applications of high output power, high efficienagder higher current density, temperature
insensitivity operating, and high reliability prapeafter all. For this reason, the InGaN/ GaN
vertical thin film LEDs (VTF-LEDs) structure is amportant tread toward future LED
lighting application. Many techniques and experitseare implanted in VTF-LEDs for
improving VTF-LEDs performances and enhancing &fficy, such as high thermal stable
Al-Ag alloy metal for reflector angh-ohmic contact, laser double cut before LLO process,
proper chemical treatment and heavily dopeaH@aN layer for solving N-face surface of

n-GaN issue, and optimized KOH chemical for surfacedlom rough. By above mentioned, it



is demonstrated that the VTF-LEDs with lower fordvaoltage, uniform current spreading,
high efficiency under the same current densitys lwavelength variation in high current and
high temperature ambience operating, higher maximunction, and excellent thermal

impendence performances as compared with CL-LEDs.
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CHAPTER 2
High-Performance AlGalnP-Based Resonant-Cavity LighEmitting Diodes

in Wafer Bonding Technology

2.1 Introduction

In recent years, low-cost and short-distance-ndkwaptical devices based on the
polymethyl methacrylate (PMMA) plastic optical fio@OF) have been widely used for data
communication, medium, automotive industry, andustdal sensors etc... The new
development of these optical devices were focusedsuwch factors as high power, high
efficiency, high modulation speed, high: couplinfog#ncy, reliability, low-cost fabrication,
and high temperature insensitivity./On the basithe$e requirements, the AlGalnP-based red
650 nm resonant-cavity light-emitting-diodes' (RCl€}Daccording to these requirements,
have been developed. A typical RCLED structure ste®f an active layer for light emitting
placed in a Fabry-Perot «(F-P), resonator {1}. Thé> Fmirrors used are typically
quarter-wavelengthA{4) thickness:semiconductors;’ dielectric distridut@ragg reflectors
(DBRs) [2], or higher reflective metal films [3Jh& RCLEDs structures are different from the
conventional LEDs in some properties, such as apfofiles of directionality, narrower
spectral bandwidth, higher quantum efficiency, kigbutput intensity, and suitable for optical
communication of light sources [4]-[7]. The RCLEDBsructure is similar to that of
vertical-cavity surface-emitting lasers (VCSELs)otlB of them have a high reflectivity
(>98%) n-DBR as a function of bottom reflector, ibhe amount of top p-DBR pairs in
RCLEDSs structure is less than that in VCSELs. Altyuaed visible VCSELs could not be
operated in high-temperature environments such as automobile parts or
higher-driving-current modules. The VCSELs deviaes sensitive to temperature variations

due to inherent material characteristics [8]. Nthwess, this RCLEDs devices drawback of



temperature sensitivity could be controlled by nfyidg the detuning cavity wavelength [9].
The detuning wavelengthigwning Mmeans that the different wavelengths of the Ed®mator
and the quantum well:

Adetuning= AFP —AQw (2-1)

wherelgp andiqware the wavelengths of the F-P resonator and qoawntell, respectively.
The most important function of optimum detuningusture wavelength is that the devices
temperature insensitively. In short-distance optaanmunication applications, POF offers
several advantages over glass fiber such as loty loigher number aperture (NA) for high
coupling efficiency, decreasing fiber weight, visiblight source for safety, and fiber
flexibility. In order to meet these demands for Hgerformance POF communication,
selected a light source to achieve high-efficiemeyability, suitable modulation bandwidth,
operating-temperature rangewextensity; and higloemplmg, efficiency is very important.
Therefore, the visible red 650 nm RCLEDs is mogaldight.source than conventional LEDs
and VCSELs for the standard step-index-polymethgthacrylate (PMMA) based fibers due
to the low-loss band (0.2 dB/m) at 650 nm [10]. Htenuation in plastic fiber is shown in
figure 2.1. The preferred communication-window lafspic fibers is at 650 nm, where the loss
is of the order of 0.1-0.2dB per meter. At evenrrovavelengths, the attenuation in plastic
fibers decreases.

In this chapter, we will discuss the high perforeewnf 650 nm RCLEDs devices under
special epi-structure and chip process firstly. Alneih we will introduce the high efficiency
and temperature insensitive RCLEDs which were preduusing twice wafer bonding
technique. Finally, we will present all performasg®t only electrical and optical properties

but also devices performances of applying on PQ& cammunication.



2.2 The RCLEDSs Principle Operation and Epi-Structure Design

The epitaxial structure of 650nm RCLEDs is veryikdmto red VCSELs. Both of them
have a high reflective mirror in bottom, which theflectivity is approximately 100%.
Nevertheless, RCLEDs has lower number of periogsiBRs, which normally is between
four and eight periods. In the spontaneous emissidRCLEDS is no longer isotropic due to
the Fabry-Perot resonances certain wavelengthsalbreed for certain directions only. A
detailed theoretical analysis of properties of RDksEvas shown as reference of Benisty et al.
[11]. Here the points will be focused on the simptstentions and shows the relationship
between the wavelength detuning and the enhanceshéght extraction efficiency.

The light source centered between a reflectivitgf top DBRs for electrical field and a
bottom DBRs with a reflectivity,.can find"a formularas following for the electridald at
the top DBRs by calculating“the path-and phasemdffces, and summing up for multiple
paths in Fabry-Perot cavity:

—i@/2 ipl2
£ T } (2-2)

E.(0)=(1-r)e’ :
{0)=(1-1) { i
whered is the angle between the nermal'top:DBRS vectdrthe propagation direction of the

output light wave. The phase factpis given by:
A
p= Zlmf cosd, (2-3

where/.s is the resonance wavelength of the cavity and thesrder of the cavity. The light
extraction efficiencyyescape COUld be estimated by integrating the power ewnhiitéo the

escape cone divided by overall power emitted ifitdigection:

[ "*E (8)[(E (8)sinG'dE
— JO=0
,7escape_ 6=m

"E.(6) [E,(0)sing'de

(2-4)

6=

whered, is the critical angle for total reflection. Theensity of the top DBRs optical filed



which has amm=1 cavity and varied reflectivity was shown in figli2.2. The useful mode for
light extraction, since the output light that prgages in directions with<d. could be emitted
through the top DBRs. In figure 2.2, we can findttthe mode is concentrated more and more
inside the light escape core with increasing tliecgvity of the top DBRs. Depending on the
order of the cavity this leads to an optimal rdiléty of the top DBRs under the reflectivity
of the bottom DBRs should be approximately to 100%e light extraction efficiency could
be further fine tuned using a detunimg between the quantum well and the normal

Fabry-Perot resonance:
d - res qw , (2_5)

This equation is illustrated and_ shown in figure.2In equation 2-4, the Fabry-Perot
resonances have to increase a factaimf), thusit could be enhanced more output light to
emit in solid angle elementxit is.useful to halve peak emission wavelength of the quantum
wells tuned to be in resonance with the cavityrabllique angle within the escape cone, and
an optimum for the detuning«s aroudd4% [12].-The AlGalnP RCLEDs design should be
comprised a higher reflectivity ‘bottom-DBRs~and ‘top DBRs with a reflectivity r¢?)
around 0.3 to 0.8. In order to fit the extractiatoithe Fabry-Perot extraction mode and inside
the escape cone, the spectrum of quantum well @misshould be small enough. The
effective cavity length consisting of an activedaynd the penetration depths into the DBRs
should be as small as possible demanding to usentheémum value of reflective index
contrast for reducing the absorption in the DBRSs.

An important parameter in view of the POF comination system application is the
RCLED modulation bandwidth. Two major factors cafiuence the modulation bandwidth:
the non-radiative recombination lifetime and cardensity in the active region. The small
signal modulation bandwidth dependence on non-igdiaecombination, injected current (1)

and active region volumé&/) can be approximated by:
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—3o|B:i : + = +ﬂ , (2-6)
2| 2r,, 21, qVv

where q is the primary charge and B is the band-to-bamdmiination rate. Usually the
carrier loss though leakage current does not takém consideration but for the red
wavelength range the carrier leakage significaatfgcts the carrier lifetime and the current
density. Since the leakage carrier are finally lmgtnon-radiative recombination outside the
active region and it is difficult to discriminathet leakage lifetime, an overall non-radiative

recombination lifetime £, ) including the leakage lifetime should be conseder

In this study, the epitaxy structure were grawna 3-inch GaAs substrate tilted by 6°
toward the <111> direction by a low pressure, (5@)Tmetal-organic vapor phase epitaxy
(MOVPE) system. Trimethylindium™ (TMIn), trimethylgiam (TMGa), trimethylaluminum
(TMAI), phosphine (PH), and.arsine-(Ask) were used as the source materials of In, Ga, Al,
P, and As respectively. The'substrate temperaunagithe growth of the RCLEDs structures
was 750°C approximately. ;6. and CCJ were used fon-type andp-type doping sources
respectively. The epitaxial structure eonsist p8Bsn-DBR of n-Al sGay sAS/ Alp.g Gy 0sAS
layer with Si doping, which the carrier concentrativas about 3xItf cmi®. The reflectivity
of then-DBR was over 98% and specific contact resistance legs than 1x10Q-cn?. The
active layer composed of three +1% strain un-doBathP quantum wells and leavity
thickness (Al -Ga3)oslinosP barrier layer between top and bottom DBRs [13][IThe
background concentration of quantum wells was fleas 1x10*° cm® and its uniformity of
composition and thickness was about 2%.An oxidati@myer with a higher aluminum
concentration ofp-AlgedGaoAS was grown on the active layer. A 6 p-DBR paiffs o
p-Alo.sGay sAs/ Alp.oGay osAS layers with C-doped were grown on active lajamally, a 5nm
thick p"-GaAs contact layer with heavily doped (over 5%3@m® was grown on the surface

for p-ohmic contact layer. Above-mentioned layer by layere shown in figure 3.4.
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2.3 Fabrication Processes of 650 nm AlGalnP-baseddREDs

2.3.1 Standard 650 nm RCLEDs Processes with GaAs [Sirate

In standard 650 nm RCLEDs processing, the waferalemned with a standard solvent
firstly. The Ti/ Pt forp-ohmic contact ring were deposited pirGaAs cap by electron beam,
as shown in figure 2.5.1. Figure 2.5.2 shows thick SiN,about 1lum was grown on wafer
surface by plasma-enhanced chemical vapor depogRBCVD) as a function of hard masks
for mesa dry etching and protection steam durindaiion process. The circular mesa size of
130 um was defined using standard photolithography awtieanical etchant was shown in
figure 2.5.3, and then the inductivity coupled ptas(ICP) etcher were used to etch mesa
with BCls, Ch, Ar and N reactive- mixture: gas, through the-GaAs cap,p-DBR,

Al odGay 0AS oxidation layer until the-active layer was exgdss shown in figure 2.5.4. The

wafer was loaded into a 450°C+furnace which.wdsdilvith“steam. A steam reacted to this
high Al concentration oxidation layer from.-this émyedge to.center, as shown in figure 2.5.5,
and then a high resistivity region:of- AlGnaterial“was. formed through the wet thermal
oxidation process. The final aperture size-ofu@d for light output was produced using wet

thermal oxidation process. In order to avoid theast damage and metal line connection,
planarization device structure is necesssry. laréd.5.6 shows that the thick polyimide with

photography sensitization function was coated ofemsurface. After polyimide was exposed

and developed, the wafer was held in a 420°C fg@ad N ambience to cure for 2 hours to

release stress and strengthen the polyimide stejcis shown in figure 2.5.7. Figure 2.5.8
shows that the SiNx film growing on p-contact metay was removed via photolithograph

and chemical etching. In figure 2.58¢lectrode pad of Ti/ Pt/ Au for wire bonding was

selective deposited anttGaAs substrate was grind and polished to g60 Then-GaAs

substrate was deposited with Au/AuGe. Finally, weder was thermal annealed in a 380°C
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furnace for 10 min and the wafer was diced into 8@50um? chips.

2.3.2 High Performances 650 nm RCLEDs Processes WwiSi Substrate in Twice Wafer

Bonding Technique

As we know, the compound semiconductor of AlGal@Bdal materials have several
inherent drawbacks, such as the limited barriegtitein the GalnP/AlGalnP quantum-well
structures and larger thermal resistively due &l#énge mass difference between gallium and
indium [15]-[16]. These GalnP/ AlGalnP quantum wetlevices will be affected by high
temperature ambiance, so the epi structure neelols pwoperly designed to high temperature
insensitively [17]. Most RCLEDs applications requistability during high temperature
operation, and therefore the wafer.bonding-teclaigras applied in this study to fabricate
650 nm RCLEDs devices {or high—temperature ‘insemsitbility. Since the thermal
conductivity of Si is 1.31 W/em &atroom temperature, which is larger than GaAé4 @/
cm-K%) [12]. We replaced the conventional‘GaAs. substnatie a Si substrate to improve the

thermal stability properties via twice bonding tejues of wax-bonding and metal-bonding.

This novel device of metal ‘bonding: 'RCLEDs (MBRCLEDspi-structure is
approximately to RCLEDSs, the difference is thaimyxGay sP etching stop layer was inserted
between the GaAs buffer layer and n-DBRs. The MBRD& processes before GaAs
substrate backside Au/ AuGe deposited is the sasn®@LEDs chip fabrication. The
schematic diagram of the conventional RCLEDs dewes shown in figure 2.6.1, and the
GaAs substrate was thinned to 0@ at this time. Figure 2.6.2 shows that the wafas w
temporarily bonded to sapphire substrate using wasacuum at 120°C ambient. The GaAs
substrate and etching stop layer were removed bgmudal etching solutions of
INH4OH:10H,0, and 1HCI:10HO respectively, as shown in figure 2.6.3. Figu&£shows

that the bonding metals Ti/ Pt/ Au/ In were ordeiBposited on the n-Si substrate, and the
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AuGe/ Au/ Ti/ Pt/ Au metals were deposited on &yier. The Au and In metal were used for
eutectic metals in the bonding process. Ti and Aofe&als were used for the Si substrate and
n-ohmic contact layers, respectively. The wafergarere loaded into graphite jig and an
external pressure 0.175 Kg/¢mvas applied on the wafers during the wafer bongirogess.
The jig was then loaded into an oven and annedledtamperature varying from 180°C to
230°C for 120 min in nitrogen ambient for wafer dowg process. After this process was
completion, the bonded wafer pairs were immerseflGifC organic solution to decompose
the wax and separate temporary sapphire subsirhte.processed wafer was ground and
polished down to 15@um, and then the Ti/ Au metal for Si ohmic contaetsvdeposited on
the backside substrate. Finally, the wafer wasddiwe300 x 350um?in this study. The
completed MBRCLEDs sketch diagram™was shown'inréd2i6.5. The chips were bonded to

TO-46 cans for measurement.
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2.4 Performances of 650 nm AlGalnP-based RCLEDs andBRCLEDs

In this investigation, we designed three differigiit emission aperture sizes of 84, 60,
and 40um which were shown in figure 2.7. The large apertuas designed for higher output
power devices requirement and small aperture dgviwere applied for higher speed
applications. These two fundamental devices pragseidre trade-off and the epi-structure
should be optimized for different requirements. ufrey 2.8 described the typical
light-current-voltagel(-1-V) characteristics of RCLEDs with 84, 60, and 40 aperture sizes.
The output power of 84, 60 and 40n device without epoxy encapsulated under 20 mA
forward current operation were 3, 2 and 1.6 m\Wpeetvely. Froml-V curves, the devices
series resistance were 8.4, 14.7, 27 ohm; respéctfthough the 4Qum device presents the
lowest output power and thespower-saturate at laymeing current due to the high current
density, the maximum power was 1.6 mW and stilladle to transmitting data through 50 m
POF. Figure 2.9 shows the.wall-plug efficiency grmver characteristics of 84n devices.
The wall-plug efficiency wasvas highras 12% and dhgput power could achieve over 3.5
mW at 20 mA with epoxy encapsulated. R:=Withal ,, who had shown the output power and
maximum wall-plug efficiency of 2.9 mW and 9.5%rfidhe same 84m emission aperture
size and 20 mA driving current and with epoxy [18he output power could be compared
with to other groups which have even larger apertize under the equal measurement
conditions [14], [17]. In order to approach devteenperature insensitive, properly detuning
the wavelength between resonant cavity and quantethis necessary. The output power
variation versus detuning wavelength was shownguaré 2.10. The optimized wavelength
detuning is 15 nm and the emission power droop fREFC to 85°C is less than -2dB. P.
Sipilaet al who had shown the output power drop versus teatper is -3.8dB from 20°C to

85°C in 20 mA injection [17].
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The detuning wavelength will also affect the fietd pattern and coupling efficiency in
POF applications, although POF has larger fibee ¢tdrmm) than glass optical fiber (GOF).
This investigation was presented that the devidd W% nm detuning wavelength exhibited
the far field pattern at 50% power angle of 134fguFe 2.11 shows that the coupling
efficiency into 0.5 NA POF of transmitter remainachigh value (>50%) in wide driving
current range (10 ~ 90 mA) due to the higher halvgr angle and output power. This
coupling efficiency could be compared with M. Duregicuet al.[13] report under the same
conditions of 0.5 NA POF and 84n devices, where their coupling efficiency was lésm
35% from 0 mA to 40 mA operation current. Figuré2shows the cut-off frequency -3dB
(f.sqs) Of these three devices operated under 20 mA.ak demonstrated that thgyf for
aperture size of 84, 60 and 40n were110:8, 228.6 and 313.3MHz, respectively. For
standard POF-based communications; theu84RCLEDs cut-off frequency over 110 MHz
and the output power of 3:.2 mW was demonstratedrug8 mA current injection. It was
demonstrated that the 84m” RCLEDs devices could /achieve to the IEEE 139400s2
standard. In addition, the devices, rise and falktis 2:.86:ns and 1.08 ns respectively using
Hamamatsu Optical Oscilloscope C8188-test-equipmenbpen eye-diagram with error free
was obtained ath=30 mA. Since the.dy4s of the 40um RCLEDs was 313MHz, the 4{dm
devices could achieve IEEE 1394b s400 standard4Uien RCLEDs eye diagram achieved
622 Mbit/s and shown in figure 2.13. In order tdiiage high speed RCLEDs, RCLEDs
epi-structure needs to modify. This carrier ratedeloin high speed RCLEDs has the

following formula [19]:

an_ _(Dj — B 4| D | (2-6)
ot r qld

This is the dynamics of the electron carrier umflyr distributed in the active region of

RCLEDs structure. Here theis the carrier lifetimeB is the electron-hole recombination
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coefficient, Jinject IS the injection current density, and d is thekhess of active layer. From
this equation, there are several methods to madol&®CLEDs devices speed. Firstly, the
carrier lifetimer could be reduced by inserting some non-radiatennbate centers in the
active region. But this method also decreasedrtezrial efficiency of this structure, which is
not desirable. The second way is that increasesuhent density of injection or decreases
the size of emission window. However, these two svayll cause the power droop during
higher forward current injection. The last methadréducing the active layer thickness, it
could be increase the devices speed without sziodfiother performance. The cut-off
frequency and output power of 8n RCLEDs devices with single QW were obtained to be
235 MHz and 2 mW at 20 mA, respectively. This parfance was suitable for IEEE 1394b
s400 standard applications. M.Guiet al “had+-also/shown the data of bandwidth versus
current, and its cut-off frequency-of-8dm devices is125 MHz under 20 mA current
operating [20]. In addition,.an error free open elyj@gram for the transceiver using single
QW RCLEDs devices dbjae= 30 mA was obtained to/be' 500 Mbit/s data rateuph a
graded-index POF over 50 m as shown in figure 2.14.

The high performances MBRCLEDs;-having a high theroonductivity Si substrate,
were fabricated via twice bonding technique of dhoading and metal bonding processes. In
figure 2.15.1 shows the scanning electron microsd&kM) photograph of the MBRCLEDs
devices with 300 x 30Qum’ dimensions. The figure 2.15.2 shows the MBRCLEDs
electron-luminescence (EL) state and light intgngibfile. The emission area diameter is 84
um and the dark area of the emission window is nmatgh line for current spreading. In the
RCLEDs devices applied requirements, the temperamsensitively properties is a key point.
In order to approach the temperature insensitiytgper detuning the wavelength between
cavity and quantum well is necessary. In this stidyh of the main epi-structure between

RCLEDs and MBRCLEDs are the same and the optimuwelgagth detuning is 15 nm.
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Figure 2.16 shows the light-curreri-k) curves of the MBRCLEDs and the RCLEDs were
operated at room temperature (RT), 60°C, and 1@0ABGiance. It is observed that the output
power of MBRCLEDs decay were less than the RCLE®Dsm RT to 100°C ambiance, the
output power drop of MBRCLEDs was -0.31, -1.78, ad dB under 20, 50 and 70 mA
current injection respectively. In addition, themut power droop of the RCLEDs were -1.75,
-3.03, -5.47 dB during 20, 50, and 70mA currentedtipn respectively. The wall-plug
efficiency of the RCLEDs and the MBRCLEDs under motemperature operations were
shown in figure 2.17. The maximum wall-plug effitey of MBRCLEDs was 13.7% under
2.5 mA current injection. In addition, the wall-glefficiency differenceX eiciency between
the MBRCLEDs and the RCLEDs under 20 and 70mA curoperating were 1.2% and 1.9%,
respectively. Since the thermal conductivity of«Gag poor than Si substrate, the self-heating
effect is relatively obvious /in the=RCLEDs espdyialfThe phenomenon indicates that
although the structure had been optimized detuwangelength but the self-heating still needs
a thermal conductivity path’ to release-especiatly High=current injection. In junction
temperature Tj) measurementy a\pulsed generator (KEITHLEY Mode2(® was used to
obtain V; variations in different current injection condii® with a short pulses time of 0.8
usec. The junction temperature variatioaH;) versus forward voltage of the MBRCLEDs
and the RCLEDs under pulsed current operation @tnrégemperature was shown in figure
2.18. It is significantly observed that the junatiemperature of the RCLEDs is higher than
the MBRCLEDSs, the caused of this result is highmrmal resistance of the GaAs material
than Si.

The RCLEDs performances will be degenerated wittre@sing temperature form
internal device, and lower internal quantum efficig was induced due to the more leakage
current and non-radiative recombination. This seyiteakage current in AlGalnP/ GalnP

material is mainly attributed to the relatively lowonduction band offset value. In the
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MBRCLEDSs fabrication processes, the epi-structuoeildl undergo twice bonding processes,
which could be damage the thin epi-layers. The alregults were demonstrated clearly that
the twice wafer bonding processes have not affethed epi-structure. Following, the
MBRCLEDs far-field patterns versus different terrgiare ambiance operating were shown
in figure 2.19. The MBRCLEDs were measured undern2® and without encapsulating
epoxy. The 50% power angle (half-center brightr@s§0% of the full luminosity) of the
MBRCLEDs under RT and 80°C is 134° and 126°, rasm#y. The cause of this result is
wavelength detuning between quantum-well and DBR resonance 3jmecial wavelength
detuning (15nm) will affect the radiation patterasp into rabbit ear and reduce the devices
temperature sensitively. From figure 2.19 restulie,50% power angle offset is only 8° under
RT to 80°C ambiance operating due to the"MBRCLED® & better thermal conductivity
substrate. Figure 2.20 shows: therifestime of thBRCLEDs and the RCLEDs under a
condition of 85°C and 20 mA driving current. Bothtbe power reliability decay ratio were
less than 30% but the MBRCLEDs had a‘better rditglyesult due to an excellent thermal
conductivity substrate. In figure 2:21shows the dygram measurements were performed to
estimate the ability of the MBRCLEDS for-high=spetata communication under a condition
of devices were operated in 200MHz and 20mA dridagent. Eye diagrams at RT and 80°C
have a clear pattern and similar open eye diaghsnabove-mentioned performances, the
MBRCLEDs are more suitable for working in high tesngture ambiance than the RCLEDs
such as mobile components, industrial sensor amh-$peed data rate transmission

applications.
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2.5 Summary

In conventional GaAs substrate RCLEDs device sumnmGalnP-based RCLEDs
with high power and high speed were demonstratethi$ investigation, the RCLEDs were
designed with different light-output aperture siz84, 60, and 40um, for different
applications of plastic optical fibers. The g aperture RCLEDs could be achieved that the
small-signal modulation bandwidths as high as 3HzMt a forward current of 20 mA and
the output power as high as 1.5 mW. The devicels 84tum apertures had an output power
of more than 3.5 mW at a driving current of 20 nda maximum efficiency of over 12 %
with an epoxy-encapsulated package. The devicds 4@dtum apertures satisfied with the
IEEE 1394b s400 standard. Furthermore, the dewhewed stable coupling efficiency for
various currents and output powers -at-different iande temperatures. In addition, the
lifetime of devices is over 1300 h, /andithe powecay isless than 0.5 dB at 85°C for a 40
mA driving current.

Furthermore, we had” developed.<the novel MBRCLEDwicgs, having high
performances and replacing conventional GaAs satigstith a high thermal conductivity of
Si substrate. In 650 nm MBRCLEDs summary, MBRCLE2s high performances, high
temperature insensitively, and high reliability bBabeen successfully fabricated on Si
substrates by twice wafer bonding techniques. Aighothe RCLEDs epi-structure was
optimum designed for detuning wavelength, devices «ill insufficient for high current
injection or high temperature operating. HoweveBRCLEDs were based on this structure
and using metal bonding technique could improveiadsvperformances especially in high
temperature ambiance. The junction temperatureatrans of the MBRCLEDs were
relatively smaller as compared with the RCLEDs. MBRCLEDs with 84um apertures
provided high wall-plug efficiency of 13.7 % andsmaller power drooped of -0.31dB from

RT to 100°C due to the better heat dispersion satiestFurthermore, the stable beam profile,
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high reliability over 1000 hours and clearly eyagtam in high temperature operation. These
excellent performances of the MBRCLEDs devices khtwe suitable for high temperature

ambiance, high current injection and high data comoation applications.
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Figure 2.7: The OM figures of three different ligithission window sizes of 84, 60 and 40

um.
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Figure 2.13: The eye diagram of géh RCLEDs could achieve 622 Mbit/s.
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Figure 2.21: (1) 25C and (2) 8C°C eye diagram of the MBRCLEDs under 20 mA driving

current. The scale in the figure is 2.5 ns/div.
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CHAPTER 3
Light Extraction Enhancement of AlGalnP-Based LightEmitting Diodes in

Wafer Bonding Technique

3.1 Introduction

The lll-phosphide material system, (Bla.x)1-INyP, is lattice matched to GaAs substrate
for y=0.48. The (AlGa-y)1yInyP-based alloy material with wide commercial avaliigbof
high quality GaAs substrate allows for relativelyragyhtforward epitaxial growth of
optoelectric devices in this material system, wiitph quality epi-wafer was demonstrated by
metal-organic chemical vapour deposition (MOCVD) vasll as molecular-beam epitxay
(MBE) method (MBE). The (Alsai.,)..,InyP-based alloy materials with the light output
spectrum from the red to yellow-green visible padre made available. Direct bandgap
emission is available fror=0 (InGaP) with-a. =1.9 eV bandgap and ~650 nm (dedpto
x=0.53 with a ~2.2 eV and ~560 nm (yllow-green). &dly, the high performance
AlGalnP-based LEDs were "widely used for<many applons, such as optical
communications, automobile tail light, traffic ligHull-color display, interior and exterior
display [1], [2]. The AlGalnP-based materials have been continuonshroved for many
years since the first practical LED was developed 962 made of the GaAsP material [3],
and this allow material system becomes the mosbmmagterial for high brightness and high
efficiency light-emitting diodes (LEDs) applicati®nin recent years, the internal quantum
efficiency IQE ;) AlGalnP-LEDs has closely approached 100% duédceikcellent epitaxy
technique [4], [5]. Although AlGalnP LEDs has higheternal quantum efficiency than
conventional GaN-based LEDs grown on c-plane sapphibstrates, the light extraction
efficiency is estimated to be less than the GaNethd€Ds due to the large refractive index

difference between the GaP window layer (n=3.2) @anar epoxy. According to the Snall's
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law, the critical angle&) is approximately 18.2° and the most of the gemerahotons will
be trapped in the semiconductor due to the totalmal reflection (TIR) effect. In addition,
the conventional AlGalnP-LEDs have an absorbingssate and a planar light emitting
surface. These effects will serious limit the em&trquantum efficiency especially in
AlGalnP-based material. Therefore, several methtmissolve the light extraction of
conventional LEDs structure were invented, suclamailtra-thick GaP window layer was
grown on the surface [6], replaced the GaAs alisgrisubstrate (AS) with a GaP
transparent substrate (TS) through a directly wafmnding technique [7], the
truncated-inverted-pyramid (TIP) geometry LEDs noeltiio enhance the lateral light output
[8], a surface-textured by natural lithography noetho increase the critical angle and the
probability of emitted light escape from air-senmdactor interface [9]a triangle-like
morphology roughness was applied-enithe surfack flfurface was deposited a transparent
film of CTO (cadmium-tin oxide) or ITO (indium-tioxide) for enhancing the critical angle
and as a function of a current spreading layer;[&1] transparent, conductive and lower
refractive index film was depesited on device stefa[12], a novel technique of
omni-directional reflector (ODR) structure -coulchave high light extraction efficiency [13],
[14], and the absorbing GaAs substrate was replagtda transparent sapphire substrate
which has a geometric shaping sidewall [15], [118].this chapter, we presented several
methods for enhancing light extraction. Firstly, weed glued bonding to replace the
absorbing GaAs substrate with a transparent sapmubstrate, which has a geometric
sapphire substrate, for enhancing total output pdwen devices sidewall. And then, we
produced the flip-chip form under this devices cinee for solving the poor thermal
dispersion sapphire substrate. Finally, we produsedace roughness using micro- and

nano-scale surface textured for enhancing lightaetibn efficiency.
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3.2 Enhancing Light Extraction Efficiency of AlGalnP-Based LEDs in Glue Bonding
3.2.1 AlGalnP-Based LEDs with a Geometric SapphirSubstrate

In this study, the AlGalnP-based LEDs with a dominaavelengthAy) at 585 nm were
grown on 2-inch GaAs substrates by a low pressw@glrorganic chemical vapor deposition
(MOCVD) system. The epi-wafer structure consistéd 6.08um-thick n-Ga sing sP etching
stop layer grown on a GaAs buffer layer, ari-thick Si doped n-(Al/Ga 3)osnosP, a 0.7
um-thick Si doped-AlgslingsP cladding layer, a 0.pm-thick unintentionally doped active
layer with 20 periods (Al/Gay 3)0.5iNo.sP/ (AlxGax)o.slNo.sP multiple quantum wells (MQWS),
a 0.7um-thick Mg dopedr-Alg sing sP cladding layer, a pm-thick Mg doped p-GaP window
layer. Finally, a 5 nm-thick heavily doped (p = 0¥1 cm®) p"-GaP contact layer was grown
on the epi-layer surface for improving the-ohmiateat:

In chip process, a c-plane sapphire substratelagsed and polished from 450m
thickness to 22@um before glue bonding process: Audi-thick SiG was deposited onto the
front side and backside sapphire ;substrate vianm@asnhance chemical vapor deposition
(PECVD), as shown in figure 3.1.(1)'and (2) shohat the backside Sidilm was defined
pattern with 1000umx1000 um using a-standard “photolithography as a functibrihe
wet-etching hard mask. The patterned sapphire ibstwas then immersed into a
3H,SOy: 1H3P Oy, solution at an etching temperature of 340°C fond, and then a patterned
array sapphire substrate, which has an obliquevsiltievas formed, as shown in figure 3.1 (3).
The etching rate of the sapphire substrate is ljl@sshieved 1.4um per minute in this study.
The etching rate depended on theP8, concentration and the temperature of etching
solution. A 280 nm-thick ITO film as a function ohmic contact layer was deposited on
p’ -GaP surface by e-beam evaporation. Figure 3.1h@\s that the epi-wafer was flipped
and bonded to a sapphire substrate using comnigraigilable epoxy glue, and the wafer

pair was loaded into a furnace under 300°C for 40 im nitrogen ambiance. After wafer
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bonding process, the absorbing GaAs substrate tenétthing stop layer were removed by
chemical etching solution of NJ@H based and #0,: HCI respectively, as shown in figure
3.1 (5). In surface roughed texture processes, rtiétal layers of Au/ AuGe (300A/ 200A)
were deposited on n-AlGalnP layer surface firsgyshown in figure 3.1 (6). The wafer was
alloyed by RTA (rapid thermal annealing) at 4508€ X min in nitrogen ambiance. Figure 3.1
(7) shows that the densely, strongly and naturaditicles with nano-scale were clustered on
surface to serve as the wet etching mask. The wadsrimmerged into chemical solutions of
Kl and HPO, respectively. After etching processes, the n-sige surface with a
nano-roughed texture was formed shows in figure(8)\1Then, a regular array of Au/ AuGe
n-contact micro-dots shape metal was depositeth@maughed surface. A 280 nm-thick ITO
was deposited on the surface as«functions of-cug@meading, transparent conductive layer
and lower reflective index window layer. The GSSEIEWwith a chip size of 1000mx1000
um were fabricated using.sStandard photolithographgcgsses which were aligned with
backside shaping pattern of‘sapphire substrate.d€kizes mesa etching using an etcher of
inductively coupled plasma (ICP) wuntil p-side 1T@yér was exposed for p-electrode
formation, as shows in figure 3.1°(9). Figure 31D)(shows the Ti/ Pt/ Au (100 nm/50
nm/2500 nm) metals were then deposited for the ot @a-electrode pads. Finally, the
geometric sapphire shaping wafer was subjectedaser|scribed and broken into 1000
umx1000um chips size in this study, as shown in figure @1). The chip was bonded on
ceramic of PLCC 5050 package model for electrical aptical properties measurements by
CAS140CT-152 array spectra-meter system.

A schematic diagram of the AlGalnP-based GSS-LEDscwire with an oblique
sidewall substrate and a sandwich transparent abirduTO layer was shown in figure 3.2
(2). In this study, the oblique sidewall angle apphire substrate was depends on the sapphire

crystallography. In figure 3.2 (2) illustrated thidte different extracted light path of the
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GSS-LEDs and the conventional glue-bonding LEDs-{®s). As this schematic diagram
results, the GSS-LEDs with more opportunities ofpati light escaped from the oblique
sidewall of sapphire substrate. Figure 3.3 showesdstanning electron micrograph (SEM)
images of sapphire shaping structure (1) crosseseand (2) top views. The oblique sidewall
with a 100um etching depth could be obviously observed. TlystaHography facets were
(1102)R-plane, (1010M-plane, and (1120)\-plane against the (000&)axis and their angles
against the (00019-axis are about 6050 and 29, respectively. In this study, the sapphire
was etched for 70 min via the etching rate of aldodium/ min and the etching depth was
about 10@m. Furthermore, the etching structures are all dsges. Figure 3.3 (3) is a sample
schematic illustration of the phenomenon mentioaigalve. According to this figure, the total
area of (0001 plane decreases_as the-etching-time increase® dgea¢latively fast etching
rate. On the other hand, the obligue surface of (k92) crystallography etched facet
increases with the etching time resulting in themation of a.VV-shape groove. Figure 3.5 (1)
and (2) shows the photomicrographs of the GB-LEmDsthe ' GSS-LEDSs, respectively. These
two kinds device structures werereplaced the camweal GaAs substrate with a transparent
sapphire substrate. The radiate output light.isamy surface emitter but a volume emitter.
Besides, it is significantly that the oblique siddwof GSS-LEDs (2) appears higher
brightness under 70 mA current injections as coegparith the GB-LEDs (1). As this result,
the light extraction efficiency was enhanced vialiqpe sapphire geometry. The
corresponding luminous intensity-current-voltadel-{/) characteristics of GB-LEDs and
GSS-LEDs were measured respectively, as showmgundi3.6. The forward voltage (at 350
mA) of the GB-LEDs and the GSS-LEDs is 3.30 V an#83V, respectively. Both of the
electrical behaviors are very closely and normafyuminous intensity versus current result,
it is clearly observed that the luminous intensityhe GSS-LEDs is larger than the GB-LEDs.

Under 350 mA current injections, the power intgnsit the GB-LEDs and the GSS-LEDs is
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approximately 40.8 mW and 51.7 mW, respectivelys liound that the luminous intensity of
the GSS-LEDs without an epoxy lens encapsulatettidmienhanced about 26.7% under 350
mMA current injections as compared with the GB-LED$s indicated that the oblique sidewall
could reduces the total internal reflection and nowps the light extraction probability of
photons escaping from semiconductor to air. Figuieshows the normalized output beam
pattern of the GB-LEDs and the GSS-LEDs sample uné® mA current injections,
respectively. In this compared figure, it is clganoted that the 50% power angle of the
GSS-LEDs is wider approximately 12.5° as compareth the GB-LEDs. It is afresh
indicated that the enhancements of the 50% powgleamnd output power could be attributed
to the geometric sapphire shaping LEDs with ancuiglisidewall.

In sumary, the GSS-LEDs with-an-oblique samplyeometric substrate were fabricated
via glue bonding. In this evolutionaEFGSS-LEDs peniances, the light output power could
be enhanced 26.7% under 350 mA current Injectionsasipared with GB-LEDSs.
Furthermore, it was demonstrated thatthe' GSS-L&isture could not only reduce the TIR
effect but increase more probabilities of outpghtiescaping from the transparent substrate

with an oblique sidewall.

3.2.2 AlGalnP-Based Flip-Chip LEDs with a Thick Gemnetric Sapphire Substrate
Window Layer
A novel GSS-LEDs which has higher light extractiefficiency than conventional
GB-LEDs was demonstrated in last section. Howeasrwe know the sapphire is a poor
thermal dispersion material, and it is still noitable for high current injection or high
temperature ambience operating especially in shavielength of AlGalnP system material.
The high temperature and high current density valise the carriers overflow in shallow

quantum well, and this phenomenon will result ilmpelectron-hole recombination efficiency.
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In this section, a novel flip-chip AlGalnP-LEDs wtture which has a thick geometric
sapphire substrate (GSSFC-LEDs) window layer wasamhstrated using glue bonding and
flip-chip bonding techniques. The flip-chip LEDsvieastable properties in high temperature
operation and high current density injection duethie p-n junction is closely to heat
dispersion sub-mount. We continue using the geams#épphire substrate technique in last
section, and then combine geometric sapphire satbstwith AlGalnP epi-wafer. This
geometric sapphire substrate could be a thin wintkywr as a function of enhancing light
extraction. Besides, the flip-chip LEDs could pdmian excellent performance in high
temperature ambience and high current injection.

The epi-wafer structure of layer by layer is theneaas the GSS-LEDs, which has a
dominant wavelength/if) at 585 am, -were grown< on 2-inch GaAs substratesa dow
pressure metal—-organic chemical vaper depositio@ (MD) system. In figure 3.8 shows the
chip processes flowcharts. Firstly, a c-plane sapm@ubstrate was lapped and polished from
450 um to 250um thickness.' After ‘that,7a 2.pm-thick SiQ film as a function of the
wet-etching hard mask deposited.onto the backdidamphire substrate via plasma enhanced
chemical vapor deposition (PECVD) and-defined cige pattern (1004m x 1000um ) via
a standard photolithography and following wet etghprocess. This sapphire substrate which
backside has patterning was immersed into a highpéeature (350°C) mixture solution
(H2SOW/ H3PQy) for 65 min. The etching rate of the sapphire #albs is closely achieved 1.5
um/ min in this investigation (i.e., step 2). Thd-e@afer having a nano-scale rough texture
was produced on epi-wafer surface of GaP windowrlajano-scale rough texture surface
were formed by a Ni metal ultra-thin film (10nm)ftér the epi-wafer was treated in the rapid
thermal annealing (RTA) under 750°C ambiance fonif, the Ni film was clustered a Ni
nano-mask on GaP surface. The rough texture suvfasefinished after the epi-wafer was

suffered an inductively coupled plasma (ICP) etgitecess (i.e., step 3). A 280 nm-thick ITO
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was deposited on the surface as functions of cusmeading, transparent conductive layer
and lower reflective index window layer. The epiferavas flipped and bonded by glue to the
sapphire substrate which has pattern on the baeksal, step 4). The wafer pair was loaded
into a furnace under 300°C for 40 min in nitrogembéance. After wafer bonding process, the
absorbing GaAs substrate and the etching stop laygee removed by chemical etching
solution (i.e., step 5). The mesa was formed via &her, terminated until the ITO film was
exposed. The Au/ AuGe (100 nm/ 20 nm) metals, whictkttions as an ohmic contact layer
and a higher reflector were deposited on the ITi@ fand n-AlGalnP pads. Finally, the
geometric sapphire shaping wafer was subjectedaser|scribed and broken into 1000
umx1000 um chips size in this study. The AlGalnP-based GE&HDs, which has an
obliqgue sapphire shaping sidewall, “wereflip-chipntted on silicon sub-mount using
Panasonic ultra sonic flip chip bonderifor eleetriand optical properties measurements by
CAS140CT-152 array spectra:meter system (i.e.,6tep

Figure 3.9 (1) is the schematic. diagram of the GS8EDs structure, having an oblique
sapphire shaping sidewall and-a nano-scale rouguareeon,the epi-structure surface. The top
and cross section profile of scanning electron asicopy (SEM) figures of geometrically
shaped sapphire were shown in figure 3.9 (2) andT(®e oblique sidewall angle of 61.8°
corresponds to the crystallography angle for thad®e (1102). The possible escaping photon
paths inside this novel GSSFC-LEDs and the coneealiflip-chip LEDs (CFC-LEDS)
structure are illustrated in figure 3.9 (4). It cka seen that the photon paths inside the
structures are equivalent. However, the GSSFC-LE®@dd have smaller incident angles
provided by the oblique sidewalls, explaining tiia@ GSSFC-LEDs structure has less TIR
effect and more opportunities for photons escapiam the oblique sidewall to air. Figure
3.10 (1) is the SEM image of the Ni nano-clusterdhmask layer after 750°C thermal

treatment by RTA system, and each cluster heigapjmsoximately 300 nm. Figure 3.10 (2) is
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the random rough texture on the GaP surface a@iBrdry-etching (Ar/SiG) process. The
purposes of the rough texture on surface not ordyige photons with more opportunities to
escape the LEDs structure, but also decrease Befféct. In figure 3.11, the curves (a) and
(b) shows the wall-plug efficiency of the GSSFC-LE£Bnd the CFC-LEDs. The maximum
wall-plug efficiency is 15.45% and 13.34%, respeail. The curves (c)-(e) presents the
corresponding luminous intensity versus currdnt)(characteristics of the GSSFC-LEDs,
CFC-LEDs and conventional glue-bonded LEDs (CGB-kfEOThe corresponding simplified
schematic structures were also shown in figure .3Fdr the CGB-LEDs structure, the
epi-layer was bonded on sapphire substrate anstriisture is n-side up. In the L-I results
(without an epoxy lens encapsulated), it is clémt the GSSFC-LEDs with largest light
output power than the CGB-LEDs and~CFC-LEDs: .Thgpuaupower enhancement of the
GSSFC-LEDs and CFC-LEDs could=be effectively adeanfrom 63.4 to 83.2 mW under
350 mA current injection, corresponding to a 31.&%let extraction efficiency enhancement.
Such improvement could be attributed to the oblituerface of the geometric sapphire
shaping structure which caould, increase the proligbibf photons escaping from
semiconductor to air. Furthermore, the -output powkrCFC-LEDs could be enhanced
approximately 56.7% in comparison with the CGB-LEARS50 mA. According to the output
power results of the CGB-LEDs and CFC-LEDs, the @owsaturation effect of flip-chip
structure (GSSFC-LEDs or CFC-LEDS) is less thandmeventional n-side-up CGB-LEDs
since the flip-chip structure has a better therdmsdipation path. This worst external quantum
efficiency of CGB-LEDs could be ascribed to seritemkage current issue while the device
was operated in high current injection or high temapure ambience, especially in
AlGalnP-based material devices. This inherent demkbresults from the quantum well of
AlGalnP/ InGaP, having a lower conduction band aiffgalue as compared with AlGaAs/

GaAs and InGaN/ GaN quantum well [17], [18]. Itimportant that device temperature
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insensitively was improved in glue-bonded structéwe AlGalnP-LEDs, although these
structures having a lower thermal conductivity 35(MWK). The devices reliability of
CFC-LEDs and CGB-LEDs under room temperature anmiaed 350 mA current injection
for 1000 hour was shown in figure 3.12. The powecay ratio of the CFC-LEDs and
CGB-LEDs is 18.4% and 35.2% respectively. The bdity test results show that the
flip-chip structures are more sutiable for highreat and larger chip size applications. Figure
3.13 shows the devices output beam pattern of CEOsLand GSSFC-LEDs under 70 mA
current injection. The 50% power angle of the CHEDRk and GSSFC-LEDs is 138.8° and
149.2° respectively. The wider light output angl#ained in GSSFC-LEDs indicates that the
power enhancement is resulted from the geometpighsee shaping.

In order to support this theory of-output-light @nbement from oblique sidewall, we
used the commercial ray-tracing software employtimg Monte-Carlo algorithm to obtain
trajectory of ray-tracing, enhancement efficiencaydaspatial intensity distributions of
radiometric and photometric data. Figure<3.14 shtivesschematic diagrams and simulated
ray-tracing images of (1) CEC-LEDs and (2) GSSFMEEIt is very clearly that the
intensity of the GSSFC-LEDs obviously-exceeds iiCFC-LEDs. The corresponding
GSS-FCLEDs ray-tracing images at oblique sidewalldates that a larger number of lights
can be extracted from the oblique sidewall as altef the reduction of total internal
reflection and the enhancing probability of phoémcaping from semiconductor to air. Finally,
the simulated candela maps images of (1) CFC-LEs(3) GSSFC-LEDs were shown in
figure 3.15. The figures show the relative quacdifion data of the CFC-LEDs and
GSSFC-LEDs total flux. The total flux incident ragé CFC-LEDs and GSSFC-LEDs are
2912 and 3981, respectively. Therefore, the sinaratesults can be further supported this

theory once again.

56



3.3 Enhancing Light Extraction Efficiency of Surfae Textured AlGalnP-Based LEDs in
Metal Bonding

In this section, we will introduce another metham £nhancing light extraction of
AlGalnP-based LEDs which the epi-layer were bondedSi substrate in metal bonding
technique. This structure is different to prior @eg structure, which has a transparent
sapphire substrate. The most output light is confiogn device surface in this structure, and
increasing light extraction is important issue. this investigation, the absorbing GaAs
substrate was also replaced by a high thermal digpeSi substrate, and then micro-bowls
array and nano-rods surface textured processes im@temented, which are created using
nano-particle spin coating, dry-etching, and wettg techniques.

In this study, the AlGalnP LEDSs epi-structureswanstaxially grown on 2-inch GaAs
(100) substrates by a low pressure=metal-organemaal vapor deposition (MOCVD)
system. This structure with.a dominant wavelenggh &t 625.nm comprised a Ouin-thick
n-GayslngsP etching stop layer grown on a GaAs buffer layer?2 um-thick Si doped
N-(Alo.sGay5)05iNosP, a 0.5um-thick Si dopedn-Alg singsP.- cladding layer, a 0.5m-thick
unintentionally doped active layer/ with-20+penos!xGa;»)o.slNo.sP/ (AlyGay-y)o.siNo.sP
multiple quantum wells (MQWSs), a 0i8n-thick Mg dopedp-AlgsingsP cladding layer, a 5
um-thick Mg doped p-GaP window layer. Finally, apr@-thick double window layer with an
ultra-thin GaAs layer was inserted betweenpgHgaP surface window layer aipdAlg sing sP
cladding layer [19].

Before the metal bonding process, the AuBe/ Au hdgs were arraying contacted on
the p-GaP surface as a function of p-type ohmic confa&iO, layer, which the thickness is
equal to the AuBe / Au metal, was selectively dépdson thep-GaP window layer. A
quarter-wave thick indium-tin-oxide (ITO) was seqtially deposited. Next, a 300 nm silver

layer was deposited on the ITO layer to achieve @a-SiQ-ITO-Ag omni-directional
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reflector (ODR) design in order to enhance theergiVity. Besides, the Ti/ W/ Pt/ Au
multi-layer were orderly stacked on Ag layer toveen function of adhesion, barrier, and
bonding metal. The surfaces pitype Si substrate were successively deposited @i/ 1A
metal for ohmic contact and bonding material. Thieveafer was flipped and bonded to the Si
substrate in 220°C ambience. The absorbing GaAstsie and the etching stop layer were
removed by ammonia- and phosphoric-based chemichhit after metal bonding process.
The AuGe alloy metal fon-type contact was deposited on théAl o sGa s)osingsP surface
layer. In this study, there are three differenface types of LED-I, LED-II, and LED-IIl. The
surface profile in LED-I devices is plane and withany surface textured. The micro-scale
surface textures having periodic arrangement wppdiead to LED-II surface for enhancing
light extraction efficiency. The micro-scale sudatextures were produced onugh-thick
n-AlGalnP layer using photalithography and wet-etchprocess. The LED-Il wafers were
immersed in chemical mixture solution of bromin&l @cetic.acid for half minute. And then
make sure the etched area'was appeared bowl-shagets' maximum depth was closely 1.2
um. Each mask dot dimension-and distancepm3fterphotolithograph definition, and the 5
um wide bowl-shaped texture was"created-after amigiut etching process. The last type is
LED-III, having micro- and nano-scale texture orrface and was produced using twice
surface roughness process. The first step surfasghness process is the same as LED-II,
producing micro-bowls array on surface. The secpnocess is a monolayer of silica
nano-particles as a hard mask was spin-coated @ar warface which has micro-bowls array
textured on surface. After dry-etching process,naueo-rods were formed in each micro-bowl.
Actually, the silica nano-particles were first sesged in de-ionized (DI) water diluted in a
solution of surfactant at a volume ratio of 5:1eTurfactant serves to reduce surface tension
and helps the nano-particles spread through omairfThis suspension was spin-coated on

the wafer surface, and wafer was submitted to thetreatment for enhancing adhesion. The
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silica nano-particles coated wafer was then etdhedhductive couple plasma (ICP) etcher,
using SiCj} and Ar reaction gases under a fixed flow rate®aAd 5 sccm, respectively. The
nano-particles masks were removed via dilute hydooic acid. Finally, the AuBe/ Au were
deposited on the fractional surface for n-type aontand an antireflection layer of Si@as
selectively covered on top surface. Three typesxqwsed wafers (LED-I, LED-II, and
LED-III), which has different surface texture wesgbjected to dicing saw scribed into 300 x
300 um chip size. Devices were packaged on TO-46 fonmdl, the electrical and optical
properties were measured using the Instrument @ysT&AS140CT array spectra-meter
system.

A schematic diagram of three different type (LEDHED-II, and LED-III) metal
bonding AlGalnP-based LEDs were shown in-figure63illustrating the devices structure
and surface profile. Figure 3.16 (1)-shows the LUEd@vice structure, having a plane surface.
The surface with micro-bowls shape texture (LEDald added nano-rods texture covered in
micro-bowls (LED-III) were shown in figure 3.16 (Higure 3.17 schematic diagrams shows
the process of micro-bowls (1) (2) and nano-rods(43 surface textured. Each hard mask
dimension and distance of photo resistance dotus13After anisotropic wet etching, the 5
um wide micro-bowls were formed on surface. Thecailnano-particles were spin-coated on
the wafer surface, which were covered through mibmwlIs on surface. After dry-etching and
the nano-masks were removed, the nano-rods weretbin micro-bowls and surface. Figure
3.18 (1) shows the SEM image of the LED-II chip fileo and the dimension is 300m
square. The LED-II device surface was covered wmittro-bowls, as shown in figure 3.18 (2)
~ (4). Each bowl dimension of width and depth isnd and 1.2um, respectively. Figure 3.19
(1) SEM figure is that the silica nano-particlesrgvepin-coated on wafer surface, and sphere
diameter is 120 nm. Figure 3.19 (2) ~ (4) show tlamo-rods were formed on surface

everywhere including bowl bottom, bowl! sidewalldgriane surface.
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Figure 3.20 shows the plane surface devices (LEDwnirro-bowls textured surface
devices (LED-II), and nano-rods were added in mbmwls textured surface devices
(LED-III) performances of forward voltage and lurous intensity versus injection current.
With a injection current of 20 mA, the forward \aaje of these three types LEDs are almost
approximate 1.95 V, and luminous intensity of LED-ED-II, and LED-III is 240, 337, and
397 mcd, respectively. Comparing LED-I to LED-Il 20 mA, 40.8% enhancement of
luminous intensity was observed and 65.8% luminiatensity enhancement of comparing
LED-I to LED-IIl. The LED-III exhibits highest lunmous intensity, in other words, the
LED-IIl has highest light output on off-axis. Fuetimore, added nano-rods textured in
micro-bowls textured can enhance 17.7% due to tlmeomand nano-scale surface texture
conduces the less total internal reflection efiéagure. 3.21 shows the output power and
wall-plug efficiency (power efficiency)}versus opéng current. Under a 20 mA current
injection, it was found that output power withogo&y resin.encapsulated is 3.43, 4.83, and
5.4 mW for LED-I, LED-II, and LED-IIl,-respectivelyAlthough the total luminous flux is the
key issue for the surface textured process, the-LEBNll exhibits the maximum output
power as compared with LED-I and LED-H.-ComparldgD-11 to LED-III at 20 mA, 10.1%
enhancement of total luminous flux was observednédans that added nano-rods textured
surface could increase the probability of photastsaping from semiconductor to air interface.
In other words, LED-IIl has 10% enhancement of tlightraction efficiency #extraction Was
demonstrated as compared with LED-I. Further, thgimum wall-plug efficiency of LED-I,
LED-II, and LED-III is 8.82, 12.74, and 14.15%, pestively. Figure 3.23 shows the 50%
power angle of the LED-I, LED-Il and LED-IIl is 15 107.7 and 102.2°, respectively.
According to this figure results, the LED-III witlighest luminous intensity was established

on off-axis once again.
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3.4 Summary

In this chapter, we used several methods to enhalgalnP LEDs performances. The
investigation key points of AlGalnP LEDs performas@nhancement is replacing absorbing
GaAs substrate with a transparent or high thernsgletlsion and fabricating surface textured
structure to reduce total internal reflection efféthe LEDs characteristic enhancements
were based on wafer bonding techniques of glueibgrehd metal bonding process, and the
surface roughness, geometric structure and flip-tdghniques were also applied to improve
the AlGalnP LEDs performances.

In first section, the AlGalnP LEDs with a transp#reapphire substrate were fabricated
by glue bonding method. This transparent sapphibstsate is a geometric shaping sidewall
structure by chemical wet etching processes.-Th8+(X3Ds surface has a nano-roughened
texture by natural mask and ‘chemical wet etchingegsses in order to improve light
extraction efficiency. In this evolutional GSS-LEPsrformances, the light output power
could be enhanced 26.7% under«~350 mA. current iojget Furthermore, it was
demonstrated that the GSS-LEDs structure coul®nlytreduce the TIR effect but increase
more probabilities of output light escaping-frone tinansparent substrate due to the oblique
sidewall structure. A novel GSS-LEDs which has biglight extraction efficiency than
conventional GB-LEDs was demonstrated in last sacti

However, as we know the sapphire and glue are f@omal conductive material, and it
is still not suitable for high current injection drigh temperature ambience operating
especially in short wavelength of AlGalnP systentanal. For this reason, a novel flip-chip
AlGalnP-LEDs structure which has a thick geomesapphire substrate (GSSFC-LEDS)
window layer were demonstrated using glue bondmyfap-chip bonding techniques in the
second section. This novel GSSFC-LEDs structurenshhigher output power, longer

reliability and higher wall-plug efficiency as coamed with conventional glue bonding
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LEDs. The maximum wall-plug efficiency of the GSSEEDs and the conventional
flip-chip LEDs (CFC-LEDs) is 15.45% and 13.34%, pestively. The output power
enhancement of the GSSFC-LEDs and CFC-LEDs coukffeetively advanced from 63.4
to 83.2 mW under 350-mA current injection, corregtiog to a 31.2% light extraction
efficiency enhancement. The output power of CFC-EEDuld be enhanced approximately
56.7% in comparison with the conventional glue bogd(CGB-LEDs) under 350 mA
current injection. Under room temperature ambiaerd 850mA current injection for 1000
hour, the power decay ratio of the CFC-LEDs and €®&Bs is 18.4% and 35.2%
respectively. Finally, the wider light output angibtained in GSSFC-LEDs indicates that
the power enhancement is resulted from the geotrsgipphire shaping.

The last section is that AlGalnP epi-layers-weradsal to a high thermal conductive Si
substrate via metal bondingstechnigue, and appeaxedllent light extraction efficiency
using micro- and nano-scale surface textured tecieniThis study has three varieties of
LED surface shape. The ssurface profile of LED-I idevstructure is plane. The LED-II
surface has micro-bowls shapetexture by anisatropémical etching. The novel LED-III
structure surface was covered ‘with; theperiodicadravbowls in which the random
nano-rods were added. In this evolutional LED-ldrfprmances, the light output power
could be 65.8% under 20 mA current injection as parad with the plane surface device of
LED-I. The total output power could be enhancedl#as compared with LED-II if this
nano-rods process was attached in micro-bowls ceirdesides, the LED-III also presented
higher wall-plug efficiency than others. FinallgetLED-III structure was demonstrated this
micro-bowls and nano-rods surface could not ontluce the TIR effect but increase more

probabilities of output light escaping from the gbuwsurface.
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sapphire substrate by glue bonding. (5) The GaAstsate and etching stop layer

was removed by chemical etching. (6) A thin medgiets of Au/ AuGe (300A/
200A) were deposited on n-AlGalnP layer surface. A7 layer which has
naturally nano-scale particles were clustered orfase to serve as the wet
etching mask. (8) After chemical etching, the randooughed surface was
formed. (9) A 280 nm-thick ITO was deposited on the surface @ugth a mesa
isolation processing was produced. (10) The Ti/ARtinetals were then selected
deposited for the p- and n-electrode pads. (11) Whier was subjected to laser

scribed and broken into 10@@x1000um chips size.
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Figure 3.2: (1) Schematic diagram of the AlGalnBdasaGSS-LEDs structure with surface
textured and sandwich transparent conductive ITy@rla(2) lllustrated that the
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Figure 3.3: Scanning electron micrographs of sapphaping structure (1) cross-section and

(2) top views. (3) Formation of the V-shape growth etching time.
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Figure 3.4:SEM images of (1) (2) schematic diagram of the AiPabased GSS-LEDs
structure. (3) (4) illustrated the wafer surfacélwa nano-roughed texture on the
thick n-AlGalnP surface layer via natural clusteetat nano-mask and chemical

etching processes.
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Figure 3.5: A tilted cross-section photomicrograpiesv of (1) GB-LEDs and (2) GSS-LEDs

chip under a forward current 70mA injection.
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73



Sapphire
] |
/\/\/\/\/\/\/\[/)\/\/\/\/\/\/\/\

p
MQW MnOW
n Etching stop layer
Etching stop layer
GaAs Substrate GaAs Substrate
1. Epi-Wafer 4. Bonding on the sapphire
Sapphire
_ AAAANRREAMAAA
Sapphire Y
MQW

@Wet etching n
l Efching stop layer]

| Sapphire | GaAs substrate
2. Sapphire shaping 5. GaAs remove and mesa etching
/\/\/\/\/\/\/\{)\/\/\/\/\/\/\/\ Sapphire

MQW

n
Etching stop layer

/\/\/\/\/\/F\JAQ{W?\
MOW
n
i T

3.Nano-scale roughness

6. Flip-chip bonding on Si

Figure 3.8: Fabrication flowcharts of the GSS-FCISED

74



1
() , , .100um \I\ (2)
Geometric Sapphire Shaping (

Substrate 150um
glue
ITO ............
p-GaP Pt
D-AllnP /
MOWSs (AlGalnP/GalnF
n-AllnP /| Golg
n-AlGalnP /| Blb

- 50.16um

Sapphire Substrate
GSSFC-LEDs light path

—_—

................ »» CFC-LEDs light path

Escaping photons

Figure 3.9: (1) Schematic diagram of the AlGalInPS66-LEDs structure. (2) SEM figures
of the top view of geometric sapphire shaping sabstprofile and (3) Cross
section profile. (4) Described with the possibl®tams paths inside the structure

of the GSSFC-LEDs and the CFC-LEDs.

75



17080

|
185.6nm

Figure 3.10: (1) Ni nano-cluster hard mask afteAREatment. (2) Epi-wafer surface with

random rough texture after ICP dry-etching process.
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Figure 3.19: SEM figures of (1) The silica nanotjgdes were spin-coated on wafer surface
and sphere diameter is 120 nm. (2) ~ (4) The nads-were formed on surface everywhere

including bowl bottom, bowl sidewall, and planefage.
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CHAPTER 4
High Performances of InGaN/ GaN Light-Emitting Diodes in Metal

Bonding Technique

4.1 Introduction

The llI-nitride alloy material of interest for vide spectrum LEDs is i®&a . xN-based
system. This IgGa«N system maintains a direct bandgap across theeaitoy composition
range. The key breakthroughs are that the high aNgrown on an AIN buffer layer [1]
andp-type GaN in Mg-doped [2]. In the 1980s, the InGad¢dd material was ushered in the
new applications of GaN-based optoelectronic. dexdegelopment and also led to the
realization of high brightness_blue; green LEDs &as#r.diodes in the subsequent decade
[3]-[5]. By many years laterjsthere are-still salanherent and physical factors which limit
the range of useful InGaN-based material. It resolitm the lack of an InGaN lattice matched
substrate (native bulk substrates). Sodfar, thenaboised of.InGaN-based LEDs epitaxy are
lattice mismatched substrate of either c-plane sia@p(Al,Os), or silicon carbide (SiC)
substrates. The serious lattice mismatch resulteig high dislocation density between the
InGaN and sapphire (or SiC) substrate. Althoughritabeen reduced by improved epitaxial
growth techniques from 1x¥0cm®to 1x1F cm?® over the last decade, the dislocation acts as
non-radiative recombination center and device deggion factor in LED or laser diodes [6],
[7]. This inherent epitaxy handicap affects thesinal quantum efficiencyy4:) due to the
larger dislocation density in epi-layer structusec@mpared with the AlGalnP alloy system.
Recent years, many techniques were embedded irNIhGaN epi-layer grown on sapphire
such as epitaxial lateral overgrowth (ELOG) [8]] [@hd patterned sapphire substrate
[10]-[13]. Above mentioned is internal quantum @fncy that is most dependent on epitaxy

technique and material natural limitation. Howevaternal quantum efficiency is not only
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factor for deciding InGaN-based LEDs performandee €xternal quantum efficiencyefy is
the ratio of the number of emitted photons outdide LED device to that of injected
electron—hole pairs and is a useful physical patame evaluate LEDs performance. It is
defined as following:

Nexe = Mot X Mexr (4-1)
where the extraction efficiencydsy) is also an important index to determine the most
generated photon fall outside escape cones by iotetnal reflection due to the large
refractive index different between GaN and epoxwiorf14]. Thus, many novel techniques
were implanted in improving light extraction effcicy such as surface roughness [15]-[17],
flip-chip structure [18]-[20], vertical thin filmteucture via laser lift off (LLO) technique
[21]-[24], and thin film flip-chip LEDsS{25].

In this chapter, the investigation-is focused ohagrting the light extraction, and entire
strategies are based on vertical thin film struetoy metal bonding technique. As we know,
the InGaN-based LEDs which'are/grown on sapphibstsate have several drawbacks such
as non-conductive substrate and lower thermal actialy. (35 W/m-K) as compared wit Si
substrate (150 W/m-K). The key issue is difficultyproducing roughness surface due to the
innate exitaxy handicap of ultra-thpiGaN cap layer (< 500 nm). Thus, using verticah thi
film structure provides an-side up structure, which has a thiciGaN layer on surface (>
4um) and contributes towardsGaN surface textured processing. Furthermore vérgcal
thin film structure is that replacing the poor tinat dispersion sapphire with higher thermal
dispersion Si substrate via metal bonding and la#&eoff (LLO) processes. Although the
processes of this structure is complex and high, castical GaN thin film LEDs have
excellent performances of current crowding free atable operating under high current

injection or high temperature ambient.
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4.2 Semi-Vertical InGaN/ GaN Light-Emitting Diodes with Single Electrode-Pad
Fabricated on Sapphire Substrate

4.2.1 Introduction

Recently, the wide-bandgap InGaN-based light-engttliodes (LEDs) have attracted
significant attention in many different applicat®o[26]. The InGaN materials are used to
develop high performances optical devices [27], Hred available substrate for growing
InGaN/ GaN materials are GaN, SiC, ZnO, and sapubstrate. Among these substrates,
the sapphire is the best choice for low-cost, massluction, and matures epitaxy
technology properties. However, the epi-layer groam sapphire substrate will be
restricted the devices processes and structurepdhe non-conductive sapphire substrate.
The lateral structure has less output light areacaspared with single electrode pad of
vertical structure since the ‘electrode-pad wereiggr occupied the light output area
especially in small chip size.| In“addition, the #evalL EDs chips normally have lower
electro-static-discharge (ESD) resistance abijtygérious current crowding effect. Finally,
two bonding wires requirement for. small LED chigslimitation of flexibility package.
Recent years, many methods were" implanted in dalaolve these inherent problems,
such as a novel technology of laser lift-off (LL@®as proposed by Wonrgt al. [28]-[31].
This technique promotes GaN-based LEDs with higlghitmess, high efficiency, high
current operation, and thermal stability propertidswever, LLO technique has several
process issues of high-cost facility system faetalift-off process, damaging devices
issue from laser lift-off process, unstable yielhmplex and high cost fabrication
procedures, patent issues, and difficult to masslymtion. Kimet al. had published the
new method to fabricate vertical GaN-based SEVEBEpphire Etched Vertical Electrode
Nitride Semiconductor) LEDs chips [32], [33]. Th&\EENS LEDs were fabricated by

wet-etching from the backside of sapphire substwu the n-GaN contact layer was
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exposed, and the schematic structure, microscogeelattroluminescence images were
shown in figure 4.1. The SEVENS LEDs also have s#wdisadvantages on the devices
characteristics and fabrication procedures. Thaultsesof electrical properties were
unsatisfactory due to the wet-etching depth antbumity. It is very difficult to control the
etching depth without a selective etching stop laged the epi-layer could be damaged
during the high temperature etching process. Furtbee, in order to expose more
n-contact area, it is a trade-off between devicecstire strength and-GaN contact area
since the sapphire crystallographic angle. In #rigcle, a novel and simple chip design
with single electrode pad (SEP-LEDs) in GaN-bas&D4& on sapphire substrate was
developed. Details of the electrical and opticarelteristics of the novel SEP-LEDs will

be reported.

4.2.2 Fabrication of Single Electrode-Pad InGaN/ G& LEDs (SEP-LEDS)

In this study, the GaN-based LEDs were grown odi@heter c-plane (0001) oriented
sapphire substrates using adow-pressure metah@rgaemical vapor deposition (MOCVD)
system (Emcore D80). This LED.structures with-a»4r0 dominant wavelength which
consisted of a 30 nm thick buffer layer, au& thick undoped GaN layer, a8n thick
Si-dopedn-GaN layer, five periods of InGaN/ GaN quantum-vasltive layer, a 0.@gm-thick
Mg-dopedp-AlGaN layer, and an Mg-dopgul-GaN layer. In chip processing, the mesa was
defined 160x160um? by standard photolithography and partial etching ibductively
coupled plasma (ICP). Then, the indium-tin-oxideQ) film was deposited op-GaN layer
by electron-beam (E-beam) system at 300°C chambdurections of transparent, current
spreading an@-GaN ohmic layer. The textured ITO having regular 8um diameter circles
and 2um space were fabricated using photolithographic @remical etching of HCl: H20
(5:1) solution. The corresponding etching deptlapproximately 60 nm for enhancing the

light extraction [34], [35]. The chip edge was het dry etching until more than 1n depth
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of sapphire substrate. The purpose of formingdtriscture is connecting with the n-pad and
sidewall more easily, and then a $iB000A) film was deposited on surface and sidewsll
E-beam for passivation layer. The Ti/ Al/ Ni/ Au (Bn/ 200 nm/ 400 nm/ 800 nm) were
deposited om-GaN for ohmic contact anglelectrode pad (9(m diameter) on ITO film. At
the same time, a high reflective mirror Ti/ Al/ Ml were also formed on the etched sapphire
sidewall. Finally, the processed wafer was subgetbethe laser scribed and broken into 180
x 180 pmz chips. The chips were separated using expandeeact chip space is 3Q0n.
The expanded chips were flipped and embedded inufn5thick photo resist and its
schematic diagram structure was shown in figuréad.Z he flipped chips were transferred to
Si wafer, and then the Si wafer was deposited IiliQ. fAfter ITO depositing, a conductive
current path was formed from chip. sidewall to-sagphackside by ITO film. The ITO film
was deposited on the sapphire backside and chigwaltl will not only enhance light
extraction but also serve as-electrical connedietmveen th&=GaN layer and chip backside.
After that, the expanded chips were transferrethpe again for removing the photo resist
using the organic solvent. Finally; single eleceqzad/GaN-based LEDs (SEP-LEDs) with
small chip size was successfully fabricated andstiematic structure diagram was shown in
figure 4.2(b). The chips were then bonded on TOx6 conductive silver-filled glue and

without epoxy encapsulation for electrical and cgltmeasurements.

4.2.3 Characteristic of Single Electrode Pad InGaNGaN LEDs (SEP-LEDS)

The scanning electron microscope (SEM) image ofSBP-LEDs profile was shown in
figure 4.3(a). It's obviously that there is onlyeoelectrode pad on chip surface, which is
different from the conventional lateral GaN-baseiDis (CL-LEDs). The dimension of
SEP-LEDs chip and mesa is 180x180 and 160xt6%) respectively. Figure 4.3(b) shows the

detail SEP-LEDs structure and layer. The surfacgmoess op-GaN and textured ITO layer
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were clearly shown in figure 4.3 (c) and (d), respely. In this study, the surface textured
roughness technique was applied to CL-LEDs and ISHPs for enhancing light extraction
and reducing internal reflective effect. Furthermothe surface roughness could enhance
probability of emitting light escaping from semicuttor to air (or epoxy). In detail
comparisons of CL-LEDs and SEP-LEDs, the chip §189x180um?) are the same but the
SEP-LEDs light emission areas is larger than thafloLEDs due to the free af-contact
pad. The typical current versus voltad®/] curve was shown in figure 4.4(a). The forward
voltage of SEP-LEDs and CL-LEDs under 20 mA currdnving is 3.15 and 3.35 V,
respectively. The SEP-LEDs presents the lowethan that of CL-LEDs, it means that the
SEP-LEDs has lower series resistance and bettegrdispreading properties since the special
n-ohmic contact design was implanted:“The"SEP-LBfasntact area is not only circularly
covered the chip edge but also covered the siddwali/ Alf Ni/ Au. This 3-dimension (3D)
ohmic-contact structure is. different to the conwaml 2-dimension ohmic-contact of
CL-LEDs. In other words, the SEP-LEDs have morgacnarea as compared with CL-LEDs.
Figure 4.4 shows the outputspower and wall-plugcefhcy properties of CL-LEDs and
SEP-LEDs under various forward current.-It-is‘olaably observed that the SEP-LEDs have
higher output power as compared with the CL-LEDise BEP-LEDs and CL-LEDs power
under 20 mA forward current is 6.3 mW and 4.3 m\&spectively. Furthermore, the
SEP-LEDs exhibits 66.3% wall-plug efficiency enhament as compared with CL-LEDs at
20mA current injection. The results could be asdilthat the SEP-LEDs has lower series
resistance and the larger light emission area. Tdmical and corresponding
electro-luminescenceE() microscope images (at 20 mA) were shown in figlu® (a) and
(b). According to the EL intensity image, it is @ty observed the SEP-LEDs presenting an
excellent current spreading characteristics. Onctivdrary, a serious current crowding effect

was occurred between the shortest distances o fheendn-contact pads of the CL-LEDs.
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The current crowding effect will affect device pmerhances such as reduced current injection
efficiency, non-uniform lighting area, higher jotleating, and poor reliability issues. In this
study, the ESD resistance ability was measurednbl¢lactro-Tech System simulator Model
910. It could provide electrical pulses in the hanmdy model and machine-model. The
machine-model applied reverse pulse voltage fron¥ Qo -1200V for CL-LEDs and
SEP-LEDs. Figure 4.6 (a) and (b) shows the |-V abtristics of the SEP-LEDs and the
CL-LEDs after a variations reverse pulse voltagedtion. According to these figures, both of
the leakage current is less than 1 nA at -4V belE®® damaging test. The CL-LEDs curve
shows leakage current (larger thamA) after -200 V ESD test, and a deep occurred at OV
after -400V ESD test. This deep of ohmic-like cuimdicates that the p-n junction was
turn-on (short) after suffering -400V reverse-pwlgdtage, and the ESD resistance of the
CL-LEDs is less than -400V. ‘Furthermore, the leakagrrent more serious accompany with
increasing of reverse pulse.voltage. On the coptiars clearly that the SEP-LEDs exhibit
higher ESD resistance (< -1000V) ability than thiathe CL-LEDs due to the uniform current

spreading path and the lower series resistance.
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4.3 Vertical InGaN/ GaN Light-Emitting Diodes by Metal Bonding Technique

4.3.1 Introduction
Above-mentioned SEP-LEDs is a interesting LED d$tie; having several properties

and advantages such as single electrode pad, meaeod light emission and-ohmic
contact, uniform current injection (without currezrowding effect), high ESD resistance
ability, high output power and efficiency, and lowerward voltage. However, SEP-LEDs
are suitable applied for small chip and low outpodver applications due to the poor thermal
conductivity sapphire substrate. In future LED nedirkg and applications, the LED should
be provided with high output power, high efficieneynder higher current density,
temperature insensitivity operating; and-high-telity property. The SEP-LEDs structure
can not be used in future LED application sinces¢heED performance demands could not
be achieved on InGaN epi-layer growing on Sappsifestrate. In other words, the InGaN
epi-layer must be transferred to .a high'thermaldoctivity substrate such as silicon or
copper substrate in LED lighting<application. Inlldaing investigation, the sapphire
substrate was replaced with a high thermal-condtictilicon substrate by metal-bonding
and laser lift-off (LLO) technique. The InGaN epafgr transferred to Si substrate has
several advantages including above-mentioned pedoces of SEP-LEDs. Therefore, this
InGaN/ GaN device structure of vertical thin filnEDs (VTF-LEDS) is an important tread
toward future LED lighting application. This chapteill be based on the VTF-LEDs
technigue and discussed performances of variouglemgths, surface roughness textured

method, and modified chip processes.

4.3.2 Fabrication of Vertical Thin Film InGaN/ GaN LEDs (VTF-LEDSs)

In this chapter, we will discuss the VTF-LEDs claaeaistic of cyan (505nm) and blue
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(460nm) wavelength by metal-bonding and laser-bff technique. Furthermore, the
optimized VTF-LEDs process will also be presentadfallowing discussion. The chip
process of VTF-LEDs is very difficult, complicateahd critical although many groups have
been involving in this research in recent yearss Budy the LED wafers were grown on
c-plane sapphire substrate by Thomas Swan Clospl&b&howerhead (CCS) reactor system,
which has 19x2 inch capacity. The cyan epi-layeucstre with a 505 nm dominated
wavelength is composed of a 30 nm GaN low tempegdiuffer layer, a 4m light Si-doped
n-GaN layer having a lower 4x1®cm? carrier concentration, aj@n heavy Si-doped-GaN
layer having a over 1xI8cm* carrier concentration, a ten-period un-dope@G.N/ GaN
MQWs structure, a 50 nm Mg-dopgdAlGaN layer, and a 100 nm Mg-dopgeGaN cap
layer. The blue epi-layer structure with-a“460-nomthated wavelength is almost similar to
above mentioned cyan structure expectMQWSs indiamposition and thickness.

In detail optimized VTE-LEDS chip process, the wafeas submitted to standard clean
process before O&R (Ohmie'and Reflector) metal fileposited on wafer surface. The O&R
film is functions forp-GaN ohmic.and high reflectors Figure 4.7 (a) shakes O&R metal
film of Al/ Ag/ Ni/ Au was respectively depositeth @-GaN surface and then load into 500°C
furnace for 30min. After® photolithography, a Ti/ W (2pairs)/ Ti /Au cap raklayers were
deposited on O&R film by sputter system and thenwiafer was also submitted to thermal
treatment in 300 °C furnace as shown in figure(B8)7In VTF-LEDs chip process, releasing
internal stress is an important key issue due éoldttice mismatch between sapphire and
InGaN/ GaN epi-layer. Normally, this inherent imtak stress should affect yield and
performances directly during laser-lift off and opeéd GaN removed process. In order to
decrease internal stress effect, the wafer was istaohtio laser cut for decreasing internal
stress effect, due to the die form has less stedsasing as compared with wafer form during

laser lift of process. The laser cut depth and lwiglt20 and 2.um, respectively. As shown in
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figure 4.7 (c), the cut area provided for releasitrgss and conducing yield enhancement. A 1
um SiG, film was deposited on surface by PECVD, and theepzed SiQ was formed after
photolithography and chemical etching process asvshin figure 4.7(d). SiO2 film was
taken as an etching stop layer durm@aN mesa dry etching. Figure 4.7(e) shows that the
barrier metal layers Ti/ W/ Ti/ Ni/ Au and bondinggtal layers Ti/ Pt/ Au (B&B metal layers)
were sequentially deposited on surface. The mayars of Ti/ Pt/ Au/ In were successively
deposited on a Si substrate for ohmic contact aethinbonding process, as shown in figure
4.7(f). Figure 4.7(g) presents the wafer bindinggess, the epi-wafer was flipped and bonded
to the Si substrate, and then the wafer pairs \oaded into 220°C oven for 2 hours. After
wafer bonding process, the bonded structure wagaeld to LLO process to form a u-GaN/
n-GaN/ MQWs/ p-GaN/ metal layers/-Si~substrate’ structure by QMKME-1000 laser
lift-off system, as shown in figure 4:7(h). The Kekcimerlaser (Lambda Physick LPX200)
in QMC ELMS-1000 system, having a 248nm wavelersgtti.-25 ns pulse width was used to
separate sapphire substrate? Furthermore; thebasen with-a size of 1.2mm x 1.2mm was
incident from the polished sapphire substrate hdekisitounterface of sapphire-GaN buffer
to decompose the GaN into Ga“and nitrogen. Thigdemt laser flux was set a value
approximately 700 mJ/cmThe wafer surface has remained Ga byproduct #itewhole
GaN epi-layer was transferred to Si substrate b@ lprocess. After wafer pair was immersed
into the 70°C chemical solution of dilute hydroaidoacid, the remained Ga byproduct was
removed and shown in figure 4.7 (i). Figure 4.7 dpows that the 4m un-doped GaN
(u-GaN) was removed by inductively coupled plasmactive ion etching (ICP-RIE of
OXFORD Plasmalab 100) untitGaN was exposed. Theudn thick photo resist as a function
of hard mask for mesa dry etching process was el@fumder standard photolithography. The
wafer was subjected todn thick n-GaN layer dry etching until SiGetching stop layer was

exposed, as shown in figure 4.7 (k). In order thagwe the light extraction efficiency, the
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rough surface is an important process in VTF-LEBpeeially. Before surface roughness
process, aydm thick SiN; was grown on wafer surface for hard mask of roegkrprocess by
PECVD, as shown in figure 4.7 (I). After photolitraphy and hydrofluoric acid chemical
etching, then-electrode pad and metal mesh line area were coweitedSiN, film except
roughed area. Before surface roughness procesgiatfiee was submitted to surface pre-clean
for removing native oxide by hydrochloric acid. Safuently, the wafer was immersed into a
95°C and 2 mole concentration KOH solution for 41nifhe wafer surface was suffered
chemical wet etching of KOH solution, a random twoogss surface was formed on N-face
GaN layer and the schematic diagram was showrgimrdi4.7 (m). Continually, partial area
for n-electrode metal pad and metal mesh line which fdgf$m protected was removed by
a standard photolithography and. hydrofluoric-agigure 4.7 (n) presents that the Cr/ Au (30
nm/ 2000nm) metal layers were selectively formedvafer'surface fon-ohmic contact, and
then the wafer was subjected to thermal treatmeden280.°C in nitrogen ambience for 20
min. The wafer of Si substrate was subjected to ltlyi grinding, and then the Ti/ Au (10nm/
300nm) were deposited on backside of Si substat@-type Si substrate Ohmic contact.
After all of the chip processes were finished, YhE--LEDs wafer was submitted to laser
scribed into 120@mx1200um and chip break. Devices were packaged on TO-#®6 iio this
investigation, and the electrical and optical prtipe were measured using the Instrument

System CAS140CT array spectra-meter system.

4.3.3 Characteristic of Vertical Tthin Film InGaN/ GaN LEDs (VTF-LEDSs)

Figure 4.8 (a) shows that the chip profile of VTEfs and the chip size is 1200
umx1200um. The current spreading performance in VTF-LEDgaimesh line design is
shown in figure 4.8 (b), and two pad was desigm@dhigh current injection. The tilted

cross-section electroluminescent (EL) image of graed blue VTF-LEDs are respectively
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shown in figure 4.8 (c) and (d). It observably alsd that the most radiate light is from
device surface, which is different to lateral raidia of conversional sapphire base InGaN
LEDs. The laser lift-off in VTF-LEDs chip process ia key point effecting device
performances and final yield, and the principleseais the internal stress between epi-layer
and sapphire. It is very important to release mdestress before LLO. Therefore, a concept
of previous fabrication trench by JPSA 266nm lasgrsystem before LLO was implemented
in this study. Figure 4.9 shows the wafer surfaadilp after suffering LLO process, (a) and
(b) is having previous laser cut process and witlitpuespectively. It is clearly observed that
this previous fabrication trench could improve #m-layer damage in LLO process. In other
words, the laser cut trench provides a buffer foess releasing and avoids epi-layer crack
from LLO process. In order to develop-high perfonces VTF-LEDs, the high quality ohmic
and reflector (O&R) metal layersrselection, whickera.directly deposited op-GaN, is
extremely critical. The requirements of O&R" metabperty are low contact resistance,
thermal stability, high reflectivity, and- betterkasion ability forp-GaN. In general, silver
(Ag) reflectors have been widely used for GaN-bak&dDs [36]-[40]. Sliver is highly
reflective at visible wavelengths and it-has-readten Ohmic behavior. However, the Ag
reflector mirror decreases rapidly after the anngaprocess due to surface agglomeration
[37]. Chouet al. had presented this contention, Ni (5 nm)/ Ag (X&Pmetal layer was
deposited om-GaN surface and then submitted to different thertredtment. The sliver
agglomeration variations op-GaN surface under different thermal alloy were shaw
figure 4.10. According to this result, selectingugtable metal with high reflectance and lower
contact resistance f@-GaN is the first assignment in VTF-LEDs. In thivestigation, we
selected several possible metal compositions, agd\i/ Ag (10A/ 1.2kA), Ni/ Ag/ Ni (10A/
1.2kA/ 500A), Ni/ Al/ Ti/ Au (10A7 1kA/ 200A/ 800A)and Al/ Ag/ Ni/ Au (50A/ 1.2kA/

50A/ 50A).The O&R metal reflectivity of these vam® composition under different alloy
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temperature were shown in figure 4.11. In pre-atlata, it was clearly observed that Ni/ Ag /
Ni composition has the highest reflectivity (87.3%6)d Al/ Ag/ Ni / Au composition is the
lowest (72%) at 460nm wavelength. After thermahtingent, reflectivity in most composition
is degeneration expect Al/ Ag /Ni/ Au compositi@houet al. had similarly illustrated this
phenomenon by X-ray photoelectron spectroscopy [Xd&talysis. The analysis of atomic
depth profile was performed gmGaN/ Ni/ Ag andp-GaN /Ni/ Al/l Ag before and after
thermal treatment at 500°C for 10 min, as showfigare 4.11. Comparing figure 4.12 (a)
and (b), it is observed that a serious inter diffnsoccurred at interface betweprGaN and
Ni/ Ag. After 500°C annealing, Ag atoms diffusedamp-GaN cap layer. Figure 4.12 (c) is
that an Al-rich layer exist negrGaN interface for the as-deposition. After theremahealing,

as shown in figure 4.11 (d), basically the"enttav@c profile has no change much. Therefore,
a model could explain this AIYAg /"Ni=#/Au compasit properties of higher reflectivity after
thermal treatment and high.thermal stable in tivestigation.. The schematic diagram of this
theory model was shown infigure 4.13/(a). Afterdtna thin"Al (501) and Ag (1.2K\) was
successively deposited @rGaN, the ultra thin Al'appeared island profilepaN surface.
Moreover, fewer Al atoms shallowly diffusedmGaN layer and Ag is also not a smooth
surface for reflector. Therefore, this agglomeratimoetal layer can not provider a good plane
surface as a function of high reflective mirrordanresults in the lowest reflectivity in above
mentioned reflector composition. Figure 4.13 (cpwé the sliver and aluminum phase
diagram, Ag and Al atoms have eutectic point atk7855°C), and Ag-Al alloy metal was
formed after 455°C thermal annealing. Sliver atowil alloy with aluminum atoms to
become AgAl alloy metal layer while the annealimgnperature was higher than eutectic
temperature point. During AIAg eutectic processisliver will trap the aluminum atoms,
which were diffusing int@-GaN layer. It is contributive enhancing the refiaty due to the

poor reflector of island aluminum; moreover, AlAHos layer has a function of a barrier
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layer which could avoid sliver atoms diffusing ;sGaN by temperature. In other words,
AlAg alloy layer provided several functions of goadhesion, high thermal stability, barrier
layer, and higher reflective mirror. AlAg alloy alprovided a better Ohmic contact property
than Al layer; due to Al has lower work functiof{=4.26eV) than Ag®as;~4.74eV). Figure
4.14 shows that the O&R layer (Al/ Ag/ Ni/ Au) I-sharacteristic of as-deposition and after
thermal treatment. It was found that a Schottky rati@ristic curve was appeared in
as-deposition, and Ohmic contact was formed aftezotic process. It was illustrated that Al
at was diffused inp-GaN and the most Ohmic contact fpGaN after as-deposition. After
thermal annealing, Ag atoms could trap diffusedafdms and then AlAg alloy provided a
higher work function which was similar to Ag. Biigf AIAg alloy not only provides a
thermal sable high reflective mirror -but also.- agatres an Ohmic contact fa-GaN.
According to above opinion, the O&R-tayer compasitof-Al/ Ag/ Ni/ Au was implanted in
this investigation, but it still.need to optimizEhe eifects of aluminum thickness in O&R are
totally reflectivity, transparency, an@iGaN<Ohmic contact.“For this reason, several various
aluminum thickness conditions(10A, 50A, "100A; 200Based on Al/ Ag/ Ni/ Au
composition were executed in this experiment. g5 (a) shows |-V curve of various
aluminum thicknesses after 500°C thermal annealihg. 50A aluminum thickness had the
lowest contact resistance, and 200A conditions a@pke Schottky characteristic. It was
proved that more aluminum contacting wgkGaN could increase contact resistance due to
aluminum with lower work function than silver. Thentact resistance should be increased by
aluminum thickness. Figure 4.15 (b) shows reflegtivof various aluminum after 500°C
thermal annealing. The reflectivity enhancememinm between O&R as-deposition and
after annealing was also presented in this figlkaording to this figure, 50A aluminum
thickness had the highest reflectively than oth&he optical function of aluminum and silver

layer is a transparent and reflective metal filespectively. The requirement of aluminum
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layer is higher transparency; in other words, tilfia aluminum layer was required. It was
verified that the reflectivity was enhanced by @asing aluminum thickness. Above
mentioned is that the O&R layer of Al-Ag based casipon has higher reflectively after
thermal annealing. According to the reflectivelyhancement between before and after
annealing, it was clearly observed that the vammtwas also enhanced by decreasing
aluminum thickness. But reflectively variation ddA aluminum was decreased after 500°C
thermal annealing. It could be attributed to tHeesiagglomerative phenomenon under high
temperature annealing. The agglomerative phenomsimalhresult in a weak adhesion due to
less stable AlAg eutectic layer@GaN interface.

In addition, the investigation afi-type ohmic contact in VTF-LEDs structure is an
important issue, which is differentito the-convenéllsapphire based InGaN LEDs. Generally,
both n-type andp-type ohmic contact-were formed on'the Ga-face sartd GaN (0001) on
sapphire buin-type ohmic contact would be formed on the N-facdase of GaN wafer
(0001) for the fabrication of'the VTF-LEDS structure eEstanding GaN wafer has a wurtzite
crystal structure which has two different polasti@ong the c-axis direction, (0001) Ga-face
and (00QL) N-face, respectively. The (0001) Ga-face surfisceomposed of three nitrogen
dangling bonds which each point upward the c-plsunrgace, while (00@) N-face surface
has a single nitrogen dangling bond that pointsargwW36][37]. Figure 4.16 shows that the
schematic of GaN wurtzite crystal structure eximigithe polarity along the c-axis. The small
and large spheres indicated Ga and N, respecti@ai has Ga-face (0001) polarity on left
side and right side is N-face (00D polarity. When the direction of the three bondshe
lll-element is towards the substrate, the polarctire is defended as Ga-face polarity. On the
other hand, when that of the bonds is upward agauisstrate, it is defined as having N-face
polarity. This difference in surface structure affethe device characteristics, especially

ohmic contact properties. Karret al. reported that the crystal polarity of the GaN aoef
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affects the Schottky barrier height by band bendihgonduction and valence bands [38].
Kwak et al. also investigated the dependence of ohmic comgeagterty on both Ga- and
N-face surfaces oh-type GaN and showed the difficulty of achieving atronontact on
N-face surface oh-type GaN [39]. In this study of ohmic contact onfade, the specific
contact resistance was measured by transfer lemgthod (TLM), and the TLM patterns
were fabricated by the standard photolithographyMTpatterns which have seven of
100x200um? rectangular pads with 5, 10, 15, 20, 30, 40, &),a#hd 100um gap spacing
were defined. There are few literatures had meatiaelative metal composition applied for
N-facen-GaN ohmic contact [40] [41]. The mechanics of mbtatding in VTF-LEDs is that
using In and Au composition forms Aulalloy under 220°C thermal treatment. All of the
subsequent processes temperature-should be-loWwéC 4nce In would be separated from
Auln; alloy. Firstly, Pd/ Ti/ AI{50A 1300A /5000A) an@r /Au (300A /5000A) compositions
were applied to ohmic contact'en N-fawe5aN; which has a 5x1bcm® normal carrier
concentrations. Figure 4.17 (a) shows«that the ¢uorves of Pd/ Ti/ Al and Cr/ Au
composition which were deposited on N-fac&aN surface. Although Pd has higher work
function @p=5.0eV) than Cr ¢c=4.4eV),-it-seems that Cr/ Au has better ohmic acint
characteristic than Pd/ Ti/ Al. Jargj al. had mentioned that the first 50A of Pd layer
remained smooth at as-deposition state and nooedmtween the Pd and GaN was detected
[40]. After annealing at 450°C, Pd-gallium alloyngpounds (G&d)) were precipitated at the
grain boundaries of Ti—Al alloy compounds. It ig mwsufficient for forming G#Pd, after Pd
was suffered 370°C thermal treatment. BesidesAGréomposition presented similar ohmic
contact curves after deposition and thermal anmgaln order to achieve ohmic contact on
N-face n-GaN surface, 1x* cm?® carrier concentrations heavily doped was applied i
n-GaN layer. Increasing carrier concentration is ©gbuative to decrease barrier between

metal and N-face surface nfGaN, and the I-V performances were shown in figuf& (b).
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According to this |-V curve, Pd/ Ti/ Al were stalppeared Schottky characteristic due to the
insufficient thermal treatment. Nevertheless, Cu Were achieved lower ohmic contact on
N-face surface ofi-GaN as compared with 5xf0cmi® normal carrier concentrations. The
improvement could be attributed to heavily dopingmGaN. Beside, the wafer cleaning
conditions before metal deposition is another smhutvhich could reduce ohmic contact
barrier high issue. Subsequently, the electricalopmances of Cr /Au deposited on 1410
cm® N-face surface afi-GaN, under different surface cleaning method aednal annealing
conditions will be illustrated as following. Figu#el8 (a) shows Ga-face and N-face ohmic
contact behavior under various temperature anrggaBefore Cr/ Au deposited on Ga-face
and N-face, the samples were immersed in diluterdgydoric acid (10%) solution for 3
minute. The specific contact resistangg 0f Ga-face and N-face without thermal annealing
is 2.42x10 Q-cn? and 2.54%10 Q-em? respectively; ahd Ga-face appeared still lower
contact barrier than N-face. The N-face was maiethi ohmic contact behavior before
annealing temperature is lower 250°C.While anngaiemperature is over 250°C, the ohmic
contact behavior became semi-ohmic and then tot&ghcharacteristic. This phenomenon is
attributed to the diffusion process of' Auin-Cr/ Authen-GaN interface, resulting in raising
the barrier height at interface. However, the oheoatact behavior of Ga-face is almost
appeared stable state under various annealing tampe In order to decrease barrier height
and achieve Ga-face performance, a higher con¢mmttaydrochloric acid having 50% dilute
was implanted in wafer cleaning process. Figure8 41) presented that ohmic contact
behavior of N-face and Ga-face under 250°C themmakaling for various time. According
to this figure, 50% hydrochloric acid cleaning Hawver p. (9.71x10° Q-cn¥) than 10%
(2.54x10* Q-cmP)one at as-deposition state. After u-GaN layer reasoved by ICP system,
many nitrogen vacancies were existed maN surface. The nitrogen vacancies were

contributed to increase surface carrier concewntnaéind reduce the barrier height between
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metal andn-GaN. Moreover, the nitrogen were released and ugallivere remained on
surface after u-GaN removed by ICP. The galliummat@ould easily provide Cr/ Au to form
an ohmic contact interface. However, the galliuomeg are not a stable metal layer on surface,
and these gallium atoms should be recombined wilogen vacancy. As the annealing
temperature was increased, the ohmic contact behakiould be transferred into Schottky
contact due to gallium recombination. Using dildmgdrochloric acid to remove surface
gallium atoms should avoid unstable electrical abtaristic of device in high temperature or
high current injection operating. It was observablyserved that the N-face after 50%
hydrochloric acid etching has a stable behavidomager annealing time, due to the most of
gallium atoms were removed and less recombination.

In order to emphasize VTF<LEDs advantages, a cdiomal sapphire-basee InGaN
LEDs (CL-LEDSs), having a similar €hiprsize was cargul‘with VTF-LEDs. Figure 4.19 (a)
is I-V characteristic of VTF:LEDs and CL-LEDs,atite chip profile and current spreading
performance were also appeared in ‘figure. The fatwaltage of VTF-LEDs and CL-LEDs
is normally 3.32 and 3,276 V, respectively. The é&mnmtensity versus injection current curve
was shown in figure 4.19 (b). The lumen-intensityd F-LEDs and CL-LEDs under 350
mA and 1 A current injection is 84.92 and 50.15 1#7.58 and 66.98 Im, respectively. The
VTF-LEDs is 1.7 times lumen intensity of CL-LEDs der 350 mA current operating.
Actually, both of the chip size is similar but treal effective radiation area is large different,
due to VTF-LEDs has only two electrode-pads andhauit mesa area. The device effective
radiation area of VTF-LEDs and CL-LEDs is 1.4 an@60mnf, and the current density
versus lumen intensity characteristic was showfigire 4.20. Under a 350 mA-éhturrent
density operating, the lumen intensity of VTF-LE&sd CL-LEDs is 101.59 and 48.72 Im,
respectively. The VTF-LEDs is 2.1 times lumen isign of CL-LEDs at 350 mA-cih

current density operating. It was clearly illustidithat VTF-LEDs provided higher radiation
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efficiency as compared with CL-LEDs. It was resdilfeom VTF-LEDs with a high thermal
conductive substrate of Si, and Si substrate cioosiove the CL-LEDs inherent drawback of
device degenerated in high current injection. Tjpecgum characteristic of VTF-LEDs and
CL-LEDs were submitted 350 mA in 0°C, 20°C, 60°@d&20°C ambience, as shown in
figure 4.21 (a). In following measurement, bothtbé package form is TO-46 and each
measurement cycle is 2 msec. From 0°C to 120°C emubj the dominated wavelength
variation AWd) of VTF-LEDs and CL-LEDs is 5 nm and 10nm, redpely. The
VTF-LEDs has higher temperature stable ability @®pgared with CL-LEDs, in other words,
VTF-LEDs provided a temperature more insensitivaiyity. Figure 4.21(b) was appeared
the dominated wavelength variatioh\fd) of VTF-LEDs, which were submitted to various
current injections of 350, 500, 700, ‘and 1000 mAraom temperature. The VTF-LEDs
dominated wavelength variation offan=injection eatrfrom"350 mA to 500 mA, 350 mA to
700 mA, and 350 mA to 1A is 3 nm, 4 nm, ‘and 5 nespectively. According to above
mentioned, the VTF-LEDs»provided fewer spectra atgon-in high temperature or high
current injection, and it should be" suitable applier.advanced applications as compared
with conventional sapphire substrate InGaN-LEDs.

Enhancing light extraction efficiency in VTF-LEDg&&cture is an important issue, due
to the over 95% radiation light is coming from devisurface. However, the large refractive
index different between GaN (n~2.5) and air (n=alhid the critical angle for light extraction
is only around 23 degree. In this study, chemidahiag method for surface roughness
process was applied on N-facereGaN suface, having gm heavy Si-doped thickness and
over 1x10" cm® carrier concentration. Dilute and heating potassimydroxide (KOH)
solution was applied for N-face of-GaN surface roughness process. Subsequently, the
etching depth and surface morphology was systeailgtistudied as a function of times and

concentration. Figure 4.22 shows SEM images of iegctsurface morphology after
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immerging in 85°C 1M KOH chemical for (a) (b) 5m{e) (d) 6min, (e) (f) 7min, and (g) (h)
8min. SEM images shown in (a) and (b) were incliaed cross-section direction view. The
figures highlight the cone-like surface morpholagythe etched N-face GaN. The height of
cones were approximately 4000~5000A, and the demditcones were measured to be
16°~10° cm? after 5min etching time, in addition, each cormesivas approximation. After
etching time of 6min (c) and (d), the highest comese around 6500~7500A. The top of cone
was slightly turned into sharp, and each cone wa® not like. The highest cone was around
8000~9500A as shown in (e) and (f) while sample waerged into KOH chemical for
7min. It was clearly observed that each cone sifference was increased and the density of
cones was decreased as compared to etching tidmiaof The cones height were more and
more high with etching time of 9min as“shown.in @yd (h), and the height of cones were
around 10000~11000A. However, ithesbases of mostarere stopped at the same level,
and the difference of cone height was also inceasth etching time. Therefore, the cones
density was decreased and-cones height-differeasangreased with increasing etching time.
Systematic variation of increasing the KOH concamin:to 2M and temperature of KOH
chemical were also carried out’ Figure-4.23 shoviedM Simages of etching surface
morphology after immerging in (a) (b) 65°C and (@) 95°C 2M KOH chemical for 5min.
After 2M 65°C KOH for 5min, the highest cones wareund 2500~3500A. The top of each
cone was not sharp as compared to 1M KOH, and eawh top was appeared flat. While the
chemical temperature was achieving to 95°C, the ¢might was around 5500~6500A. After
this condition of KOH etching, the cones top weot flat any more and many nano-pillars
were existed on top. It was clearly observed tlm# tons profile were not hexagonal
pyramids symmetry and sharp top. It could be aitetl to isotropic-like chemical etching
and without lattice selective direction, due to kigher concentration and higher temperature

KOH etching chemical. Moreover, each cone size aygsoximation after 2M KOH etching.
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It is evident that with an increasing etching tintiegre is a trade-off between the size and
density of hexagonal cones. In 1M KOH and variethiely time experiments, the longer
etching times result in larger cones sizes butnetaone density. Figure 4.24 shows that the
hexagonal cones height and light intensity as foncdf the KOH chemical condition. The
lowest light intensity was appeared on plane setfaaving no surface textured on surface.
The chemical condition of 85°C 1M KOH for 7min hag brightest light intensity, and the
cones height was approached to 8000~9500A, as shovigure 4.22 (e) and (f). The
condition of 8 min etching time has lower lightensity than 7min one although it has the
highest cones height. It was attributed to conesiderand size variation. Compared with 8
min etching condition, the 7min one has higher sodensity and less each cone size
variation. Attempts were made to. improve the lightraction efficiency of VTF-LEDs by
using optimized surface textures. [ln-other wortlg, factors of optimized surface textures
were hexagonal cones profile as height, density,stiape.

The VTF-LEDs performances. of /maximum: junction- terapgre {Tjmay and thermal
impedance Ry) were essential-torestimated advantage:. In jumdeonperature analysis and
measurement, the VTF-LEDs and ‘CL-LEDs were operatédil mA and measured forward
voltage under varied ambient temperature (20°C30°C), as shown in figure 4.25. The
function of 0.1mA current injection is that lowenrcent injection could avoid junction
heating from current injection. The forward voltageuld be decreased with ambient
temperature (junction temperature), and the maxijunction temperature is forward voltage
without varying with temperature. Therefore, thexmam junction temperature of CL-LEDs
and VTF-LEDs is 120°C and 150°C, respectively.duld be proved that VTF-LEDs are
more suitable for higher ambient temperature agtidri current operating as compared with
sapphire-based CL-LEDs. The thermal impedancesis ah important factor to evaluate the

device performance and package ability. Both CL-sEEIDd VTF-LEDs were also used the
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same TO-46 form to package in order to rid of mepfirom package issue. The thermal
impedancdRn.c) was defined as following:

Rig-a) = (T — T/ Ry, -
where theRi.¢)is thermal impedance (°C/W) of device junction tobéent temperature. The
T, Ta, andPp mean that junction temperature of device unddr gasbient temperature, and
device power dissipation, respectively. In theringbedance calculation, the CL-LEDs and
VTF-LEDs were submitted to a special current getloeravhich has a cycle of an appointed
injection current for 99.9 ms and then injectedlar@A current for 0.1 msec. The purpose of
injecting an appointed current for 99.9 ms is acfiom of heating device, and then measured
a forward voltage under a 0.1mA current operafifige T; was obtained after forward voltage
(at 0.1mA) was matched to figure 4.25. Under 35@ 00 mA current injection, the forward
voltage of CL-LEDs and VTE-LEDs-is 2.22V and, 2.062/25V and 2.20V, respectively.
Consequently, thd; (at 350°mA and 700 mA) of CL-LEDs and VTF-LEDs i8°C and
110°C, 50°C and 80°C, respectively. - Furthermore miaximum thermal impedance was also
defined as following:

Rimax = (T, (max) =Ty)/ Po max) (4-3)
The maximum junction of CL-LEDs and VTF-LEDs is 220and 150°C, respectively, and
the maximum power dissipation is 2.36 W and 5.71Adtording to Eq. (4-3), the maximum
thermal impedance of CL-LEDs and VTF-LEDs was oi#di40.14 °C/W and 21.91 °C/W,
respectively. In other words, the VTF-LEDs strueteould reduce 20°C device temperature
from junction heating under per watt operating ttuthe high thermal dispersion Si substrate.
Figure 4.26 shows that the four VTF-LEDs relialiltharacteristic under 350 mA and room
temperature operation, and each variation of veltagd power over 1800 hours was
respectively shown in figure 4.26 (a) and (b). Vbéage variation has 10% rising over 1800

hours test. The plus or minus 5% power variatiors @wehieved over 1800 hours, and the
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variation was stable after 500 hours test. The llx@de VTF-LEDs reliability could be

attributed to the stable metal composition and lkiigpersion Si substrate.
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4.4 Summary

In this chapter, the InGaN/ GaN LEDs efficiency vesdhanced by metal bonding, laser
lift-off, and surface roughness technique. The eomwnal InGaN/ GaN LEDs with
non-conductive and poor thermal conductivity propef sapphire substrate were replaced
with Si substrate. This structure is different tmeentional lateral structure, which tpeand
n-electrode pad were existed at devices surfacereldre, this structure had many inherent
limitations and lower efficiency as compared withrtical structure.

Firstly, a novel and simple structure of singlectiede pad (SEP-LEDs) in GaN-based
LEDs was demonstrated. The concept was come freen tiode process of face coating. The
ITO film was deposited on SEP:LEDs"sidewall;’ andntra conductive current path was
formed from chip sidewall to ‘sapphire-backside B Ifilm: The SEP-LEDs has more mesa
area for light output and uniform current spreadibdity than.CL-LEDs. The SEP-LEDs and
CL-LEDs power under 20 mA forward_ current operatm§.3'mW and 4.3 mW, respectively.
The forward voltage of SEP-LEDs and CL-LEDs und@rm2A current driving is 3.15 and
3.35V, respectively. The SEP-LEDS presents-theidithan that of CL-LEDs. Furthermore,
the SEP-LEDs exhibits 66.3% wall-plug efficiencyhancement as compared with CL-LEDs
at 20mA current injection. The results could beriasc that the SEP-LEDs has lower series
resistance and the larger light emission areahEurtore, the SEP-LEDs exhibit higher ESD
resistance (< -1000V) ability than that of the CEfLs due to the uniform current spreading
path and the lower series resistance.

The SEP-LEDs has several advantages in small ¢hgpas compared with CL-LEDs.
However, the SEP-LEDs structure can not be apphetuture LED applications of high
output power, high efficiency under higher currdansity, temperature insensitivity operating,

and high reliability property after all. For thisason, the InGaN/ GaN vertical thin film LEDs
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(VTF-LEDs) structure is an important tread towantiufe LED lighting application. In this
chapter, the conventional InGaN /GaN LEDs with ppbare substrate were replaced with a
high thermal conductivity silicon substrate by ni@nding and laser lift-off (LLO)
technique. A concept of previous fabrication trelbighJPSA 266nm laser cut system before
LLO was implemented in this study. The laser cahth provides a buffer for stress, heat
releasing and avoids epi-layer crack from LLO psscd&he LLO yield could be improved by
this method. The Al/ Ag metal was chosen to depmsji-GaN layer as functions gfohmic
and reflector. The Al/ Ag has thermal stability ogito Ag and Al atoms have eutectic point
at 728K (455°C). Sliver atoms will alloy with alumim atoms to become AgAl alloy metal
layer while the annealing temperature was highan tbutectic temperature point. The AgAl
provided a higher reflectivity and - thermal—stapilithan AgNi, AINi, Al, or Ag. The

investigation ofn-type ohmic“contact=issue in VIF-LEDs structure idalde surface of

n-GaN (0001), which is different to the conventional sapphirased of Ga-face (0001)
surface. This difference in”surface' structure asfethe /device characteristics, especially
ohmic contact properties duertosthe mount of dagglonds. In order to achieve ohmic
contact on N-face surface nfGaN, ‘severalimethods were implanted such as lyedwped
on n-GaN layer and chemical cleaning on surface. Enhgnlight extraction efficiency in
VTF-LEDs structure is an important issue, due ®dkier 95% radiation light is coming from
device surface. In this study, the chemical coaditof 85°C 1M KOH for 7min has the
brightest light intensity, and the cones height wasproached to 8000~9500A. The
VTF-LEDs has lower forward voltage, uniform curreqmtreading, high efficiency under the
same current density, less wavelength variationhigh current and high temperature
ambience operating, higher maximum junction, andebent thermal impendence as
compared with CL-LEDs. Finally, the VTF-LEDs haswperior reliability performance, the

variations of electrical and optical were fewereaft800 hours operating.
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Figure 4.5: Optical and electro-luminescence (Eligrascope images of (a) SEP-LEDs and

(b) CL-LEDs.
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layers) were sequentially deposited on surfaceTl{f bonding metal layers Ti/
Pt/ Au/ In were deposited on a Si substrate.

125



INGal/ Gal MQWWs

p-takl
Q&R

INGakl Gakl MOVYs

p-Gak
O&R

process. (i) The surface byproduct of Ga was rewhdechemical etching. (j)

INGakl Gakl MOVYs

p-Gakl
O&R

INGahlf Gall MOVYs

p-Gakd
&R

Figure 4.7: (g) The epi-wafer was flipped and bahttethe Si substrate. (h) The laser lift-off
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Figure 4.7: (k) The wafer was subjected to dry ieign-GaN layer until Si@etching stop
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Figure 4.8: (a) The chip profile of VTF-LEDs ancttbhip size is 1200mx1200um. (b) The
current spreading performance in VTF-LEDs metal miese design. (c) The

tilted cross-section electroluminescent (EL) imaggreen and blue VTF-LEDs.
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(b)

Figure 4.9: The wafer surface profiles after suffgrLLO process, (a) With a previous

fabrication trench by laser cut system. (b) Withagtrevious fabrication trench.
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as-deposition (b) 400°C (c) 500°C (d) 600°C (d) “adifferent thermal

treatment.
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concentrations.
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CHAPTER 5

Conclusions and Future Works

In summary, we have studied the wafer bonding tectenapplied to 111-V compound
semiconductor devices of AlGalnP-based RCLEDs, AiBaased LEDs, and GaN-based
LEDs in this dissertation. It is demonstrated ttiet wafer bonding technique is helpful to
enhance efficiency and improve device inherent demks from material limitation. The
wafer bonding provides an ability that is the hetepitaxial growth without restricting lattice
match. Furthermore, the primary device characterisfll not be sacrificed after wafer
bonding process. By this wafer bonding. techniqueis i beneficial for 1lI-V compound
semiconductor devices applying to° more advancedicapipns, such as high data rate

communications, high power lighting-marketing, @mgh efficiency requirements.

High-Performance AlGalnP-Based Resonant-Cavity Ligh Emitting Diodes in Wafer
Bonding Technology

In the case of AlGalnP-based MBRCLEDs with a sitigubstrate have been fabricated
by twice bonding. Firstly, the conventional RCLExh a GaAs substrate have superior
performances due to the excellent epitaxy structiesign and chip process. The gt
aperture RCLEDs could be achieved that the smgiladimodulation bandwidths as high as
310 MHz at 20 mA current injection. The RCLEDs a®a with 84um apertures had an
output power of more than 3.5 mW at a driving cotref 20 mA and a maximum efficiency
of over 12 % with an epoxy-encapsulated packageth€umore, the high performances
MBRCLEDs, having a high thermal conductivity Si strate, were fabricated via twice
bonding technique of glue bonding and metal bongigesses. It is observed that the output

power decay of MBRCLEDs were less than the RCLE®sm RT to 100°C ambiance, the
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output power droop of MBRCLEDs were -0.31, -1.78¢ a2.5 dB under 20, 50 and 70 mA
current injection respectively. The RCLEDs outpatver droop were -1.75, -3.03, -5.47 dB
during 20, 50, and 70mA current injection respeastivThe wall-plug efficiency difference (
eficiency Detween the MBRCLEDs and the RCLEDs under 20 Z0mA current operating
were 1.2% and 1.9%, respectively. The junction temafure variations of the MBRCLEDs
were relatively smaller as compared with the RCLEDBe MBRCLEDs with 84um
apertures provided high wall-plug efficiency of 136 and a smaller power drooped of
-0.31dB from RT to 100°C due to the better hegteatision substrate. Furthermore, the stable
beam profile, high reliability over 1000 hours atidarly eye diagram in high temperature
operation. These excellent performances of the MBRXs devices should be suitable for

high temperature ambiance, high currentinjectimhfaigh data communication applications.

Light Extraction Enhancement of AlGalnP-Based Light. Emitting Diodes in Wafer
Bonding Technique

The AlGalnP-based LEDs'with a high thermal condutstiSi substrate or a transparent,
shaped sapphire have been fabricated-by-metal thgnati glue bonding techniques. The
purpose is enhancing light extraction efficienaghhperformances in high current operating,
and improving inherent drawbacks of devices. TheS&EDs with an oblique sapphire
geometric substrate were fabricated via glue bandim this evolutional GSS-LEDs
performances, the light output power could be enbdn26.7% under 350 mA current
injections as compared with GB-LEDs. Furthermares proved that the GSS-LEDs structure
could not only reduce the TIR effect but increaswarprobabilities of output light escaping
from the transparent substrate with an oblique vgadle Another novel flip-chip
AlGalnP-LEDs structure which has a thick geomesapphire substrate (GSSFC-LEDS)

window layer are produced using glue bonding ang-dhip bonding techniques. As
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compared with the conventional flip-chip AlGalnP& (CFC-LEDs), the GSSFC-LEDs
have higher output power and wall-plug efficieneyar the same injection current. The light
intensity of GSSFC-LEDs have 31% enhancement agpawed to CFC-LEDs. According to
the output power results of the CGB-LEDs and CFM&Ethe power saturation effect of
flip-chip structure (GSSFC-LEDs or CFC-LEDSs) isdethan the conventional n-side-up
CGB-LEDs since the flip-chip structure has a bettbermal dissipation path. It is helpful for
devices applied to high current injection applioati especially in short wavelength of
AlGalnP-based LEDs. Last case of efficiency enharerd is AlGalnP-LEDs are bonded on
Si substrate. The surface roughness textured snsthicture is important, and there are three
different surface types of LED-I, LED-II, and LED:IThe surface profile in LED-I devices
is plane and without any surface«textured.” The oamow| surface textures having periodic
arrangement were applied to‘LED-li-surface, anddihaces surface with micro-bowls added
nano-rods is LED-IIl. Furthermore, added nano-réelgured in micro-bowls textured can
enhance 17.7% due to the” micro- ‘and-nano-scalecgurexture conduces the less total
internal reflection effect. The maximum wall-pluffi@ency. of LED-I, LED-II, and LED-III

is 8.82, 12.74, and 14.15%, respectively.The 5@ep angle of the LED-I, LED-Il and
LED-IIl is 115.4, 107.7 and 102.2°, respectivelyxcarding to the results, the LED-III with

highest luminous intensity was established on gi$-ance again.

High Performances of InGaN/ GaN Light-Emitting Diodes in Metal Bonding Technique
Firstly, the single electrode pad (SEP-LEDs) in Gaded LEDs was demonstrated. The
SEP-LEDs provides more mesa area for light rachagéiod uniform current spreading ability
performances. The SEP-LEDs and CL-LEDs power ug@enA forward current operating is
6.3 mW and 4.3 mW, respectively. The forward vadtagf SEP-LEDs is similar to

conventional GaN LEDs. Tthe SEP-LEDs also exhib#s3% enhancement of wall-plug
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efficiency. Furthermore, the SEP-LEDs exhibit higg&SD resistance (< -1000V) ability due
to the uniform current spreading path and the losestes resistance. Actually, the InGaN/
GaN vertical thin film LEDs (VTF-LEDSs) structure & important tread toward future LED
lighting application. The conventional InGaN /GaNELs with a sapphire substrate were
replaced with a high thermal conductivity Si sulistrby metal-bonding and laser lift-off
(LLO) technique. In order to improve total yield epi-layer transfeered to Si substrate, the
laser cut trench concept was applied for stresa, fedeasing and avoids epi-layer crack from
LLO process. The Al/ Ag metal was chosen to depmsg-GaN layer as functions giohmic
and reflector. The Al/ Ag has thermal stability ogito Ag and Al atoms have eutectic point
at 728K (455°C). Therefore, AlAg alloy is more siike for applying tgp-GaN ohmic and
reflector metal in VTF-LEDs process. As we knowsidifficult to achieven-ohmic contact
on N-face surface af-GaN (000L). Several methods areiimplanted such as heavjigdion
n-GaN layer and chemical-cleaning on surface. Enhgntght extraction efficiency in
VTF-LEDs structure is an important issue, and KCGitémaical is implemented for surface
random roughness process. <The, chemical conditioB56€ 1M KOH for 7min has the
brightest light intensity, and the" ‘cones -height wasproached to 8000~9500A. The
VTF-LEDs has lower forward voltage, uniform curremtreading, high efficiency under the
same current density, less wavelength variationhigh current and high temperature
ambience operating, higher maximum junction, andebent thermal impendence as
compared with CL-LEDs. Finally, the VTF-LEDs haswperior reliability performance, the

variations of electrical and optical were feweeaft800 hours operating.
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Future Works

With these achievements, we have the enough waf@ng technique ability to further
develop novel, advanced IlI/V compound semiconduadevices such as GaN-based
vertical-cavity surface emitting laser diodes (VQSE and without considering lattice
mismatch epitaxial growth. By the wafer bondinghteique could be able to solve not only
lattice mismatch in epitaxy but also material irdmr restriction. In InGaN/ GaN-based
electroptical devices epitaxial growth, the totathickness of n-GaN layer must over 4
um-thick. It is caused of epi-layer quality and ddpequirement. Therefore, it is difficult to
achieve some requirements of electroptical dewgeh as short cavity length requirement for
VCSELs and photonic crystal LEDs.

Recently, the GaN-based VCSELs are very attradvehigh-density optical storage,
laser printing and display applications- due tortiseiperior.characteristics, which include a
low threshold current, single’ longitudinalmode @emn, a circular spot profile, and the
ability to be used in two-dimensional’ arrays. Thiecess of optically pumped GaN-based
VCSELs however current-injection_lasing of GaN-ltRS&CSELs at room temperature has
not been realized. This is mainly  due to two proide One is the lack of suitable
semiconductor distributed Bragg reflectors with hhigeflectivity and high conductivity
performance. The other problem is that it is difficco obtain a low-resistivp-type GaN
layer for the current spreading layer required fateral current injection. In order to
overcome above mentioned problems, a novel stei@tuiuture shoul be developed by metal
bonding and laser lift-off process as shown inifeggb.1(a). In detail structure, an indium tin
oxide (ITO) layer is inserted betwe@gaGaN layer and DBRs, and &/ SiO, diecectric
DBRs are used fqr- andn-DBRs materials. In micro-cavity VCSELSs, the convenal AIN/
GaN materials fon-DBRs are replaced with 3@s/ SiO, diecectric DBRs due to difficult and

inherent handicap epitaxy in DBRs material qualithis n-side up and vertical current
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injection structure has a highly thermally conduetBi substrate by wafer bonding and the
sapphire substrate was removed by laser lift-offtiBs way, we can reduce theGaN layer
thickness for reducing cavity length. Therefore, d&¥ing is able to achieve under this
VCSEL structure at RT by current injection and |lsssie in epitaxy. Furthermore, we could
also implement wafer bonding and laser lift-off Heijue to produce optically pumped
GaN-based VCSELs, as shoen in figure 5.1(b). Westaply identify qualities of multiple
quantum wells, dielectrip- andn-DBRs, and VCSELs optical performances previously. B
this way, we have more chance of achieving GaN¢basero-cavity VCSELs at RT by CW

current-injectin operation.
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