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Miethod Of Forming A Light Emitting Diode Structure And A Light Emitting
‘ Dicde Structure ‘

FIELD OF INVENTION

The present invention reiates broadly to a vertical ight emitiing diode
structure and a method for forming a vertical light emitting dicde structure.

BACKGROUND

GaN-based light-emitting diods (LED) structures used In the production of high
brightness fight emitting diodes (LEDs) typically require removal of a sapphire or SiC
substrate through laser lifi-off (LLO) for fransfer to condudting substrates, Such {aser #ft-
off tachniques are discussed in, for example, US 8071785 and US 8420242. This ffi-off
rﬁsthod is typically costly as high power lasers sre used and largs area sapphire/SIC
substrates which are expensive are required. Also, a typical sapphire/SiC gubstrate is
imited to a 6 inch wafer size and hence, growth potential o larger substrate sizes ia
imited. Also, use and maintenance of high power fasers is fyplcally complicated and the
lasers are difficult to contro! resulfing in non-uniform yleld from wafer to wafer during
laser fift off of lamge diameter wéf@m. Furthermore, since sapphire subsiraies are
insulators, for flipg-chip LEDs, heat dissipation Is a significant concam.

Growth of GaN on buk S or latge area Si-based substrates is more cost
sffective and may lead to higher manufaciuning yvield. On the other hand, a significant
concem for LEDs formed on Si substrates is the typical absorption of blue-green light
amitied from the aciive layers of INGaN/GahN mulli-quantum wells of the LEDs.
‘I”heréfora. to obtain high brghness LEDs, removal of the Si substrates I1s {yplcally
necessary. In this regard, high brightness LEDs can be achieved by transfering LED
structures grown on bulk silicon substrates to conducting substrates by wafer bonding or
chemical lift-off processes. However, the intemal quantum effidency of LED material on
bulk St is typically lower due to a higher defect density. The defect density typicalty arise
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from 2 high lattice and thermal mismaich bstwesn éi_iiccn and Gal, leading o fenslie
stress, cracking and lowering of light emltting efficiency. Therefore, it is typically
‘necsssary to achisvs high quality epitaxial LED structures on largs area sliicon platforms
pricr to fabrication of such high brightness LEDS.

Hencs, in view of the above, there exists a need for 2 method for forming a light
emiting diode structure and fo a light emitiing diode structure that seek to addrass at
least one of tha above problems.

SUMMARY

in accordance with a first aspedt of the present invention, there is provided a
method of forming & vertical ilnifride based light emitting diode structure, the
method comprising forming & Hi-nitride based light emitling structure on a sificon-on-
insulator (SO substrate; forming 2 metal-based elecirode structre on the il-nitride
based light emliting structure; and removing the SO.[ substrate by' a layer transfer
process such that the metal-based slectrode structure functions as a metal-based

substrate of the light emitting structure. The method further includes patterning a buried oxide layer of the

SOI substrate for creating an inhomogeneous Group III metal content in the [ll-nitride based light emitting

structure for modulating emission of the light emitting structure.

The step of removing e S0 substrais may comprise mechanically
removing subsiate material, etching substrate material or both.

The step of forming the Hk-nitride based light amitfing struciure may comprise
" growing nitride epilayers on the SO substrate using metal organic chemical vapor
deposition {(MOCVD),

The machanically removing substrate material step may comprise one of
more of & group consisting of lapping, grinding end eiching, wherein tha

mechanically removing substrate matarial removes S0 and 81 handle material,

The stching subsirate materis! siep may comprise dry or wet etching.
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The msthod may further comprise forming a sead laver-on the ili-niimide
based light emitting structure for {adlitating the layver transfer process,

The seed layer may comprise nicked, -

The method mey further comprise bonding the seed layer (o the metal-based
substrate using elsciroplating, alectrolass depostition or both.

The pattemning step may compriss using 2 SI0; mask to form the patterns on
{411)-orierad siicon. ' '

The step of forming the lilnitide based light emitting structure may further
comprise forming & nitride-based buffer layer direcily on the 50| substrate.

The method may further comprise forming a refieciive mirror layer on top of
the lnlirkie based lght emitling stnuchure, the miror laver being capabls of
funcioning as a p-type contact electrode, prior to the layer ransfer process.

The refiective mirror layer may comprise a plurality of layers selected from a
group of material consisting of niskel, gold, platinum, silver, petlladium and ruthanjum
and the method may further comprise subjecting the reflective mirmor layer to thermal
annaaling In which the temperature ranges from ahout 400 *C o about TO0°C.

The method may further comprise salactively forming photonic orystal (PhC)
structures on the lli-nitride based light emiting structure afier the step of removing
the SO substrate.
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The method may further comiprise forming an n-type contact slectrode
structure ony an n-doped libnitide layer of the li-niride basad light emitiing diods
siructure after the step of selectively forming photonic crystal (PhC) struciures .

The n-type contact electrode structure may comprise & plurality of layers
selacted from & group of materlal conslsting of tianturn, aluminium, gold, chrormium
and nlckal,

The SOl substrate may be praparsd using a separation by implantation of

oxypen (SIMOX) process to craaie St ovarlayers which vary from ebout 10 nm to about
300 nm thick with a buried oxids or siicon dioxide thicknass ranging from about 80 1o
about 400mm.

The SO substrate may compriss & {111 }onented Si overdayver and a2 (111}
criented Sl handle,

in acoordance with a second aspect of the present invention, there is
provided a method of forming a vertical li-nifride based ilight emiting dlods
structire, the method comprising petieming a buried oxide layer of a sliicon-on-
insuiatbr {501) substraia; forming a liknitride based light emitiing struciure on the

patterned SOI substrate; removing the patterned SOI substrate, wherein the patterning step includes
patterning the buried oxide layer for creating an inhomogeneous Group III metal content in the [Tl-nitride

based light emitting structure for modulating the emission from the light emitting diode structure,

The patterning step may comprise using a SI0; mask to form the patiems
during & separation by mplantation of oxygen (SIMOX) process.

The step of forming the Hilnitride based light emiting structure may further
comprise forming a bufter layer direcly on the patiermed SO subs&‘af_ze.

The patterned SO! subsirate may comprise a (111)orlented St overlayer and
a (111}orented S handle. -
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Tha SOI substrate may be patterned with micron scale diroular or hexagonal
concentric type shapes to induce modulatad emission from the vertical {il-nitride
basad light emitting diode structure.

The SO! substrate may be patiemed tsing & separation by Implantation of
oxypen (SIMOX) proscass i creste periodic Si overiayers which vary from about 10 nm
to about 300 nm thick with a patiemed buried oxide or slilicon dioxidé thickness mnging
from about 60 to about 400nm.

in accordance with a third aspect of ths presant invention, thera s provided a
vertical lii-nitride based light emitiing dicde struciure, the structure comprising a -
nitride based light emiting structure for ight smission formed on 8 metai-besed
substrate; wherein the lllnlitride based light emitling diode structure is formed by

layer transfer from a silicon-on-insulator (SOI) substrate comprising a patterned buried oxide layer, and

wherein a Group HI metal content in the vertical IlI-nitride based light emitiing diode structure is

inhomogeneous for modulating light emission of the light emitting diode structure.

The structure may further comprise a metal seed layer formed batwesn the
Hi-nitride based light emitting strusture and the metal-based substrate for facilitating
the layer transfer. . b

The seed laver may comprise nicksl having a thickness renging from sbout
100 nm to about 1000 nm.

The sesed layer may be bonded ftv the msia-bazsed substrate using
slactroplating, eletroless depositipn or boih,

A Group NIl metal content In the vertical iknitride basad light emitling dicde
siructure may be inhomogensous for modulating light armnission of the light emitfing
diode struchure. - o ~

The strusiure may Rether comprise a refiective miror taver capable of
functioning as a p-type coniact slectrods, the minor igver being formed between the
matal-based substrais and the Hi-nitfde baged ight emitting structura.
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The -raﬁ@::ﬁvé miirror tayer may comprise a plurality of lavers selectad from 3
group of material consisiing of nicksl, gold, piatinum, sliver, palladium and ruthanium,

The struciure may further comptise photonie crystal {(PhC) structures formed
on an - doped lli-nifide laver of the lik-nitide based light emitting dicde structurs,

the PhC strustures having isteral and verical dimansions of less than aboul 400 nm.

‘The structurs may furthar comprise photonic orysial (PhC) struchures formed

‘oh an n- doped [-nitride layer of the Hlknitride based light ermitiing diode structure

by nanoscale surface patieming to create pariadic pattems selesied from s group
consisting of nanopliiars, nanoholes and nanopyramid structures,

The sfructure may further combdse an n-type coniact slectrode structure
formed on the Hinitride based light emiting structura.

The ndype contact electrode stucture may comprise & plurality of layers
selacted from a group of mataral consisting of ttanium, ajuminium, gold, chromium
=nd pickal

in accordance with a fourth as’paé:t of the pressnt invention, there is provided
an [H-pitride based light emiiling dinde siructme, the structure comprising 2
patternad burisd oxide laver of a sillcon-on-insulator (SO0 substrate; & nitide

based light emiting structure for Hght emission formed on the pattemed SO
substrate; end wherein a Group il metal content in the active layers of the lil-nitride !

based light emiting structure Is inhomaogeneous for modulating an emission of the
tight emitling dicde structure. ‘

The Hl-nitride based light emiting stucture may comprise one or more

niride-based buffer layers formad directly on the pattemed SO substrate,
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BRIEF HESCR!P‘TION OF THE DRAWINGS
Ethbadimeﬂts of the invention will be better understood and readily apparent
to one of ordinary skl in the art from the following written description, by way of

example only, and in conjunction with the drawings, in which:

Figure 1 Is a schematic diagram illustrating e multistack layer formation in one
axample embodiment. :

Figuras 2 Is a schematlc dlagriam Hlustrating a mutltistack {ayer formation In

" another exampie embodiment.

Figure (3 is a schematic diagram Hlustrating a light emitting diode (LED) structure

- produced by a layer transfer process in an exampla embodiment.

Figurss 4(a) and (b} llustrate examples of diferent mask pattsms for creating =
buried-oxide (BOX) Separation by Implantalion of Oxygen (SIMOX) subistrate in an

exampie embodiment.

Figures 5(a), (b} and (c) ere schematic diagrams for lustrating a layar transfer
process in an example embodiment,

Figures 5(d) and 5(e) are schematic diagrams for Iliustrating generation of
photonic crystal paitems/structures on a vertical LED structure In the exampie

embodiment.

Figure 5{(f) is a schematic diagram illustrating deposition of an n-slectrode on a
yertical LED structure In the example embodiment.

Figures 8(a) o (c) show example scanning slectron microscops (SEM)' images of

_photonic crystal structures in different example embodiments.
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' Figure 7 is an curent-voltage (I-V) graph plotted for a sample vertical LED
structure having a copper substrale.

Figure &(a) is an electroluminescence (EL) specira graph plotied for a sample
vertical LED structure having a copper substrate and driven at different current levels,

Figura 8{b} Is an slaecholuminescance (EL) spectra graph showing light emission
from another sample vertical LED structure with nanopyramidal photonic corystal
struciures etched into an ndype Sidoped GaN surface,

Figure @ is a Raman spectra graph pictied for a sampis vertical LED structurse
having a copper substrate and driven at difiererd currerd lovels.

Flgure 10 Is @ schematle fiowchart fiustrating a mathod for forming & light
emitting diode structure in an example smbodiment.

Figute 11 is a schematic flowchart illustrating a method for forming a ti.ght

_ emitting diode structure in an axample erbodiment.

DETAILED DESCRIPTION

In the example embodiments described below, In order to demonstrate high _
output power LEDs, a layer transfer process of lil-nltride materials from a SOI substrate
to a metal substrate Is discussed. With this approach, expensive layer iransfer
processes (such as laserdift-off techniques of LEDs for transfer fom sapphire
substrates) can ‘be bypassed. Furthermors, using stenhdard Si procass conditions,
vertical light emitting diodes on metal substrates such as copper can be achieved.

in addition, using standard Si processes, high gually burled oxide {(BOX)-
patternad separation by Implantation of cxygen (SIMOX) Ston-insulater {SOI) substrates
can be prepared where thicknesses of Si overlayers and the undsrlying BOX of the SOI
substrates can be controlled by varying oxygen implantation conditions. Thin and large
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area patiemed SIMOX wafers {(or substrates of more than about 150 mm in diameter) for

. InGaN/GaN MOCVD growth can be used. Using tunable laterat and vertical patterns

within such patterned interference substrates, blue, green or dichromatic light emitting
dicdes can be achisved using inGaN/GaN active layers with varying It content In the
quardum well layers.

Figure 1 Is a schematic diagram Hustrating a multistack faver formation in one
exampie embodiment. A ilinitrida structure for kght emission in the form of a muitistack
layer 102 is formed on a BOX-pattemed SOj substrate 104. The SOI substrate can be

prepared by the SIMOX process. The muitistack layer 102 comprises a siiicon doped n- -

typa GaN layer 106 formed on a nitride-based buffer laysr such as an aluminum gallium

nitride (AlGaN) and aluminium nitride (AIN) buffer layer Initially formad on the subsirate -

104, For llustration purposes, the AIGaN/AIN buffer layer 1s not shown as a separate
layer in Figure 1. The multistack tayer 102 further comprisas indium gallium nitride
{pallium nitride {InGaMN/GaN)} heterostructures. 108 formed on the n-type GaN layer 106
and a magnesium doped piype GaN layer 110 formed on the InGaN/GaN
heterostruciures 108. Atemnatively, the fayer 110 can be formed as an AlGaN layer. As
vet ancther altemative, the p-type GalN layer 110 can comprise & combination of
AlGaM/GaN layers. '

Figure 2 is a schematic diagram llustrating & multistack fayer formation in
another exampla smbodiment. A lii-nitride structure for #ght emission in the form of a
muttistack layer 202 s formed on a SO substirate 204. The BOX laysr Is not pattemed in

~ this example emboediment. The SO! substrate can be prepared by the SIMOX process.

Tha multistack layer 202 comprises a sllicon doped n-typs GaN layer 206 formed on a
nitride-basad buffer layer such as an aluminum galilum nitride (AlGal) / aluminium
nitride (AN} buffer layer initially formed on the substrate 204, For llusfration purposes,
tha AIQéNJAIN buifer layer is not shown as a separate ‘tayer in Figure 2. The mullistack
layer 202 further comprises indium gallium nittde igalﬁum nitride ‘(lnGaNIGaN)
hateroatructures 208 formed on the ndype GaN layer 208 and a8 magnesium doped p-
typa GaN layer 210 formed on the InGaN/GaN heterostructures 208. Altsmatively, the
iayer 210 can be formned as an AlGaN layer, As yet ancther altemnative, the p-type GaN
laver 210 can comprise a combination of AlGaN/GaN layers.

AMENDED SHEET
PEA/AU




10

18

20

25

30

PCT/SG2010/000189
Received 19{03/20 12

10

in Figuras' 1 and 2, the substrates 104, 204 can be ir;farchangeabie with a SOI
substrate, & palterned SOI substrate or a strein-released GalN on a patterned SOt

- substrate. In the example embodimeniz, the GaN shructures are preferably grown on a

buffer layer to reduce GaM epilayar cracking. The multistack layars 102, 202 are also
known as nifride epilayers. '

Figure 3is 2 schematic diagram lllustrating a LED structure 300 produced by a
layer transfer process in an example embodiment. In the example embodiment, a SO!
substrate with a LED struciure formed therson, for example as shown in Figures 1 and
2, Is used. Prior to the layer transfer process, a mickeVgold/platinum (NVAUAPY) mirmor
layer 306 is formed on a p-GaN layer of the LED structure such as p-GaN layer 110
(Figurs 1) or p-GaN laver 210 {Figurs 2). A Ni metal alioy seed layer 308 is formed on
the NUAWPL mirror layer. Cohductive copper meatal 308 is electrodeposited on the Wi

‘metal alloy seed layer 308. The combination of nickel, gold, platinum and copper maka

up a metal stack substrate 304. The SOl or pattemed SOI substrate e.g. 104 (Figure {)
or 204 (Figure 2} is then removed for the layer fransfer procase. The substrate is
removed by & mechanical process such’\as lapping and & dry etching process using
flucrine chemistry such as XefF,. For example, subsirate 104 (Figure 1) or substrats 204 -
{Figure 2} is removed such that e.g. multistack layer 102 (Figure 1) or muitistack layer
202 (Figure 2) on the metal stack substraie 304 is formed as a result of the iayer transfer
process. The multistack layer 102 (Figure 1) or 202 (Figure 2) on the metal stack
subgtrate 304 s than Inverted such that the n-GaN layer Is on the fop-side. In the
example embodiment, the metal stack substrate 304 comprises a combination of nickel,
gold, platinurm and copper and can act as a p-type electrode.

in the mmpke embodiment, photonie nanosiruchures ey, 310 are selectively
formed on the n-GaN layer 312. The formation is via, for example, nanoiithography
techhigues. The n-GalN layer 312 is also patterned for forming contacts, e.g. region 313.
An n-type contact electrode 314 compiising 2 tiamumialuminum/tanium/gold metal

- stack i then formad on the patterned n-GaN layer 312 surface Le. an n-doped li-nitride

layst: As one alemative, the  electrode 314 can  comprise &
ttanlum/aluminum/chromivm/gold metal stack. The p-type contact e.g. substrate 304
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and n-type GaN layer 312 are used for elsctrical connection to drive the LED chip at
different Injection cumrentz,

in the example embodiment, a thin film vertical light emitting diode (VLED)
struciure 316 is formed on the copper~based metal substrate 304,

Using the example embodiment, & sample vertical LED chip can be formed. As
will be described in more detall below, the sample vertical LED éhlp transferred from a
S0 subsirate to 2 copper substrate can be driven al an injection curment higher than
about 1 Amp for a LED chip size of about 1 mm % 1 mm. No electro-iuminescence {EL)
dagradation was advantageously cbserved from a sample vertical LED chip sven when
the sample verlical LED chip Is driven at about B0U maA forward current. The junction
temperature measured directly on the sample LED chip during high curvent operation (up
to about 1 Amp) was advantageously tower than 125 °C due io the presence of the high

. thermal conductive copper metatl substrate. This enables high power operation of the

sample LED chip. It is noted that with packaging, the light cutptt power of the photonic
crystal samiple vertical LED chip can defiver high luminance efficacy.

In an example embodiment, a vertical LED chip can be fabticated using muitl-
color inGaN/GaN LED sfructures grown by metal organic chemical vapor deposition
(MOGVD) on a pattemed SIMOX SO substrate.

in example embodiments, different SO! substrates may be preparsd for use. The
thickness of inherent Si overdayers of the substrates can vary from, but is not limiisd ta,
about 10 nm to about 300 nm with a patterned buried oxide or silicon dioxide thickness
ranging from, but not fimited to, about 60 to about 400 nm. A patternsd SIMOX SOI
substrate cah ba created by using & micro- or nane-pattermned SiO; mask durng the
SIMOX process. After thermat annealing and emoval of top oxide layers of the S04
substrate, a buried oxide {BOX)-pattemed (111)-orented SIMOX SOl substrate can be
obiained. ' '

Figures 4(a) and (b) llustrate examples of different mask patierns for creatihg a8
BOX SIMOX substrate in an example embodiment. Figure 4(s) shows a micron scale
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circular concentric paliern with the buried oxide shown at numeral 402, Figure 4(b)
shows a micron scale hexagonal concentric paitern with the buried oxide shown at e.g.
numeral 404. The patterns can be provided across e.g. a 6-inch wafar, The patterns are
chosen for daslred dimens-lons of LED chips. The thicknaese of the Inharent St overayer
and lateral dimensions of the pattemed BOX can advantageously be chosen to modulate
emission spedira of the subsequently formed LEDs af desired application-spacific
wavelengths. The epltaxial process of depositing niirides can start with a high
temperature growth of an AN buffer Jayer at a temperature higher than about 1050 °C. It
will be appraciated that 8 inch Si <111> wafers are available commercially for creation of
BOX SIMOX substrates and 12 Inch 81 <111> wafers ¢an also be obtained from
substrate ventlors. The above patterning processes can be cammed out on such farger
wafers.

Tha lateral dimensions of the patiemed BOX can be chossen {o create indium
content modulation-induced emission in multiple quantum wells across a same LED
chip. Creation of the patterned BOX c¢an modulate the indium content laterally, Le.

craaﬁng an inhomogensous metal content In the heterostruciures {compare 108 in

Figure 1} atross a patiernad SIMOX 80! wafor and producs 8n interferencs substrats st
longer wavelengths by the patterned SIMOX SOt substrate. A BOX-patterned SOE‘ {111)
substraie can be crested to enhancs interferance and color tuning. The above salaction
process aliows a higher indium content incorparation during MOCVD epitaxy due o a
change In surface tempereture and thus, can result in INGal/GaN multiple quantum

- wells with high indium content. In an exampie embodiment, the paiterned buried oxide

fayer cauges differences In surface ifemperature that can vary Indium  conient

subsaguently o cause modulation-induced emiséton. The resuliing enhancement

charatteriatios are malntainad aven after removal of the patterned SOI substrate as a
result of layer transfer. Thus, the varying In content can achieve modulated emission
specira. '

In the example embodiment, a 801 substrate s iarepared using & separsilon
by implantatlon of oxygen (SIMOX) process to creats Si overlayers with a thickness
which can vary from, but is not imited to, about 10 nm to about 300 nm with a bured
oxide or siiconh dioxide fhickn-a_ss ranging from, bhut not limited to, about 60nm fo about
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400nm. In one example, a SOI substrete can be prepared fo comprise & {111)-orented.
5t overtayer and a {11 1)-oriented Si handle.

The inventors recognise that growth of GaN on patterned SOI substrates or

© strain-relsased GaN on BOX-pattemed SIMOX SOI substrates can result in internal

quantum efficiency values of multiple quantum well material that s dmnparable o valuas
obtained from devices fabricated using sapphire or SIC substrates.

It will be appreciated that LED structures formed on such SO pettems can
vomprise g plurality of layers of, ekampia, ndype Si-doped AlGaN/GaN interlaysrs,
inGaN/GalN multi-quantum wells {(MQWs), and Mg-doped p-type AlSai/GaN layers. For
llustration purposes, many of such layers are not shown in the drawings for describing
the example embodiments.

Figures 5{a), (b} and (c) are schematic diégmms for illustrating & iayef transfer

process in an example embodimant. A SIMOX SO patterned substrate 502 is provided.

A LED chip size can be chosen based on predesigned SIMOX SOI pattemns provided on
the subsfrate 502 'so that fight smission can be efficient. The SO pattems/layers ars
shown schematically as region 504, The substrate body belew the region 504 Is referred
to as the St handle. -

A LED structure is formad as foliows in ‘one example embodimeant. An AIN buffer
layer 506 Is formed on the substrate 502 by MOCVD growth after inltlal cieaning of the

pattamed SOI substrate 502 {or SO! substrate In other embodimenis). The MOCVD

process is caried out at a tempersture above about 1000 °C and in hydrogsn amblent.
The growth temperature of this buffer layer 508 can vary from about 800 fo about 1150
°C depending on the SO and buried oxide layer thickness. The frimethylaluminum flow
rate and time can be varied to obtain an optimized AIN buffer thicknass in the 20 — 300
nm range. The buffer layer 508 can alfernatively comprise AIGaN material, Alternatively,
the buffer layer 506 can additionally comprse AlGaN material o function as an .
AlGaN/AIN iﬁteﬁayar whers the thickness of the AlGaN layer variss from about 50 to
about 100 nm. A n-type GaN layer 508 is formed on the buffer layar 508 with the growth
temperatures in & range between B850 fo about 1050 °C. Multiple guantum wells or
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indium gallium nitride fgallium nitfide (InGalN/GaN) heterostructures 510 are formed on
the ndype GaN layer 508, A plype GaN layer 512 Is then formed on the multiple
gquantum walis. '

The number of periods in the In , Ga ., N/GaN multiquantum wells can vary
based on dasign of blue or green emitiing layers, Preferably, a pefod between 1 10 20
cén offer high power emission. In thae exampls embadiment, for the multiple quantum
wells, the thickness of the In . Ga 1.,& guantum well layer is in the range of about 2 fo
abouf 20 nm. The thickness of the GaN bairier layer can be in the range of about 3 to
about 40 nm, The In (Ga 1. N quantum well layer has a larger composition on SO, That
is, on top of SOI or patterned SOI, the fn content in active layers is higher as compared
o on top of bulk silicon or on top of bulk Si of patterned SOL. The growih temperaturs for
growing the multipte quantum wells Is varied between about 700° C to about 850° C to
tuna the in content on the patterned SOl substrate 502 (or SO! substrate In other
embodiments). ‘ ' '

Afier the growth of the LED structure 514 on the SIMOX SOI substrate 502, a p-

type matal contact iayer structure 516 {aiso referred to as a metal stack substraie 516} is
depostied on the LED structure 514 surface by elediron-beam evaporation. For sxample,

a Ni iayer 518 of about 5 nm thick is deposited on the LED structure 514. This Is .

followed by an Au layer 520 of about § nm thick deposited on the Ni layer 518,
Alternatively, layer 520 can comprise Ag. A Pt layer 522 of about 100 to 200 nm thick is
deposttad on the Au layer 520. As an sliemative, the layers 548, 520, 522 can be a
combination of NVAG/PL layers. Other metals such as palfadium or nethenium can also be
used. The layers 518, 520, 522 form a reflecting mirror and the mirror s capable of
functioning as a p-type contact eiectrode. A thin Ni iaye’r 524 of about 100 to about 1600
nm thick ie then sleciroplated on top of the reflecting mirror, The Ni layer 624 functions
as a conductive seed layer. The pdyps metal contact faver structure 516 Is then
subjected to themmal annealing in the temperature range of about 400 °C t6 700 °C.

The conductive seed iayer, i.e. Ni layer 524, allows thick copper slectroplating or
electroless deposition to form a copper layer 525. The thickness of the elaciroloss-
deposiiion or slectroplated copper layer 528 can be highet than or egqual to sbout 150
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micrometer. The thickness Is chosen such that the LED structure does not suffer from
sigrificant bowing or cracking during substrate removal for the layer transfer process. i
wilt be appreciatad that the Ni and copper layers 524, 528 can also be formed by a
combination of both eleciroplating and electroless deposition methods.

Attar formation of the metal stack substrata 516, removal of the SOI substrate
502 is performed. The substrate removal step comprises grinding, fapping, and dry
etching of the Si handie and SO! layers {or burled silicon dioxide laysrs and silicon
overayer) at region 504. For sxample, lapping, grinding and polishing processes can be
performed on the SOI substrate 502 to reduca the substrate 502 to g cerain thickness,
followed by an isotropic dry or wet etching of the remaining substrate material. The

etching processes ¢an be potassium hydroxide wet etching or dry elching using fluorine

(e.g. SF8 or Xel ) chemistry. The stching processes &re terminated at the AIN buffer

layer 506.

Flgure &(b) shows the resuffant structure 525 with the substrats 502 removed.
" The AIN buffer layer 508 is thus exposed upon substrate removal. The exposed n-fype

AINAIGaN/GaN laysis or Interiayers, &.g. layers 508, 508 are then subjecied o an
inductively coupled plasma stching (ICP) process using with BCL/Cl; chemistry. Through
the ICP process, the structure 526 is now thinned down 1o & thickness of iass than about
1 micrometer. The buffer layer 508 Is removed in the process to sxpose the silicon-
doped ndype GedN layer 08, For example, the thickness of such & thin Sim veriicsd
davice may be about 600 to about 800 nm, depending on the desired emission in the
blue-green spectral regions. Also, for example, Bw ihickness of the sllicon-daped ndype

GaN layer 508 is chosen to maximise light extraction from the multiple guantum welis or .

heterostruciures §10. This is o confirm the cavity thishmss as the fotal vertical niiride
structure thickness Is within the Fabry-Perot cavity: e.g. GaWAir and bottom matal
mirrors would modulate ths emission to show long wavelength fringes when In content is

tuned in the LED chips. This Is a basis to chose an appropriate cavity design with

photonis struciures on top.

_ After the ICP procsss, the struclure 526 Is inveried such that the ndype Gaf\t
fayer 508 is on the up-side and the metei stack substrate 516 prepared by electroplaiing
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or slectroless deposﬁion acis as 8 bottom eledrode. Figure 5{c) shows the sfructure 526
having the metal substrate 516. Thus, the structure 526 is provided on the metal

" substrate 518 via a layer transfer process. The resultant vertical LED structure Is

referenced as numeral 530.

After the layer transfer process, photonic aystat pattems/structures Is generated
on the up side ndtyps GaN layer 508 surface.

Figures 5(d) and &{e) are schematle diagrams for Hustrating generation of
photonic crystal pattems/structures on the vertical LED structure 530 In the example
embodiment.

in the example embodiment, fabrication of two-dimenslonal (20) photonlc crystal
struciures (PhC) structures on the vertical LED structure 530 surface is carried out by
electron beam lthography (EBL) using a 2D 81O, panomask. Altematively, other
nanolthography processes stich as nanolmpriniing, nanosphare, o anodic aluminum
masking can be used to create dry-etched n-GaN photonie nanostructures, '

In the example embodiment, a thin SIO; layer 532 is depositad using plasma
enhanced chemical vapor deposttion on the verticai LED structure 530, A ZEPS20A
photo resist layer 534 is coated on the éioz Layer‘ 532 for the purpgse of writing
nanoholes fo form, for example, 8 square, frigngular, or rhombic lattice structure. As -
sitsrmatives to nancholes, structures such as nenopiliars and nanopyramid structures

can also be used. Si0; nano-pattems e.g. 536, B3B8 are creatad using & rsaclive ion

efching {RIE} system utilising CHF/Ar chemistry. An inductively coupled plasma (ICP)
etching of the n-Gal layer 806 surface s then camied out using BCHL/Cl; gas chemistry,
The ICP stching parameters can be varied to generate shallow or deepsr eiched nano-
patterns e.g. 536,538 on the LED structurs 530 surface. That is, the size and depth can
be controfied by the icp stching. The lateral and vertical dimensions of the nano-
patterns is less than, but not limhed to, about 400nm In one example embodiment. That
Is, the etch depth can be within the top n-typs laysr 508 i the vertical LED structure fotal
thickness Is about 800 nm. - | '
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Figure 5{e) shows the resultant vertical LED struciure B30 with nano-patiems

. e.g. 536,638, By tuning the nanohole diameters on a Si0; mask, the perodicity of the

PhC lattice and stching parameters, varlous sizes and shapes of nano-pattemns can be
obtained.

After the creation of photonic crystaf struciures on the n-ype ‘GaN layer 508
surface, a patierned n-elactrode is depostted.

Figure 5(f) Is & schematic dlagram Niustrating depasttion of an n-electrode on the
vartical LED structure 530 in the example embodiment.

In the sxampls embodiment, a n-lype contact structiwe 540 is pattemed and
deposited on the n-type GaN layer 508. The n-type contact struchure 540 formed on the
vertical LED structure 530 comprses a combination of TVANTUVAU layers (shown
schematim!& at numerals 542,544,546,548 respectively). Allematively, the contact
structure 540 can compriss 8 combination of TVAVNVAU or Cr/N/Au tayers. The Iayefs

542,544,546 548 are formed of different thicknesses. For éxample the TUAUTUAL n-

contact metal stack thicknesses at numerals 542,544,548,548 are about 10/M150/45/500
nm thick respectively, The top n-slectrode layer 548 Is terminated with thick Au 1o wire
bond the LED struciure 530. A thermat treatment is then employed to anneal the n-matal
comact layers 542,544,546,548 for efficlent current injection and to reduta the contact
resistance. The metal contact layers 542,544,546,548 can be annealed elher by a short-
time rapld thermal anneating step or by using a short-ime high power pulsed UV laser
annazling method. ‘

The high power vertical light emitting diode structuee 530 can then be mounted
ot & highly conducting host substrate e.g. by dle bonding followad by wire bonding of the
slectrodes and an encapsulation process, A sample encapsulated LED device fabricated
according to the deseribed exsmple embodiment showed slechroluminescence paaks
covering the spectral range of about 400 nm to about 700 nm.

Figures 6(a) o {c) show examples of scanning electron m!éroscopa (SEM)
images of photenic crystal structures in differont exemple embodiments. Photonic coystal

AMENDED SHEET
IPEA/AU




10

16

25

PCT/SG2010/000189
Received 19/03/2012

18

structure formation in an example embodiment has boen described with reference to
Flguras 5(d} and (g). Photonic crystatl struciures can be created on (GaN surfaces for
fabrication of photonic crystal high power vaerticat LED structures on copper substrates.

Figure 6(a) shows a SEM image of nanopillar type photonic crystal structures. Figure

&(b) shows a SEM imaga of nanohole type photonic crystal structures. Figure 6(¢) shows
a SEM image of nanopyramidal type photonic erystal structures,

A parficular pattern shaps can be chosen to sult a desired thickness of a vertical
LED structure and the desired emitted wavelangth from the LED struclure. The shape
and etch depth of paitemns can be chosen for efficlent light extraction. Different types of
shapes such as nanopyramidal facsts, holes, plilars of rings can be used.

Light-exiraction sfficiency (LLE) is a slgnificart factor for hipher luminescence

_Gal LEDs. The LLE can be Increased by reducing reflection of light on the LED surface,

Such intemally generated light extraction can enhance the lumens per watt (im/AW)
values. Although the presencé of PhC structures an LED top surfaces suppress the so-
called Fabry-Perot cavily effect, the inventors mcoghise that gresn verfical LED
structuras  having such PhC strustures show substantial emission Intensity

: enhancement.
20

- As described sbovs, In an example embodiment, a LED structure is grown on a
SIMOX SOi substrate and undergoes a layer transfer process to a metal substrate to
create a verticabinjection GaN-based LED stucture. The LED striciure can show a
batier cumrent injection, mors efficient thermal dissipation by the copper substrate, & true
Lamberiian emission profile, and enhencad roliabllity for long-term operation, In the
verticat-injsction thin GaN LED structure, @ thermally conductive thick supporter Cu is
used as a receptor sitbstrate for a LED struclure fransferred from an inltial SIMOX SO

subsirate. The processing sieps to coreate a neside-up GaN-based photonic’
nanostructured LED stucture can comprise the formation of metal electrodes, .

photolithography, dry etching end nenoscale etehing of n-GaN efo,
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A sample vertical LED structure was fabricated according to the above described
example embodiments to study the I-V characteristics of the vertical LED structure using
a cument-vaitage probe station.

Figure 7 is an |-V graph 702 piotteii for a sample vertical LED structure having a
copper substrate. The graph 702 shows the cument characteristics with respect to
voltage applied to the sampls LED structure. The LED structure can be driven at high
currents (above 0.7 A) and the tum-on voltage is lower than about 3 V.

Figura 8{a) Is an efectroluminascance (EL) specira graph plotted for the sample

vertical LED structure having a copper substrate and driven at different current levels.

The EL spacira show & strong blue emission (having wavelength of about 463.4 nm)
from the sample vertical LED structure and enhanced EL peak intensity even up to about
1 A current {.e. very high current level), see numeral 802 for 1A cument. As can bs
observed, the peak EL Intensity at 1 A current is betwesn about 35000 a.u. to about
37500 a.u. The enhanced peak Intensly and strong emiss!on is belioved to ba dus to the
thick thermal conductive copper substrate.

Figure 8(b) is an elactroluminescence (EL) spectra graph shawing light emission
from ancther sample verlical LED structure with hanopymmkiai photonic crystal
structures stched into the ntype Skdoped GaN surface, The curent Injected In this
case ks shout 20 mA for 2 comparison to show enhanced emission from the photonic
structured vertical LED sample (compare 804} as compared to & LED without any

" nanopatiams {compars 806).

in the samplas, the thermal ‘dissipatlon from the aclive layers is more efficlent
due fo close proximity of the InGalN/GalN MQWs to the copper subsirste. The sample
vertical LED structures are formed on a chip with dimansions of about § wmwm by 1 mm. i

has been recognised by the inventors that different n-contact electrode designs can
snable aven betier cument spreading in the sample vertical LED structure and high input

power leads to higher brightness. For exampla, the n-contact elecirode can be designad
with patterns having different line widths which can allow efficient cumrent spraading and
maximum light output.
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Due to the Jouls heating at the p-n junction of the sample LED structure, the

_operating tempsrature can be quite high at higher injection currents. Thus, the invantors
sought to estimate the junciion temperature in vertical LED structuras transferred from

Si-based substrates. Compared to thermal conductivity of sapphire (about 42
Watis/(meter-Keivin) or WimK) and GalN (about 177 WIimK), copper possesses
significantly better thermat conductivity (about 400 WimK) as well as better electrical
conductivity. ' o

In' the sample thin fiim vertical LED struclura, the placement of the copper
host/subsfrate ciose fo the p-n junclion is advantageous in dissipating heat generated

under high cument operations. The he_aﬁng of e.g. blue and green LED chips are

expectsd to be sHightly differant dus to the presence of a comparatively higher defect
denslty in green emitting matetial, In addition, changes In the forward temperature and
voltage for a high powsr LED chip may ask for a propef heat sink for input power that is
more than about 4 W. The inventors recognise that the heating effects reduce power
conversion efficlancy and packaged device lifetime.

To meagure the function temperaturs of the sample vertical LED siructure, micro-

=1 ot SEREY = r Emmm e W

Raman spechioscopy was used. The so-called Raman method is a technique to probe

optical phonon-peak shift with high speciral resoluion when devices are under

oparation, as described for example In Chen-Fu Chu &t. al. In J. Appl. Fhys. 85, 3818
(2004) and M.S. Liu et al. In Apbl. Phys, Left. 74, 3125 {(1909), the conterts of which
are herein incorporated by cross-reference. For GaN-based davices, nonpolar Ex(high)
mode peak ensrgy position changes comesponding to increasing LED drive cument Is
uged for estimaiing junction temperatuné, as the Raman peak shift (s proportional to the
changs In the junclion temperature. With & high spectral reselution Raman spectromater,
junction femperature can be measured with an accuracy of about 110 °C.

Flgure 9 is a Raman spécsra graph plotted for 2 sample verlica! LED structure '

having"a copper subsirate and driven at different current levels. In the measurement, a

488 nm line of an Ar fon [aser is used to measure the Reman spectra fom the sample -
vertical LED structure driven at higher injaction curents. it s observed that the Ez-high

phonon psak shifts within & i'ange of 2 om™ when the sample vertical biue LED chip is
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driven at ahott 1 A current (compars graph B02). With increased drive cumrents, the
Raman peak shifis toward a lower energy side due to a change in therma! expansion.
The sfress siats of the sample verfical LED shucture is monitored using Ramean
spectroscopy and K is obeerved thaf there is a very smali change of Inplane straln sfter
layer transfer 1o a copper substrate. Wih a proper callbration of peak shift with
temperature, it is estimated that a Junction temperature of less than about 150 °C s
present when the sample blue LED structure is drven at about {1 A cument. The
inventors recognised that with high qualify epltaxial material, the junction temperature In
vertical LEDs on copper substrates can be further reduced. For example, the best
achiaved distocation density on a § inch substrate for biue LEDs is about 10° cm™. I the
defect density is lowered, junction temperature can be reduced, thus allowing higher
driving cuarents and providing higher brightnass.

Figure 10 is a schematic fiowchart 1000 Hllustraling 2 msthod of forming a
light emitting diod'_e stucture in an example embodiment. At step 1002, a lik-nitride
based Hight emiiting structure is formed on a silicon-on-insuiator {SOI) substrate. At
step 1004, a metal-based substrate Is formed on the lli-nifride based light emitting
structure. At step 1006, the SOI substrate is removed by a layer transfer process
such that the metal-based electrode sinicture functions as a metakbased substrate
of the light emiiting structure. -

Figure i s & schematic flowchart 1100 Mustrating 2 methed of forming a
light emitting diode structure in an example embodiment. At step 1102, a buried
oxide iayer of a silicon-on-instifator (SOI) substrate is pattérned. At step 1104, a lil-
nitride based light emitting structure is formed on the patiemned SOI substrate. At
step 1108, the pattemed SOI substrate is removed. At step 1108, a Group lil metal
content in the Hlnitride based light emilting structure is inhomogeneous for
modulating the emission from the light emitling diode stuchure.

Uslng the above described example ambodimam;s, vertical light emitting devices
with 500 um x 500 um, 1 mm x 1 mm and 2 mm % 2 mm dimensions can be produced,
The average oulput power of a vertical ight emitling device for a 1mm x 1mm chip size
was found to be befter when fabricatad from a SIMOX $O! substrate than a conventional
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“vertical lght emlitting device obtained from bulk éilicon. With proper packaging and

increased chip size to & 2 mim corfiguration, the output power is believed to be able to
be significantly increased further. in addition, tha internal guantum efclency of the
InGaN/GaN materials can be increassd o progress {o a desired tamget of about 100
ImAYV for high power verticel LEDs (VLEDs). The sbove described example
embodiments can also provide photonic structures on a VLED surface using various

. lithographic technigues. With the pholonic structures, light extraction can be jmproved

significantly. In addition, with a subsirate removal step in conjunchion with usage of a

- copper substrate, 8 VLED can be driven with high current of up to, but not limited to,
about 1A without stgniﬂwntiuncﬁon temperature Incroase as shown by Raman specira.

The above described example embodiments can offer a simple sokdion o
fabricate photonic structured wvertieal fight emiting diode structures by using
electroluminescent InGalN/GaN LED material grown on thin and lirge area SOI and
paiterned substrates. The above described example embodiments can form vertical LED
structures based on epitaxy on SIMOX SOl substrales or patlerned SIMOX SOI
substrates. Thus, the above described example embodiments can produce high quallty
£2gh fime which are crack fres with low defect denslly {e.g. sorew dislocation density on
a 6 inch growth mode for blue LEDs that is less than about 10° om™) as compared to
bulk silicon. The sbove described example embodiments can enabis LED structures to
be grown on a wide area SOl substrate {Up to about 8 inch). The above describead
axample embodimernts can provide a processing method that is relstively compatible to
sllicon pracessing which aliows it to fabricate vertical LED structures using current sliicon
procesaing tools. Hence, fabrication an;d produdtion cost of GaN vertlcal LED structures
can be minimizad by reslizing mﬁ?patlbflﬁy to sliicon procsssing. Thus, higher

- Ewoughput production of LED structures could also be realized.

Applications that can wutilise the described exampla smbodiments Include low-

. cost solutions for street lighting and general illumination; automotive lighting; speclalized
_ light applications such as multi-color LEDs for oolor mixing and biomedical applications

etc.
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From the growth point of view, as a large area compliant SO substrate can
reduce wafer bowing during MOCVD aepitaxy, It has besn found possible to achieve large
area layer transfer for vartical LED chips, Using the SIMOX SOOI approach, the
luminescance efficiency can be improved due to a microcavity sffect via patieming.

In the above described 'example embodiments, growth of GaN layers on
compliant SO! substrates can allow the internal quantum efficiency IQE valus of multi-
quartum well material ta be comparabls to IQE values of equivatent struciures formed
on sapphire and SIC substrates. In exarmnpia embodiments, the substrate compltanoe can
be achieved by using vory thin Si overlayer In SOl substrates that are less then about
100 nm and also by using paftemned SIMGX SOOI subsirates/selectively formed
undertying buried oxdde platforms. in the example embodiments, a flat and crack-fres
fiim with a significanly lower bowing factor can be achieved. Furtharmore, in the above
described example embodiments, fabrication of vertical LED structures on high thermal
corkfucting copper metal substratss can achiave highly efficlent and high power LEDs.

in examp!é embodiments using SIMOX SOI subsirates, during MOCVD epitaxy,
the growth tamparature on the surface is modulated due io the presance of buried oxide
layer In the SIMOX SOl substrates. Such SOI substrates allow a highst In incorporation
during MOCVD epitaxy due to a change in the surfape temperature and sventually,
InGal/GaN multi-quantum wells with high In content can be realized on top of the
SIMOX S80I subsirates. To modulata the In contant laterally across a LED chip, pariodic
buried oxide can be created and thus, Interference substrates can be created from
patterned SIMOX SO wafers. Thus, a broad band emission can bs achisved and & has
been possible to achieve phosphor white LEDs by using‘ wavslangth-deperndent
substrate reflectivity. Furthermore, when such LED siruciure layers are transierred to

high thermal conductive substrates, a dichromatic or broad band LED emission can ba

achieved, This approach can be useful 1o bypass several layering of phosphors or light
converting materials on LED chips. : '

In other words, micro-cavity based structures can be achieved by fabricating
elactroluminescent inGaN/GaN LED structurss on wvery thin and large arsa SO!
substrates prepared by separation by implantation of oxygen method (SIMOX). Due to
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the high refractive contrasis at the SOl interfaces, the multiple rsflections of longer
wavelength visible light leads to strong interference peaks in the electrolumineseence
(EL) specium and'an increased EL intensity, This approach can allow phosphor-free
white LEDs fo be realised due to increased SO! substrate reflectivity at langer

. wavelengths. The Gal on SOf can be prorﬁising from the viewpolnt of integration with
. other SOl-based microsystems, optoelectromechanical systems (MOEMS), and sensors.

it Is expectad that such an LED tachnology can be ramped up to 12-inch production
mode as SOl wafers can be prepared to up to 12 Inches by customized implantation
methods. |

Thus, from the example embodimsents, the Inveniors have confimed that lon-
implantad SIMOX 301 substrates are sullable for GalN epitaxy for large scale device
fabrication. ' :

It will be appreciated by a person skilled In the art that numerous variations

‘andfor modifications may be made o the present invention as shown In the spectfic

embodiments without 'depaﬂtng from the spilt or scope of the invention as broadly
dascribed. The pressnt embodiments are, thorsiors, 1o be considersd In &l respadis o

be lilustrative and not restrictive.
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CLAIMS

1. A msthod of forming a vertical EI|—nItrEde based fight emfttmg diode
strusture, the method comprising, :
forming a lli-mtnde based light emitting struciure on a siiican—m—insuiator (S01)
substrate;
forming a metal-based electrode stmcture on the lilnifride based Isghi emitting
struciure; and
removing the SOI substrate by a layer fransfer process such that the metal-based
electrode structure functions as a metal-based substrate of the light emitling
structure,; :
whereln the method further comprises pattsming a buried oxide laysr of the SO
subsirate for creating an Inhomogeneous Group il metal content in the Hi-nitride
based light emitting structure for modulating emission of the light emittng dicde
structure, ‘

2, The method as claimed in claim 1, wherein the step of removing the

8O substrals compfises mechanically mmezmm substrate matedal, stching

substrate material or both. -

3. The mathod as daimed in claim 1, wharein the step of forming the lil-
nitride-basad light emitting structure comprises growing nitride epllavers on the SO!

_substrate using metal dfganic chemical vapor deposition (MOCVD).

4. The method as claimed In ciaim 2, wherein the mechanically removing
subairata material slep c:é;miprisas ong of more of 3 group consisting of {apping.
grinding and etching, whereln tha mechanica!ty remowng substrate materisl
removes SO and S! handle material.

5. The method as clalmed in dalms 2 or 4, wherein the etching substrate '
material step comprises dry or wet etching.
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6.  The method as claimed in any one of diaims 1 to 5, further comprising
forming a seed layer on the Hi-hitride based light emitting structure for facilitating the
layer transfer process. '

A 4 The method as claimed In dlaim 6, wherein the seed layer comprises
nickel.

8. Tha method as clalmed in dalms 6 ot 7, further comprising bonding
the seed layer to the metal-based substrate using eleciropiating, electroless
deposition er both.

2. The method as daimed in any one of claims 1 to 8, wherein the
patterning step comprises using & Si0; mask to form the pattems on (111)-orfentsd
sllicon. ‘

10. The method as claimed in any one of claims 1 to 8, whereln the step
of forming the lll-nitride based light emitiing structure further comprises foming a
nltrida-hasad buffer laver diractly on the SO substrate.

11. The method as clalmed in any one of claims 1 to 10, further
comprising forming a reflective mimor layer on top of the lll-nitride based light
emitting structure, the mirror laver being capable of funclioning as a pype contact
slectrode, prior fo the layer fransfer process. : '

12, The method as ¢laimed in claim 11, wherain the refiactive mirror layer
comprises a plueality of layers selected from & gmu'p of material consisling of nickel,

gold, piatinum, sliver, paffadium and ruthenium and the method further comprises

subjaeting the reflective miror layer to thermal annealing in which the temperature
ranges from about 400°C to about 700°C,
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13. The method as claimed in any one .of claims 1 to 12, further
comprising selectively forming photonic orystal (PhC) structures on the [l-nitride
based fight emitting sfructure after the step of removing the S0I substrate.

14. The mathod as claimed in claim 13, mrthér comprising forming an n-
type contact electrode structure on an n-doped l-nitride layer of the lii-nitride based

light emitting dicde stucture afier the step of selectively forming photonic crystal

{(PhC) structures .

18, The method as daimed in claim 14, whereln the n-type contact
slectrode structure comprises a plurality of layers selected from a group of material
consisting of tanium, aluminium, gold, chromium and nickel.

7 16.  The method as claimed in any one of claims 1 to 15, wherain the SO!
substrate is prepared using a separation by implantation of oxygen (SIMOX) process to
create‘Si overiayers which vary from about 10Anm to about 300 nm thick with a buried
oxide or sflicon dioxide thickness ranging from about 60 to about 400nm.

17. The method as claimed in any ons of claims 1 to 16, wherein the SO
substrate comprises a (111)oriented Si overlayer and a {111 )-oriented Si handle.

18. A method of forming a vertical llil-nitride based light emitting diode

struciure, the method comprising.

patterning a buried oxide laver of a silicon-on-insulator (SDI) substrate;
forming a Hl-nitdde based light emiiting structure on the pattemad SO
substrate; . '
- removing the pattiemed SOI subsirate,
wherein the patierning step comprises patterning the buried oxide layer for
creating an inhomogeneous Group lil metal content in the Hinitride based light
emitiing structure for moduleiing the emission from the light emitting diode structure.
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19. The method as claimed in claim 18, wherein the patterning step
comprises using a Si0O; mask to form the patterns during a separation by implantation

of oxygen (SIMOX) process.

20. The method as claimed in claim 18 or 19, wherein the step of forming
the lll-nitride based light emitting structure further comprises forming a buffer tayer

directly on the patterned SO substrate.

241. The methed as claimed in any one of claims 18 to 20, wherein the
patterned SOIl substrate comprises a (111)-criented Si overlayer and a (111)-

oriented Si handle.

22. The method as claimed in any one of claims 18 to 21, wherein the SO
substrate is patterned with micron scale circular or hexagonal concentric type
shapes to induce modulated emission from the vertical Ill-nitride based light emitting

diode structure.

23. The method as claimed in any one of claims 18 to 22, wherein the SOI
substrate is patterned using a separation by implantation of oxygen {(SIMOX) process
to create periodic Si overlayers which vary from about 10 nm to about 300 nm thick with
a patterned buried oxide or silicon dioxide thickness ranging from about 60 to about
400nm.

24. A vertical H-nitride based light emitting diode structure, the struciure
comprising,

a lll-nitride based light emitting sfructure for light emission formed on a metal-
based substrate;

wherein the lli-nitride based light emitting diode structure is formed by layer
transfer from a silicon-on-insufator (SOI) substrate comprising a patierned buried
oxide layer, and

wherein a Group [l metal content in the vertical ll-nitride based light emitting
diode structure is inhomogeneous fbr modulating light emission of the light emiiting

diode structure.
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25. The structure as claimed in claim 24, further comprising & metal seed
layer formed between the lil-nitdde based light emitling structure and the metal-
based substrate for facllitating the fayer transfer, '

268. The stucture as claimed in claim 25', wherein the seed layer
comprises nickel having a thickness ranging from about 100 nm to about 1000 nm.

- 27. The struciure as claimed in claim 25 or 26, whersin the sesd layer is
ponded to the metal-based substrate using slectroplating, slectroless deposition of
both. '

28,  The structure as clalmed in any ons of caims 24 to 27, further
comprising z reflactive mirror ieyer capable of functioning as a p-lype contact
electrods, the mirror layer being formed betweon the metal-based substrate and the
Hi-nitride based light emitting structure. '

28. The structure as daimed in olaim 24, whereln the reflective mirror

layer comprises a _blurality of layers selected from z group of materda! consisting of

nickel, gold, platinum, sitvar, palladium and ruthanium.

30. The structure as ciaimed in any one of claims 24 29. further
comprising photonic crystal (PhC) structures formad on an n- doped Ii-nitride tayer
of the Hi-nitride based light emitting diode struciure, the PhC structures having lateral |
and vartical dimensions of less than about 400 am.

31, The structure gs clalmed In any oene of daims 24 to 28, further
comprising photonic orystal (PhC} structures formed 'on an n- doped fli-nitride layer
of the Hi-nitride based light emiiting diede struciure by nanoscale surface patierning
to create periodic patiems selected from a group consisting of nanopiltars,
nanohcles and nanopyramid struchurss. ' '

AMENDED SHEET
IPEA/AU
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32. The siructure as claimed in any one of dalms 24 fo 31, further
comprising an n-iype contact elecirode structure formed on the Hinitide basec_! fight
emitting structure. ' '

33. The structure as claimed in claim 32, wherein the n-lype contact
electrode structure comprises a plurality of fayers selected from a group of material
consisting of titanium, aluminium, gold, chromium and nickel. -

34, An illl-nithide based light emifting diode struchire, the struciure
comprising, o
g patiemned buried oxide layer of a slliicon-on-nsulator (SON) substrate;

a Hl-nifide based light emitting structure for light emisslon formed on the
pattemed SO! substrats; and '

- wherain a Group Hi metal content In the active iavers of the lli-nitride based

light emiting structure is inhomogenecus for modulating an emission of the iight
emitling dicde structure,

35.  The stuclure as claimed In claim 34, whersln the l-ritride based light
emitting structure comprises one or more nltride-based buffer layers formed directly
on the patterned SOI substrate. .

AMENDED SHEETY
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