1 VERTICAL LIGHT EMITTING DIODE WITH PHOTONIC NANOSTRUCTURES AND METHOD OF
FABRICATION THEREOF 5 FIELD OF INVENTION The present invention generally relates to a
vertical light emitting diode (VLED) with photonic nanostructures for enhancing the light extraction
efficiency of the VLED, and a method of fabricating the VLED. 10 BACKGROUND To obtain a high
brightness and high efficient light emitting diode (LED) for general illumination, it may be desirable to
fabricate a vertical light emitting diode (VLED) having 15 a light emitting structure sandwiched between
two electrodes. Recently, major LED manufacturers have commercialized VLED chips. The majority of

these convery/aRa YAERG® B ARG BRRITHCEIE BRIE AR B (feped on a

sapphire substrate to a conducting substrate using a laser lift-off process. Some manuracturers have
also recently claimed to hav %\?@E"\ﬁﬂt@ﬁﬁb N TANIEERERRY of 150 20 Im/W (lumens per
watt) using vertical LEDs and phosphors. In addition, there have been studies on GaN on silicon which
show that vertical LEDs can also be achieved by transferring LED structures grown on bulk silicon (Si)
substrates to conducting substrates by wafer bonding or chemical lift-off processes. However, the
interndt quhali SfdNVENTIOR) of the LED structure on bulk Si is lower due to the high density 250f
threading dislocations. Various conventional approaches have been disclosed in an attempt to

increase the light extraction efficiency of conventional VI.EDs, such as roughening (e.g., by forming
photonic ci:@é a?srsaso?np?é?t\é?m}%] ﬂ%n%ﬁﬂgdﬁgégsogﬂﬁe"EE’B""H}%’&E%,‘tllﬂﬂ/\%%ﬁ & Wpapwith

photonic nanostructures for enhancing the light extraction efficiency of the VLED,
and a method of fabricating the VLED.

10
BACKGROUND

To obtain a high brightness and high efficient light emitting diode (LED) for general
illumination, it may be desirable to fabricate a vertical light emitting diode (VLED) having
15 a light emitting structure sandwiched between two electrodes. Recently, major LED
manufacturers have commercialized VLED chips. The majority of these conventional
VLEDs are produced by transferring the LED structure initially formed on a sapphire
substrate fo a conducting substrate using a laser liff-off process. Some manufacturers
have also recently claimed to have achieved white LEDs with luminous efficacy of 150
20 Im/W (lumens per watt) using vertical LEDs and phosphors. In addition, there have been
studies on GaN on silicon which show that vertical LEDs can also be achieved by
transferring LED structures grown on bulk silicon (Si) substrates to conducting
substrates by wafer bonding or chemical lift-off processes. However, the internal
quantum efficiency (IQE) of the LED structure on bulk Si is lower due to the high density
25  of threading dislocations.

Various conventional approaches have been disclosed in an attempt to increase the light
extraction efficiency of conventional VLEDs, such as roughening (e.g., by forming
photonic crystals) or patterning the top surface of the LED structure. However, a major
30 problem with such conventional approaches relates fo chip handling when roughening or
patterning the top surface of the LED structure after the layer transfer process (i.e., after
the LED structure has been transferred fo a conducting substrate). For example,
roughening the surface by dry or wet etching using a high temperature deposition



30 problem with such conventional approaches relates to chip handling when roughening or patterning
the top surface of the LED structure after the layer transfer process (i.e., after the LED structure has
been transferred to a conducting substrate). For example, roughening the surface by dry or wet
etching using a high temperature deposition 2 process would likely cause cracking of the transferred
LED structure due to a vertical stress gradient created by the thermal expansion mismatch between
the transferred LED structure and the conducting gubstrate. In addition, expensive techniques such as

electron beam lithogra result in a low throughput fahricatijon_process. On the other 5 hand, simple
dry etchingpt%mrgﬁsg ((a)_H ﬁpék?@pcgﬁr accera(\é\i( e (I"L_%%E)gls{ ra@c‘?’tﬁ?rée(ée%, b r&ﬁ Ssgli\?et?e%éjt?\/”éc?én etching or
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15 use of high power lasers,and ensive large area sapphire substrates, The sapphire substrate
production 'fg BISo I@Fnemxg?&tﬁﬁlﬁrﬁeer}f‘fodgﬁﬁ%gﬁ%v%a[l g%r g?z%r%%rg' ﬂé’ﬁ58?%1??6Wtﬁn6§?e%?lt§frf5’ larger
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and difficulpasarnétoh rmadiing dosasa-urifcaanyieler from weras waisidybnsthe Jassndift of large
diamqtgr W%‘er. .§inc% ﬁg%)tﬂ]ire 20 substrates are insulators, heat dissipation is also a major concern
for flip-chip EBY Bhhe Gttier hand, the growth of GaN-based LED structure on bulk Si or 501 is cost
effective and may lead to a higher manufacturing yield. However, the internal quantum efficiency (IQE)

of the LED sbinaintieranybaknBbisdawandepdardishasdleiestdpprity. 2bAraecbiifaigrg exists to
provide a vertical !Iigpié )(z:'ngitgi‘r\}g diodﬁ. VLu [%}rg\pd a éne[tlh[%geof ff?bﬁcéﬁi_ the;[hVLED which seek to
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overcome, or at least ameliorate, one or more of the apove deficien
conventionBIo@LEtOR chhghrbpaktiteaat Eo e iimeentsatinyial exethet dhastibi@sdyrefitiresvbeD. It is

againss thisbackgnighndiRatieery ase alpaventoniasRecs-gen RO Bk 3HS UMM AR Xhire
substrate production is also commercially limited to 6 inch wafer size and hence, growth

potential to larger substrate sizes is limited. Furthermore, the use and maintenance of

high power lasers are complicated and difficult to control resulting in non-uniform yield

from wafer to wafer during the laser lift of large diameter wafer. Since sapphire

20  substrates are insulators, heat dissipation is also a major concern for flip-chip LEDs. On

the other hand, the growth of GaN-based LED structure on bulk Si or SOI is cost

effective and may lead to a higher manufacturing yield. However, the internal quantum

efficiency (IQE) of the LED structure on bulk Si is lower due to a higher defect density.

25 A need therefore exists to provide a vertical light emitting diode (VLED) and a
method of fabricating the VLED which seek to overcome, or at least ameliorate, one
or more of the above deficiencies associated with the conventional VLEDs, and in
particular, o enhance the light extraction efficiency of the VLED. It is against this
background that the present invention has been developed.

30
SUMMARY

According to a first aspect of the present invention, there is provided a method of
fabricating a vertical light emitting diode comprising:



3 forming a light emitting diode structure including: forming a first material layer of a first conductivity
type; forming a second material layer of a second conductivity type; forming a light emitting
layer between the first material layer and the 5second material layer; and forming a plurality of
generally ordered photonic nanostructures at a surface of the first material layer through which light
generated from the light emitting layer is emitted for enhancing light extraction efficiency of the vertical
light emitting diode, 10wherein said forming a plurality of generally ordered photonic nanostructures

comprises forming a self-ass bleg template comprising generally ordered nanoparticles on said
surface of the firs?orﬁg'tré?iglﬁgslg% 6t Sﬁcq{ggeagt%'%uégﬂ'}'gy%dpﬁﬁng the photonic nanostructures at said
surface of the first matefrinén@a firstPreteriablaysanf fofirairmpacsetivitsdeneled template comprises

coating a layer on said suraeg afdbenfishiarigsiablayes dsiegcns QMR EaRAYIsg block copolymer

reverse micelles. 20Preferably, said forming a self-assembled template further comprises exposing the
i mdri}légaa] h{Cihe (ﬁvﬁ?ﬁg?ﬂ?ewb}%ééﬁ%%ﬁ‘%mﬁra B8r%f the reverse

coated layer to vapors inclu 2 Srecursor rormeom
micellés. Preferably, thesgnsonatesiabayeroaacor more of SiCl4, TiCl4, HIC14 and ZrCl4 vapors,

25and the precursor is o g REREIESRORSHAY, Srdbhddf Bidofic fRbfRRRG saidspanoparticles
comprising one OrStrJn a%%(gf?iqgﬁfc’sqangtigrgaﬁggér-l-tpr%hggo\ghi%ﬂqig%wrto éénerated from the light

emitting layer is emitted for enhancing light extraction efficiency of the vertical

light emitting diode,

10 wherein said forming a plurality of generally ordered photonic
nanestructures comprisés forming a self-assembled template comprising
generally ordered nanoparticles on said surface of the first material layer to
function as a mask for forming the photonic nanostructures at said surface of
the first material layer.

15

Preferably, said forming a self-assembled template comprises coating a layer on
said surface of the first material layer using a solution comprising block copolymer

reverse micelies.

20  Preferably, said forming a self-assembled template further comprises exposing the
coated layer to vapors including a precursor for incorporating the precursor within a

core of the reverse micelles.

Preferably, the vapors comprise one or more of SiCl,, TiCly, HfCl, and ZrCl, vapors,
25  and the precursor is one or more of corresponding Si, Ti, Hf and Zr, for forming said
nanoparticles comprising one or more of corresponding SiO,, TiO,, HrO,, and ZrO..

Preferably, said forming a self-assembled template further comprises exposing the
coated layer to oxygen plasma to remove the block copolymer surrounding the core
30  of the reverse micelles.

Preferably, said forming a plurality of generally ordered photonic nanostructures
further comprises applying lithographic pattern transfer using the self-assembled



Preferably, said forming a self-assembled template further comprises exposing the coated layer to
oxygen plasma to remove the block copolymer surrounding the core 300f the reverse micelles. 4
template as the mask for forming the photonic nanostructures in said surface of the first material layer.
Preferably, the lithographic pattern transfer includes etching into the first material 5layer to form the
photonic nanostructures using the self-assembled template as the mask. Preferably, said forming a
light emitting diode structure further comprises forming the light emitting diode structure on a first
substrate, and ]“%the mﬁthod fur}her comprises apég)lyi,ng a layer transfer process to transfer the light
emitting diod& R A& SrHRFE SELIRTD Lo R B BIe Y FREPRJ A SR BHERGR 8B hereferably,
the layer tréirsifevapedebles@omprises: 15forming the second substrate on the second material layer,
forming a plurality of trenches extending into the first substrate, and removing the first substrate
from the light ﬁmit% g %i%ﬂ%’structu_re via etching, wherejn the second substrate comprises a first
electrode and & Thetal Dbt aH 3B BR Th ARSI deeidRe srPnsdripil end Hhrsraiesatrate is
selectéd frdmie trdopretiresisivigrié adndkisiitoresuissigptes sdilissseomiedutatmi(s0ds) substrate, and
a sapphire gidbgtrate.

Preferably, said forming a light emitting diode structure further comprises forming
the light emitting diode structure on a first substrate, and

10 the method further comprises applying a layer transfer process to transfer the
light emitting diode structure onto a second substrate to form the vertical light
emitting diode.

Preferably, the layer fransfer process comprises:
15 forming the second substrate on the second material layer,
forming a plurality of trenches extending into the first substrate, and
removing the first substrate from the light emitting diode structure via etching,
wherein the second substrate comprises a first electrode and a metal substrate
formed on the first electrode.
20
Preferably, the first substrate is selected from a group consisting of a bulk silicon
substrate, a silicon on insulator (SOI) substrate, and a sapphire substrate.

Preferably, the method further comprises forming a second electrode on the first
25 material layer, wherein the first and second electrodes are configured to receive a
bias voltage for providing power to the light emitting layer to generate light.

Preferably, the second electrode is formed at a surface area of the first material
layer without the photonic nanostructures.

30
Preferably, the first electrode comprises a combination of two or more elements
selected from a group consisting of titanium, aluminium, nickel and gold, and the
second electrode comprises a combination of two or more elements selected from a

group consisting of nickel, gold, silver, and platinum.



Preferably, the method further comprises forming a second electrode on the first 25material layer,
wherein the first and second electrodes are configured to receive a bias voltage for providing power to
the light emitting layer to generate light. Preferably, the second electrode is formed at a surface area of
the first material layer without the photonic nanostructures. 30 Preferably, the first electrode comprises
a combination of two or more elements selected from a group consisting of titanium, aluminium, nickel
and gold, and the second electrode comprises a gmbination of two or more elements selected from a
group consisting of nickel, gold, silver, and platinum. 5 Preferably, the light emitting layer comprises
one or more quantum wells of indium gallium nitride and gallium nitride (InGaN/GaN) heterostructures.
5Preferabl¥referfibdy, rtiadigit |ayeiticoigyds eomnnseppensivid e onateviziem dvsls sgdoddimmaterial layer

comprises gaRripfiRitideMaiatiah nitRERfarRbAN/BENY sbmalsHatis-selected from a group consisting
of an n-type GaN, an n-type AlGaN, an n-type InAlGaN, and the second material is selected from a

10group consisting of a p-type GaN, a p-type AlGaN, and a p-type InAlGaN. Preferably, the photonic
nanosfructitrefcsably et difgpittataypelarerostueises. an NAbeerdiid® makcahdamhdee of the

present inventipR, QRIS BIRYIsH Rivesticaldplighi-rmitinglipde comprising:

Preferably, the first material is selected from a group consisting of an n-type GaN,
an n-type AlGaN, an n-type InAIGaN, and the second material is selected from a
10  group consisting of a p-type GaN, a p-type AlGaN, and a p-type InAlGaN.

Preferably, the phofonic nanostructures are generally pillar-type nanosfructures.

According to a second aspect of the present invention, there is provided a vertical
15 light emitting diode comprising:
a light emitting diode structure including:
a first material layer of a first conductivity type;
a second malerial layer of a second conductivity type; and
a light emitling layer disposed in between the first material
20 layer and the second material layer;
wherein a surface of the first material layer has a plurality of generally
ordered photonic nanostructures formed thereat using a self-assembled template for
enhancing light exfraction efficiency of the vertical light emitting diode, the self-
assembled template comprising generally ordered nanoparticles on said surface of
25  the first material layer to function as a mask for forming the photonic nanostructures

at said surface of the first material layer.

Preferably, the vertical light emitting diode further comprises a first electrode formed
on the second material layer, and a second electrode formed on the first material
30 layer, wherein the first and second electrodes are configured to receive a bias

volitage for providing power o the light emitting layer to generate light.

Preferably, the first material fayer is selected from a group consisting of an n-type
GaN, an n-type AiGaN, and an n-type InAlGaN, the second material is selected from



a light emitting diode structure including: a first material layer of a first conductivity type; a second
material layer of a second conductivity type; and a light emitting layer disposed in
between the first material 20layer and the second material layer; wherein a surface of the first
material layer has a plurality of generally ordered photonic nanostructures formed thereat using a
self-assembled template for enhancing light extraction efficiency of the vertical light emitting diode, the
self-assembled template comprising generally ordgred nanoparticles on said surface of 25the first
material layer to function as a€1ask for forming the photonic nanostructures at said surface of the first

material layef' PIRfPABN M B RIdP AR nAEHEPG S5 DR mpeS Al firl efdtdiB&e formed on
the secondlighiterisitiaydayandarseseaceke orous donpmeduon thaifirst maiteriajBlayernirweerein the

first and segandalReH AARSAIR GANIEHIeH RJBeqiva @ dias voltage for providing power to the light
emitting layer to generate light. 6 a group consisting of a p-type GaN, a p-type AlGaN, and a p-type

InAlIGaN, and the light emitting layer comprises one or more quantum wells of indium gallium nitride
and gdliunBRIBEDESSRIPTHON EtdHHEIRRANENGS

Embodiments of the present invention will be better understood and readily apparent
to one of ordinary skill in the art from the following written description, by way of
example only, and in conjunction with the drawings, in which:

10
Fig. 1A schematically depicts an exemplary LED structure initially formed on a sacrificial
S0I substrate according to an example embodiment of the present invention;

Fig. 1B schematically depicts an exemplary completed VLED formed after the LED
15 structure shown in Fig. 1A has been transferred to a receiving or conducting substrate

according to the example embodiment of the present invention;

Fig. 1C schematically depicts an exemplary LED structure initially formed on a sapphire

substrate according to another example embodiment of the present invention;

20
Fig. 1D schematically depicts an exemplary LED structure initially formed on a bulk
silicon substrate according to a further example embodiment of the present invention:
Fig. 2 generally depicts a flow diagram illustrating a method of fabricating the VLED.

25

Figs. 3A to 3D schematically depict the steps involved in fabricating the VLED up to
the completion of the layer transfer process according fo an embodiment of the

present invention;

30  Fig. 4 schematically depicts the reverse micelles of block copolymers used to form the
self-assembled template;

Figs 5A to 5E schematically depict the steps involved in fabricating the VLED after

the layer transfer process according to an embodiment of the present invention;



5 BRIEF DESCRIPTION OF THE DRAWINGS Embodiments of the present invention will be better
understood and readily apparent to one of ordinary skill in the art from the following written description,
by way of example only, and in conjunction with the drawings, in which: 10 Fig. 1A schematically
depicts an exemplary LED structure initially formed on a sacrificial SOI substrate according to an
example embodiment of the present invention; Fig. 1B schematically depicts an exemplary
completed VLED formed after the LED 15structurg shown in Fig. 1A has been transferred to a
receiving or conducting substrate according to the example embodiment of the present invention; Fig.
1C schematically depicts an exemplary LED structure initially formed on a sapphire substrate
according toggndifeicefantsipienfifodinmenesf tielpresamstrstition; BigaDa crminasid@ify depicts an
exemplary &iEfhstideieggnitially formed on a bulk silicon substrate according to a further example
embodiment of the present invention; Fig. 2 generally depicts a flow diagram illustrating a method of
fabricating the VLED. Figs. 3A to 3D schematically depict the steps involved in fabricating the VLED
up to the coigplétidanittithenyestrahiife nprostsestisiescrblizigad esingratsotinfene ofithespregent

invention; 30Fig) id Scaempicalbislapis'® the pruiaevrglgs of block copolymers used to form the
self-assembled template; 7 Figs. 6A to 6C depict SEM images of the nanostructures formed at various

ICP etching intervals;
Fig. 7B depicts a histogram in the average spacing of the nanostructure array obtained

from the 2D power spectral density of the AFM image in Fig. 7A;

10
Fig. 8A depicts the photoluminescence characteristics of the VLED with the surface of
the GaN layer subjected fo ICP etching at different plasma etching duration to form the

nanostructures;

15  Fig. 8B depicts AFM images of the nanostructures formed by efching durations of 15 and
20 seconds, respeclively;

Fig. 8C illustrates the PL spectrums of a conventional VLED and an example VLED

having self-assembly derived ordered nanostructures according to the present invention;
20

Fig. 9A illustrates the eleciroluminescence (EL) of a conventional VLED and an

example VLED according to the present invention driven at 20 mA,; and

Fig. 9B illustrates current spreading in an exampie VLED according to the present

25 invention driven at 2 mA.
DETAILED DESCRIPTION

Embodiments of the present invention seek to provide a vertical light emitting diode

30 (VLED) with photonic nanostructures (or light extraction nanostructures) for
enhancing the light extraction efficiency of the VLED, and a method of fabricating
the VLED. Details of the VLED and the method of fabricating the VLED according to
exemplary embodiments of the present invention will now be described.



5Fig. 7A depicts an image of the nanostructures obtained using atomic force microscopy (AFM) in an
example according to the present invention; Fig. 7B depicts a histogram in the average spacing of the
nanostructure array obtained from the 2D power spectral density of the AFM image in Fig. 7A; 10 Fig.
8A depicts the photoluminescence characteristics of the VLED with the surface of the GaN layer
subjected to ICF etching at different plasma etching duration to form the nanostructures; 15Fig. 8B
depicts AFM images of the nanostructures formedby etching durations of 15 and 20 seconds,

eopecneli IR o roi el e apape VLED,

having self—a%semt%ﬁ/ eriveé nanostru
illustrates tpreefieidroigrmndsseheeatE et subsiwientl@8aNLED 4B derematinatiledddiE® arccording to

the presentiRvaiigneripricat WEDALANGEmed-iited BdlUBates QUFECTE SRIRAFING Hi@n £xample
VLED acc%rading %ontigerpreseqt%Sinventiqn driven aat 2 mA. DE'@ILE%GDE CRIPTION Embodiments
i (6)

LEERIO DrovRIE Y TE R SHGHP S Rt PRt phttonic

of the presen? iNVention see
nanosfructéfesrfsidigresiaenerRdedsneitor e forsenhamemignhe light extraction efficiency of the
VLED, and a method of fabricating the VLED. Details of the VLED and the method of fabricating the

VLED accqrding Jg X RIaR: €T RO RSN O NG AIes S IANGT G0 WILoWbe descringd:
140. The method 200 comprises forming a LED structure 104 which includes a step 204
of forming a first material layer 116 of a first conductivity type (e.g., n-type), a step

10 208 of forming a second material layer 120 of a second conductivity type (e.g., p-
type), and a step 212 of forming a light emitting layer 124 between the first material
layer 116 and the second material layer 120. Subseguently, the method 200 further
comprises a step 216 of forming a plurality of generally ordered photonic
nanostructures 148 (i.e., of nanoscale) at a surface 152 of the first material layer 116

15 through which light generated from the light emitting layer 124 is emitted for
enhancing light extraction efficiency of the VLED 140. In pariicular, the step 216 of
forming the plurality of generally ordered photonic nanostructures 148 comprises
forming a self-assembled (SA) template (e.g., layer 416 shown in Fig. 4} comprising
generally ordered nanoparticles 408 on the surface 152 of the first material layer

20 116 to function as a mask for forming the photonic nanostructures 148 at the surface
152 of the first material layer 116. With the generally ordered photonic
nanostructures 148 formed at the surface 152 of the first material layer 116 through
which light generated from the light emitting layer 124 is emitted, light can be
scattered more effectively by the photonic nanostructures 148, thereby enhancing

25 the light extraction efficiency of the VLED 140.

it will be appreciated to a person skilled in the art that the above-described steps may
be performed in another order and are not limited to the order presented. Furthermore,
the above steps are not intended to be construed to necessitate individual steps and
30  may be combined as one fabrication step where appropriate without deviating from the

scope of the present invention.

For clarity and illustration purposes, the above exemplary embodiment will now be

described in further details including the specific materials/elements and techniques



8 Fig. 1A schematically depicts an exemplary LED structure 104 initially formed on a sacrificial or
growth substrate (first substrate) 108 and Fig. 1B schematically depicts an exemplary completed
VLED 140 formed after the LED structure 104 shown in Fig. 1A has been transferred to a receiving or
conducting substrate (second substrate) 142 5according to an example embodiment of the present
invention. Fig. 2 generally depicts a flow diagram illustrating a method 200 of fabricating the VLED
140. The method 200 comprises forming a LED stpucture 104 which includes a step 204 of forming a

first materlal Ia 116 of fII’S e (e.g.,n-ty ste 2 fformln a second
material Iayer 2(5 oifa se?gnd co qf('?UCi @éotﬂe%g,th %fgcé}%d ngBQﬁ% | light
emitting layeeNpaussrfessibes mgﬁwaf@famayé?elm@@m@m@ et matmmhlayerqume

Subsequerﬁlﬁsﬁm amﬁhmx2@%%5@@@@@%@@3@38&658&%@[&%I&geaaﬂlméilﬁu&f)ﬂa%%ﬁ{ally ordered

photonic nanost ctlijsremsof‘Léle‘Gf of na oscgle atas rfa%i/f 2 of %ﬁe f?%ngﬁtenal I?ier 116 15

through which’ Pgﬁ eherate rom Y the gﬁ‘t emi tlng ay%rr' REER f@’ht extraction

efficierfcy &QH@%@?&@,@PWE%WI&EH&F Aedadies foas ’tbﬁ@ﬂ@mg)ﬂ‘té%mwmmmlly ordered
photonic nanostructures 148 comprises forming a self-assembled (SA) template (e.g., layer 416 shown

in Fig. 4) comprisin nerall rdered, na |cI s 408 on the surfac 152 of the first materlal layer
20 116 to fﬁnéa%loén gfnsgf as e Iﬁ')ﬁﬁ rﬁhetrr]:'g B?lsort%cniljcrenﬁ{gs tuctires T t%'é”&l’fgdgeﬁz of the first

material lag@Hitre PR (ﬁ@g@f%ﬁﬁy‘@?@@ﬁé@%h@ﬁ)ﬁi@ed&\%m’émégmBWrﬁsd@uwhedsurface 152
of the first patestal layeniddbdbseygh-whichdight geseraiedrrammbeHahtiSfarting dayek 134 is emitted,

light gan be sca tered mor eff ctiv y the tonlc na ostr ture t,& g enh ncmg 25the
light g?(’tractlc%ﬁ et |C|encyo tlﬁ’e eg twRI be 3%%%%:@ ‘al g?ﬁa eéill g}'ﬁ[ th&Cart that the

above- deséﬁﬁw@ﬁ%@n@a@ﬁﬁ@@éﬁﬁ%éﬁthﬁaﬁbth@ﬁbﬁi@ﬁbﬂﬂﬁaﬁ?@oﬁoﬂImt@da!d%%ﬁdér presented.
Furthermor&zstmeab@venmt@astar@ant ntesdeddadoeteensitiehlo RRsessiialey indiviskalsteps and

ey e SOEIER 3% RRGAIRL SRR AGE PRBHYE A AARIA B RNg, Soope of the

{InAlGaN) quaternary alloys. Accordingly, the LED structure 104 may also be referred to

15  as a multi-layer stack of nitride materials. As shown in Fig. 1A, the LED structure 104 is
initialty grown on a sacrificial substrate 108. It will be appreciated that growing the LED
structure 104 on the sacrificial substrate 108 does not necessarily mean that the LED
structure 104 is grown directly on the substrate, and that one or more material layers
may be provided in between. In the example embodiment, a buffer layer (e.g., an

20 aluminium nitride (AIN} buffer layer) 112 and an intermediate layer (e.g., an aluminium
gallium nitride (AlGaN) layer) 114 may first be grown on the sacrificial substrate 108
before the LED siructure 104 is grown on the intermediate layer 114. In preferred
embodiments, the sacrificial substrate 108 is a silicon on insulator (SOI) substrate, and
more specifically, a patterned SOl substrate or a strain-released GaN on (buried oxide)

25 BOX-patterned SIMOX SOl substrate. It will be appreciated that the present invention is
not limited to the sacrificial substrate 108 being a SOl substrate, and other types of
substrates may instead be used as appropriate. For example, the LED structure 104
may initially be grown on a bulk silicon substrate 170 as illustrated in Fig. 1C or on a
sapphire substrate 180 as illustrated in Fig. 1D. As an example, the buk silicon

30 substrate 180 or the SOI substrate 108 may comprise (111)-oriented silicon of up fo 150
or 200 mm in diameter,

in the example embodiment, to form the VLED 140, the LED structure 104 undergoes a
layer transfer process where the sacrificial substrate 108 is completely removed and the



used to form the VLED 140. Although the specific materials/elements and techniques described
hereinafter may be preferred in certain embodiments of the present invention, it will be appreciated to
a person skilled in the art that the present invention is not limited as such, and other
materials/elements and techniques may 5be used as appropriate without deviating from the scope of
the present invention. In an exemplary embodiment, the LED structure 104 comprises indium gallium
nitride! gallium nitride (InGaN/GaN) heterostructurgg (the light emitting layer) 124 sandwiched between

a silicon-dopféi n-tﬁﬁ)e GaN layer (the first material layer) 116 and a 10 magnesium-doped p-type GaN
layer (the second HrAatEHAPRiFeBPTZE RN BEapHietigi s atp b rPaxiaidin marailtAnt the first

and secondneiateriayistpekss129rat@ 4Aardustrialienited-tg. GBNaatetidlsank ibsraratagaisay instead

be used asappryiate ' ium,nity )Qindi inu |lium nitride
(InAlGaN) %ﬁ%ma% %%% ﬁ%&ﬁﬁw t%guLE %g?t?c%ﬂ%@gjg r:%% %{%ﬁg:& ;ﬁér?e’%e%}%% 5asa
itride

multi-layer Bfn h&EIETaS SRRAAIRRRlg. 1 RtWPR EPSHoReU e 02PR8RARRSIIG grown on a
sacrifidial seiysbriaaia08f vwitireap@ieviatés shiscgrdvimy shertrDsstrsistute ot Gdcke theigacrificial

c . | . e
substrate 1084965 816} BRSO R LPAINLERSLCY AN YRR A ne substate

and that ong oy more material layers may be provided in between. In the ¢ iment, a
buffer layeP (8§ A TE R ﬁgﬂﬁtfﬁj RAY) BuRer RS 1102 shdhsnsitkemmoardetaper (e.g., an
aluminium galNuayerittithe UYWMG aNplbyssdbbiednanfitseiechrogwe dn thersaerditiehsubstaie 108 before
the LED stiHetrtbAt isaenitentedpieranerialg IAMRE Lidaba esfer ed.ampodinens, the sacrificial
substrate ]&? |S§§}IC|§§£ ;on mT#@tor S01) substrate, and more'a%eqflcal y, a patterned SOI substrate
ora s@ain- as8 SHbUT I THARY S B FSYRaHRFAEASI NRSXSS BSIMaRestratbelt kR be
appreciatedttheiuthe ptdsenvinrentiofais roRlvhitedrtdytieeCeie rifiisd \wupstrated o &g m SOI

substrate, and FrPES I dRMBStr e s 1aY | iate. : , the LED
structure 1P4 mg%jéggl%gﬁﬁ .grown on aqg%?ékmsﬁ%?g ftfggzi%eﬂ%%?%%g%tgg Etﬁs?é?é%%%)or ona
t

sapphire sibstrz (Rt EPR G I 9D Che P RRRTORE MRS AR &FHRD A B8 HRke 180 or the
SOl substrasesigihareiyieoinprigkitiiitironieketdrsilgoa of up to 150 or 200 mm in diameter. 10 LED
strucye 104 is transferred to a conducting substrate 142, preferably, a metal or metal alloy/stack
substrate. As jllustrated in Fig. 1B, the metal stack substrate 142 may comprise a copper substrate
144 and a &t&ﬁeeéfié%??&%n %%"ﬂﬁ'?ﬁeta e Shpalty o shateniasnasirses dd@ wieliiment, the
p-type elecradesnaaibdhigiis exdeBd/peaniodiatian (0 twip ar mojetieiesueints: sebectdifiornED group
consisting giraéciel 10alCineyai i ABe sbie I JoedalRli@RsialniAgae, 2 BBl gf generally

ordered photonic nanostruc‘ures 14ﬁlis formed at the surface 152 of the silicon doped n-type GaN
layer 116 (ORG S LGOS LEANPEFIERPTARPRIHRR RS A7 BrafdAcs O BbHIRERD BETHstonic
nanosfuctiifdsviizighapsttorn @dmatkhfauffaved 3R bitersiictoidopethnestructures 148, for

example, by dry etching. In a preferred embodiment, the self-assembled template 416 is
a layer coated on the surface 152 of the LED structure 104 using a solution comprising
biock copolymer reverse micelles 408. The photonic nanostructures 148 formed at the
surface 152 preferably are generally pillar-type nanostructures. Furthermore, the

25  fabrication conditions can be controlled to achieve a desired height and spacing of the
nanostructures 148 and examples will be described later.

The p-type electrode 146 to the p-type GaN layer 120 and the n-type electrode 156 to
the n-type GaN layer 116 are used for electrical connection to drive the VLED 104 at
30  different injection current. In particular, a bias voltage may be applied across the p-type
GaN layer 120 and the n-type GaN layer 116 for providing power to the light emitting
layer 124 to generate light. The light generated by the light emitting layer 124 is emitted
through the n-GaN layer 116 and scattered more effectively by the photonic
nanostructures 148 at the surface 152 of the n-GaN layer 116. In particular, the photonic



10 type GaN 116 layer. Subsequently, an n-type electrode 156 is formed on the LED structure 104
(i.e., on the surface 152 of the n-type GaN 116 layer) as shown in Fig. 1B. In a preferred embodiment,
the n-type electrode 156 is a metal stack (i.e., multiple metal layers) which comprises a combination of
two or more elements selected from a group consisting of titanium, aluminium, nickel and gold. 15 In
the example embodiment, to form the plurality of photonic nanostructures 148 which are
generally/highly ordered/periodic at (i.e., in or on) {he surface 152 of the LED structure 104, they are
formed usi%a self-assembled template 416 (e.g., see Fig. 4) comprising generall){ﬂordered

nanoparticl BB G e Lt 8T8 P iihie SPEB SR SHRBIE IR Mk eeR Riddk Br forming
the orderesiphifitentty eahasteutite tebhiled afdive)aficE g byt dne SdBingodndaspietbergdremlipdiment, the

self-assemblgctd8MRIGE sFiRdRoBNR e o dle B TRRe RACLING bR ke ¢ using a

solution com rismg block %pécl)l mer reverse micelles 408. The photonic nanostructures 148 formed at

. P |
the surfacé®{BY RSB Relaty Pllire o aho SRR EL oV RRRAS IR tHEP S 5 “Babrication
conditidns can Heligenthgiied forsichieee effdesiress haigitessrt] spaomgafdhe NAREructboves 148 and

examples Wilbheidesrtibecciates oF WP RRRISIBRIFASIAcHS SR 7P HYREARMN f/Byer 120 and the n-type

electrode 156 to the n-type GaN layer 116 are used for electrical connection to drive the VLED 104 at
30 different injection current. In particular, a bias voltage may be applied across the p-type GaN layer
120 and th&éhe-typthGad falyeralin for prodvidingGavwbasedtive Eght hvitlimgvayerdég4itegénerate light.

The light geparatest By thebaifEwtingdayanbas priird-ihipugh hedpan sk Wighand
scattered mare effectlv‘g%?by%gleﬁ)ggoglc nanostructures 148 at the surface 152 of the n-GaN layer
on n

116. I parteBigP th ph &R St eEPad Mo rhR BYMARGelPAdScioBIgd finplate 416
have beendagriidiad @ignifichsupsramntd shehighteatizoteh 2iceadulkfsihel kHi3tiA4 akue to the

generally ayderes radUEROFtiCRAAIRIGRANESIMAIEGE 168 TALHRIQIBWATYARROSL R athe light
output power of the Vlglig[; 140 with the %g]%%#aﬁgg ordered photonic nanostructures 148 5 can deliver

higher lumPRSEE &S Y NHBh TG NABREATR SSRGS SHotBrilte Fas6 <t e tures or with
irregular/nattererc 8 pdXobiel saheisatact(feshd Heametto dfdhéabiicatinay eheSbsidéhepSGaAN-based

VLED 440 yilshaw hedrsgifesdyrendaailageosdingiq 36 frerRIH BB flimet of the present
inve.n.tic_)n ith, 10 refer ta E % A to %Di' As a first ste ,}he LED structure 104 is formed ona
sacrificial ot ﬁ'i%%%@r%’?e:s é%é YR B&P&ﬁ?&d@@% F%5uhES B AR 8% Show in Fig.
3A. For exdimplsitereedcDMOHcEREsLO4tatay1B8 geovatsobehashedifiviabmgstibink 108 dbpmetal
organic chegysalarpPsAenosiHeRKMAGY Mel s v sesrel & PaiemnedRlY et Upstrate 108,
the thickness of e e NS R & N8  atterned (111)-oriented SIMOX SOI substrate
20 108 is formed. The epitaxial process of depositing nitrides may then start with a high
temperature growth of the AIN buffer 112 at temperature of 1050°C or higher, and then
followed by the growth of the AlGaN intermediate layer 114. For example, an AIN buffer
layer 112 having a thickness of 200 nm or higher may be grown at temperature in the
range of about 1050°C to 1075°C. The thickness of the AIN buffer layer 112 is preferably
25  about 300 nm to about 350 nm when the thickness of the SOI overtayer 302 is about 100
nm or less. The AlGaN intermediate layer 114 may be grown at temperature in the range
of 1040°C to about 1060°C with an average temperature profile of 1050°C. In an
embodiment, the target thickness of the intermediate layer is determined based on the
selective Al content, preferably, linearly graded 55% to 25% Al composition in the
30  intermediate layer 114, For simplicity, in Figures 3A to 3C, the AIN buffer layer 112, the
AlGaN intermediate layer 114 and the n-GaN layer 118 may be schematically depicted
together as nGaN on AlGaN/AIN buffer. The LED structure 104 is then grown on the
intermediate layer 114 by MOCVD. For example, a silicon doped n-type nitride layer
(e.g., n-GaN) 116 is formed on the intermediate fayer 114, followed by forming an In-



15 substrate 108 may preferably be in the range of about 10 nm to about 300 nm with a buried oxide
(BOX) 304 thickness being in the range of about 60 nm to about 500 nm. The patterned SIMOX 801
substrate 108 can also be created by using a thick micro or nano-patterned SiO2 mask during the
SIMOX process. After thermal annealing and removal of the top oxide layer, a BOX-patterned
(111)-oriented SIMOX 801 substrate 20 108 is formed. The epitaxial process of depositing nitrides
may then start with a high temperature growth of thie AIN buffer 112 at temperature of 1050C or
higher, and then followed by the arowth of the AlGaN intermediate layer 114. For example, an AIN

buffer layeP1¥ShRdRaantLiiEss srastehHnGaNGRaN iy e eviRtdretrbe Y @¥inthe range of
about 1050€ttos0uaGreTlighthechifiessiafaha 24 Nrbtiiten-tsyye rmitlide sapeefetalily @ Sfataord 300 nm to

about 350 pip whan the, thiekpass qifﬂa@o'i%%'ay@_b@%,i%ﬁ@%#%&ﬂ Of IeRRnLhgAIGaN

intermediate layer 114 may be grown at temperature in the range of 1040C 1o about 1060C with an

average teATPERRRE S UK RPIREEE 1R SR BEAMEG: eht $EHYLHARRh L4 GrIndaniernediate layer
is detefmireiddpasedtom ihehsolanief Aboon@entCprefsrably, linearly graded 55% to 25% Al
composition in the 30 intermediate layer 114. For simplicity, in Figures 3A to 3C, the AIN buffer layer
112, the AlGaN intermediate layer 114 and the n-GaN layer 116 may be schematically depicted

together ad At RO AERR] AR el 43ide £BF 0 &6 & PbARHRAR JAEWA SRR e ediate layer
114 by MO¢Dodeoioe xeffagieg angitich hddop éatmetype thidrit& Y &ayée . (ROra<GhiNYraiEa is fogmed on the

intermediags|ayesLddaolomed i EPSIIRgFYR Bearkadimed piide agd nitide magrialnGan/GaN)
multiple quantum wells (MQW) or heterostructure Ilqht emitting layer) 124 on the n-type nitride layer
116 (6%., ﬁ?%@&%ﬁ@ﬁéﬁ%??ﬂé% FhARECKEHO SRS C7BBE: - YaHaYEe! fsPrifg®nagnesium

doped p-typephaiiride (@i igeeg ofptBRRICIR0.dn tmebligivtentsitingHay elelihitd aycformued &at
temperaturgj the JAngaIRLARRUEEN0G3/820GhANteh thR growah idhedER stimsiug 104 on the SOI

substrate 108, a p@/ e metal electrode (or reflecting mirror) 146 is formed on the p-GaN layer 120 as
illustrated iFPEIY"3%Ry 'BIBRFOHR LN b Bt S EsPd R tR e N et Fhaundis e 146 may
10 comprissieatcuratedatio thefratypekokiglknpedef BHS oyl gioll théak) dayesradl&Gapfatiend a platinum

(P1) layer of JQ2RRHYN o P UBeRS, (HERAIHRICEIBPEY QYR AR 26 FNES () iglladium (Pd)

and/or ruthenium (Ru mgwalso be included in the combination. In an embodiment, a conductive seed

layer madéd ¥R rEt Y i B efedSIARSd Bn TRE M NEaFeIScHEFEORIBSEr Ailowing thick
copper eleetesptassm depoSitdskequbathyhnenvtibsalestrate (préfénatbly eopprele sbistditedrt44 which has

high thermglconghuctivittbavinga hiskoessiafalPnnehighshis slesaniated s alselpless

deposited on t -type metal electrode 146. In the example embodiment, the p-type electrode layer
146 is subjé’%%gr%gégﬁg?ﬁéltgﬁr%éﬁiﬁ{jbﬁ?@é%s‘lsoérig?rtg RIS Pt BRRPARSRIFIRE B8P Ribstrate 108,
for exemplé0diGHe #DSerahe otapg ool elet00d:td40aC! Hecmiyipmibstti diéttiogdhbd6 and the

metal subsgateddddieariier fosarthe renducting substrate 142. The LED structure 104 grown on the
SOl substrate 108 then undergoes a layer transfer

The LED structure 104 grown on the SOI substrate 108 then undergoes a layer transfer
process to the conducting subsirate 142 to produce the GaN-based VLED 140. In
25  particular, the layer transfer process comprises forming a plurality of trenches 340 or 342
extending into the sacrificial SOI substrate 108. As iliustrated in Fig. 3C, top trenches
340 may be formed which extends from a top side 330 of the LED structure 104, through
the LED structure 104, and partially into the SOI substrate 108. Alternatively, bottom
trenches 342 may be formed which extends from a bottom side 334 of the LED sfructure
30 104 and partially into the SOI substrate 108. In both cases, the trenches 340, 342
formed terminate in the Si handle 312 of SOI substrate 108. These trenches 340 or 342
may be formed using dry etching by selectively coating the surface in which the trenches
are to be formed with photoresist, that is, by selective patterning and etching of the
surface in which the trenches are to be formed. It will be appreciated that the trenches



process to the conducting substrate 142 to produce the GaN-based VLED 140. In 25 patrticular, the
layer transfer process comprises forming a plurality of trenches 340 or 342 extending into the
sacrificial SOl substrate 108. As illustrated in Fig. 3C, top trenches 340 may be formed which extends
from a top side 330 of the LED structure 104, through the LED structure 104, and patrtially into the SOI
substrate 108. Alternatively, bottom trenches 342 may be formed which extends from a bottom side
334 of the LED structure 30 104 and partially intothe SOI substrate 108. In both cases, the trenches

340, 342 formed terminate in the Si handle 312 of SOI substrate 108. These trenches 340 or 342 may
be formed H&ing U YR BIPLets RIS BB ThE WRHTREThAR LR ARCHEAGRELRNS be formed
with photoresistsshart iy, bysselectivegettetdigng savdratcHiggof dsebsustadevinsatiichgtidttranches are to

be formed dksmﬂhaesawm@md Aatdhe HenEirm 153 B4R, StddaaPentetedHyy yasigg other

techniquest such as % ser based scribing process or by a sawing process (e.g., sawing of grooves
by shallow Wﬁ?g 3 iamond sawing tool). A metal deposition is then carried out through the
exposéd trenches 340, 342. 5 With the trenches 340, 342 formed, the sacrificial SOI substrate 108 can

then be remauegheT BensHBSIREE, '8MOYSHIIOCERS Mayndlsludeichemieakor sBY-aichiRg afdhe Si handle
312 and SOl layer 108. This is followed by selective dr \%}chlﬁg u_snilg) flélorlrgehé%(eFZ%g s to remove
the entire STRAIEH B SHREEASm F AR P SIHIE ST A0 81 5 B4R, WBhducting
substrate 1RJEN! A RN TRl IRyrer 1082 Thiexp delsavapdiy selsiiatedrgratobily Tsinexivosed aluminum
nitride (At!Nkéﬂﬂg‘f%al@g@rréf%av@nﬁg)y{éﬂi@lsrra;aﬁier@miﬁ@s(%&%%%ﬁ{&aw @été @t{@é{a@@ Subjec;ed to
an inauctuv coupled.plasma - ry etcnin rQces | chemistry to remove suc
e ooy o e P e T N B RE et 2 B APRS L LD ar 16
interlayer slbsiricerehwdab ehpeseabedsilioomdopddds- fyk nbuftes layer 1E6ad shawnum Fig. 3D. The
LED layers;aiigdhustainnabafymierm ibicknessofirss shepddamdndha-pxamele emiprdiment. For

example, the thick f such thin film vertical ice may be 600 to 700 nm depending on the
cesired SrESOR TIGRE B eETAEH SIEa o o ORI BHET 15 Shdktare 104 is
initially forreerdrigicatbapaerdrendistrareckss, theatipphirebubstresisthv@Obigiiersiasd idghevdd by a laser
lift-ofh 6 LOpdarheicte NexXicalanthedryerHaRtenRIssEs - HhotanigRPes I BY RS are formed

at the top side 152 of the p-type GaN lgyer 148 by selective masking and efching. As described 25
nerombetolb! e POl ARG QRIS D SRR s S ST TR ATED R Fochmioue
involving ligyagralphiopadiarentr drasfexanplehdricHlickvess @hsiedh dyrofiblocktissp dirisertliay.,
lnanorﬁrgct?esésé&% ROTRRAePEIRIRG O PrrirdirpainienRidittoRayraseses:af tfddype GaN
ayer :
20 In an embodiment, if the LED structure 104 is initially formed on a sapphire substrate
180, the sapphire substrate 180 is instead removed by a laser liff-off (LLO) technique.

Next, after the layer transfer process, photonic nanostructures 148 are formed at the top
side 152 of the n-type GaN layer 148 by selective masking and etching. As described

25  hereinbefore, the photonic nanostructures 148 are formed by a self-assembled template
technigue involving lithographic pattern transfer of spherical reverse micelies of biock
copolymer (i.e., nanoparticles) 408 to create ordered or periodic patterns at the top
surface 152 of the n-type GaN layer 148.

30 The self-assembled template 416 will now be described in further detail according to an
example embodiment of the present invention with reference to Figs. 4 and 5. In an
example embodiment, the block copolymers 408 are polystyrene-block-poly (2-
vinylpyridine) (PS-b-PVP) as illustrated in Fig. 4. Reverse micelles 408 of PS-b-PVP
(e.0., Mw: 40-b-40.5kg/mol, PDI: 1.1) were coated from a solution 412 of m-Xylene at



30The self-assembled template 416 will now be described in further detail according to an example
embodiment of the present invention with reference to Figs. 4 and 5. In an example embodiment, the
block copolymers 408 are polystyrene-block-poly (2- vinylpyridine) (PS-b-PVP) as illustrated in Fig. 4.
Reverse micelles 408 of PS-b-PVP (e.g., Mw: 40-b-40.5kg/mol, PDI: 1.1) were coated from a solution
412 of m-Xylene at 14 about 1% w/w concentration to yield a thin film 416 of quasi-hexagonally
ordered 2D array of nanoparticles 408 exhibiting gmean topography of about 25 nm, lateral feature
size of about 50 nm and mean s acing?of. about 60 nm as illustrated in Figs. 4 and 5B. This thin film

416 constittte¥tHe M nsRHIaIRRARpYRKE BAtBdISh 18 sfirdes-Tssagr8aheddg/se &N layer 116.
The 2D arrayrayf efaramoactitiées 408 sxpibijiogystaitiar ivppatapby af dleansistsnof lhighdyfgsnerally ordered

domains Wihin GressEBBMINEhakRsE D el S ARSEHNE fluaCrtlieRsGoaer dig film 416 may
then be ex% i%%]ig[ffergbly to SICl4 or TiCl4 vgé)oa at room temperature within an atomic layer

deposition UhBLT E8TREIES AR SElFa s BRRL IROP I IRTARS 8ot B tRe P2virse micelles
10 408 In Sheriepsdainares] tihéheRbbamrs ntdy dwpartidissiédds pdQtd <te €14 mattheir mixtures

for incorpogafingdrfisRdberehRigeHEsals WilRiadNRrRfRs oA thRsevVessR-miselies#98.The SiCl4

vapors selectiye| %ecomé) se Rvyéthin the hydr ph_ili(%, PVP core 420 of the reverse micelles 408 to form
silicon dioxitfé 4%%3 R&Fe! 5% for 'nﬂ“?e‘%’?gét R G88MAYERASERRIBEPERROPEiRRIE Ranoparticles
430. After thiSlvapolifksverpssaterodie polywaertselfvitiembledotein plats 4Epositivainihigds now more
resist to pagiaisEansircpdthrosRridRtarte pesence ofsilicenAighdeA3dasiuglias the highly
cross-lr(bnke%OPV]P c%er. The mean to %%@%% of the rﬁﬁverse micelles 41981 increases to 40 nm after the
vapoUPexposurd 8§ R PRYMENE seifniuiR M RbmpYsRd wrbEsE ke i el Bgtised as a
mask for theikthsgrfphiicpaeetingantierddy &F hrenanopanttiestio8dy daDeatthingavsirsg chlorine
plasma intediagigdeydyingns@aN kvt 34840 oy %%?B},%rﬁﬂmn%%d@m%fﬂwf@&é% in the top

surface 152 of the LED structure ace of the n-GaN layer 116). In another

04 (j.e., top surf he )
embodimeAtInZtdi ' SRhimyS ?Se#ég 5%658%8'@%‘%%9,&?6&&%%01& FRBY IRAUBREBVRIRPgrown on the
top surfacenotelesatPiyedtl Bpbsitiptheibeli adiuinb|edepapliatess 4160 Sdlfisegbentiypatr the

self-apsemblpgddaaniaiedifhis Qravealeins Hiaatadavitmiansx e, Mdfsredibygyofluoric acid
(BHF) which also removes silicon %omde 430 residue that remains. In the example embodiment,
the reversé® ﬁﬁ%@u@%@%@?&j@%{%ﬁ?@& WloT8 REEE5e& B AgsoTE brhiRlAS SRR olled

concentrativgblywigrnsd sl R hegrdhel MEheSiC 1 o gtudatomposes selectvehjoalitsindie core 420 of
the reversengicalias 40840 fermamn N oaRieaRREMROSIER WD the YR asshouunindgigs. 4 and

5C. This crggs-liréli}s %he FE>VP4 maing and makes the self-gssembled template 416 more robust than a
polymer te SRS IS TR S amﬁ%%gﬂ hFahERer TREN Rl IR TS RESINANETST 5D, the
polyrdér 437 apansreniceed i/ gyeriobiagmsing ehtpteentasnsiicvn Wioxickertyihg n-GaN

layer 116 to form the ordered photonic nanostructures 148 in the top surface 152 of the

LED structure 104 (i.e., top surface of the n-GaN layer 118). in another embodiment,

instead of etching, ordered photonic nanostructures 148 may be selectively grown on the

top surface of n-GaN layer 116 using the self-assembied template 416. Subsequently,
25  the self-assembled template 416 is removed by being treated with, for example, buffered

hydrofiuoric acid (BHF) which also removes any silicon dioxide 430 residue that remains.

in the example embodiment, the reverse micelle monolayer coated layer 416 is exposed
to SiCls vapors of highly controlled concentrations within a vacuum chamber. The SiCl,
30  decomposes selectively within the core 420 of the reverse micelles 408 to form an
inorganic nanocomposite with the PVP as shown in Figs. 4 and 5C. This cross-links the
PVP domains and makes the self-assembled template 416 more robust than a polymer
template for the lithographic pattern transfer. In an embodiment, as shown in Fig. 5D, the

polymer 432 may be removed by oxygen plasma {o expose the silicon dioxide



nanoparticles 430 that can subsequently be used for the lithographic pattern transfer. This results in
smaller nanoparticles 430 on the surface of the n-GaN layer 116. Advantageously, the
above-described technique in the example embodiment involves a 5 soft lithography process which
does not disturb the contact electrical parameters of the VLED 140 and does not subject the
transferred LED structure 104 on the conducting substrate host 142 to strain/stress sufficient to cause
cracking of the transferred LED structure 104. The$ost process etching on the n-GaN layer 116 may

lead to a slight blue shi mjssion profile from VLED 140 depending gn etch depth, which is due to
10 phase s'il%rmf) ?&ﬁ% a%&%@*c%ﬁ?e?a@ aer%urﬁgﬁmsb n eé} ﬁqb%}giﬁlﬁg@é%’gfa&s%ﬁ&rg “the contact
pads 156 orhitiecauBaN Japtieringopertites O RicEe svridne s thece-&sl Givihid tisaN layer 116, the
residual dielectric of Si02 or TiO2 further helps to extract light from active layers due to a refractive
index contrast of unexppsed n-GaN regians. Furthermore, since a soft lithography process is used in
the exampfgggﬁ%%%ﬁﬂ%%&tﬁqefg’ %Ivoeé%ergg?ggaJﬁ%hgﬁyeaggetpees e Ss%qqaé & gﬁl}évg%vt%seah-GaN layer
116 that weaft ithisshfablydesss tohighidessaye tislopbrinetaprisittelackicTheaperieigis efdhed

nanostructyiespl48ontaeibeoabt Isvgedilhdathiaterally apdsdasihevier Ganthe sanitelirg by the
self-assemb%qrocess. T{}ﬁ nanostrycture di ensig s can be further t q$ed to suTjita plig tions in blue

or green vE B%%ehé) So’tn wa\t/%lsérrladﬂz%f} emissiGn p?%tfﬁgs?r (flkwgyooft exérﬁ\'ﬁéag% |§7, or a blue
VLED, the $tardsreutidrdda 4@shagobespikighipgecndhostridetlinesaniiil pimay drathdeen islighée range of 30
to 1f00 n(;n,gmilgrﬁﬂé@ SR h%;%ﬁ@wmr\?imtr d@ﬁtgrnmﬁeerﬁaééae SR, t\Qh}jCErtQiQ@h@ﬁ%y be it ot
referred. The me acing,of the nanostructures ma e.configured to range from, but no
mtetio, A0 DO R S BB RE (R e, TBE (o G5 EERABIEA o schieve a
desired sizeo(dagt, HadiyhbGnn thediHyaM rspatiforst dreqidmrrpdnride susagotelii|sie; in the case
of forming thannpRestistwe skt viadygiehingivasondetehing srndiiorstsuchiyasmighing period
and amount (t)l(/ g&s fle}or\év_) gan Eg) %or}trgggtg to %@%uce !g?r% e(s)(}reg gixz% an sp&g'&]grgf.go_the
nanostructires 148"85 ilit<tratedin I‘—algs. 6A 10 60, The @ich epfh of Panodtrictures Ay may be
chosen forfibrimdighsiesaracton filbagraticareEssdhipsetiarhentbennte mrirdimrknéss of the
siIicqmﬁd0p@@e@-B@eéwi@eat@yagééééﬁe@f@mt@m@édmi;e tﬁk@ hakireERastiors fiaan fagiwnderlying
multiple quantum w Ils‘ or h%terostructure%s) %24%6 The eRae]rlodlc anostqéi:tures/ig&tgerqs %8 shape and

size can be" Sc’:rgr? fol ee%dbyova%in'é}%?ea Sself-assé)m[ﬂy proléeglsssagg‘raam erd o Eontrof ing the shape

and size ofgepiEWERiIAIES 108830-formhdaysh (HE balt Ijerely cathidarilt wWise paskgor forming
the_ nanOStB&ﬁ%%@Wtfﬁ%@@@@ﬁqt}t ﬁ&@%sibmé%mﬁﬁ_tma@id%m@wBlaaﬂui?ﬁéHCtheS 148
or inverted-con E)haﬁ)i mgggégsi Xlgleécggri%%%lwgqs%g dtré% pv!laa%g?gneﬁf%ure.tlme. In one

O nmioform t C

dn
example, tﬁ%ng ch d%p?haggn go deeper beyo R the nanostrdctures ngi%?/ setting the

plasr#® expociles-tRyewayabloBtB0Pie e ciics Pisimcd-Bis piearankatssisesnitbsaychsres 148 lead

to improvegiiatepinsasapacanide whrlipvireirlirgdianaholeageay: o Raxoniae thelighirextraction in a
preferred embodjment, multiple intervals/loops (preferably.two to.three) of ICP eiching 10 steps are
performed HFEh (0 et Je R g St LOmIanae B0 160 orti e v e Sl T T
nanopillar- @28t kIR ST BeeABOEIY Gl tRSf A d8tath irtsd e sanfim an thapedsderntolivid @ improve the

EL intensityrhiyet@yeithan iwesteleh IhepSloMistaages of the GaN surface 152 at different ICP etching
intervggs/loops are shown in Figs. 6A to 6C, with Fig. 6B showing the result of a 10 seconds etching

period and Fig. 15 6C showing the result of a 20 second etching period. Therefore, it is demonstrated
that the pefibelifaty/iasiipeeanstiinameafribeisrnspesimpenians BelesitrbREs by adfifangavdrious
fabrication gRIEitiPRISspacing of the nanostructures 148. For example, in the case of forming the

nanostructures 148 via dry etching, various efching conditions {such as etching period
and amount of gas flow) can be controlled to produce the desired size and spacing of
30 the nanostructures 148 as illustrated in Figs. 6A to 6C. The eich depth of nanostructures
148 may be chosen for efficient light extraction from vertical LED chips. In an
embodiment, the thickness of the silicon-doped n-type nitride layer 116 is chosen fo
maximize the light exraction from the wunderlying multiple quantum wells or

heterostructure(s) 124. The periodic nanostructures/pattems 148 shape and size can be



Fig. 7A shows an image of the nanostructures 148 obtained in an example using atomic 20 force
microscopy (AFM) to determine the mean topography and to assess the pattern fidelity of the
nanostructures 148 produced by dry etching. In this example, the etching was performed using
inductively coupled plasma (ICP) etching of the GaN surface 152 using BC13/C12 gas chemistry. The
ICP etching duration can be varied to generate shallow and deeper etched
nanostructures/nanopatterns 148. By tuning the sizg of the 25 nanopatrticles 408/430 formed on the
GaN layer 116 r(léj_))ith%(self ass mbl%/ process, the periodicity of the photonic nanostructured lattice with

various siz& AN LD 8P h S S AT e R TR (8 S SRR o5 PR g 15 558Bf #im the AFM
image showigrpFige PANthEr eier4R/¢ B éufortnenl thd S akelayendrilwinetl-dsb ket ednfissinfeach other.

Fig. 7B depisifisghitoaEaBLiRAARAVRIBIR SPBRINMRS eNANQIILGHFE RGN ARigineddsgm 30 the 2D
power spe%rahl dens\lity of the ?Fﬁ:l |maage. The distribution or spacing of the hanostructures 148 was
ate i@

found to mateh WalPRCTHE D gl PNRERT SPP& EIERShRAIRLCIRSS I SHBING,PHiLl558806n the
surfacé 152hefaleemaGanprye tines liFigney Bratspléluberatel depthamowalistapetibayimmdpriting of about

5% of the MgaR Yahent HedemeRNFIatNg HAtdhRaNOBIETHSH A6 danRIaLBYEN Y spaced. 17
Sp| al h%tolumlnegﬁ%e ce characteristics of the VILED 140 with the surface 152 of

Fig. 8A repy sents ta/ . ) )
the GaN layer-TT8 SibRlE S RYBSIRRIN R RRIRHSIHSH & RR AUPRIGHES HEESN layer 116

was etched:forrdifesrdat shalanoreicledl 02rbbeipcePes secoards)izef vhidpthextBsiaondsaexhibited the

maximum pReteldmERsseRfa ARRHDIRENBIaNGSIN FREhsHOWRS RhAlpldMingssenee agsociated
with t% longer exposur, tlrréﬁno%ms IS thah_tﬂgp(lg nﬁezlé‘_ex osure leads to plasma-induced damage and
[ C

reduces emiS8ioA %t%‘?@f{x’? TN ’ ﬂ%@héﬁr{é\%tm rE0 148 8B observed
and studieg¢dsg aFsdifasstohin ey @Bl Produsaipaitanop At witd'GaNd DisteHeseis that helps to

improve lighbRXHARIQReRTBURE SPRBRVESIRWA INAsiBA Y RRFE Sisactspeasurenel §ghf output from
lateral LED where efn,}i‘ss'@ omes fr? toRfE-GaNt I%igr. Therefore, the etched ]
patterns/nanosraciures & Yorhaon thaVIERS femBitaRa N tRR ARAPRRFIRSeMIsYion. Fig. 8C
shows a PEigpetfriprbfromith-EitleSBoshevioal the BakipivithBes omdesichitip panibe rth@ighip was

procegsed foRhbiRg#ereslh Bravd eBRRY sHPFIALRARUE HRISRING deRihdimitatianngnly the weak
PL could bﬁ]extractﬁd, from the t § quantu ells Wh%r%ﬁellow luminescence from n-GaN is dominant

in the etchad ENAOF HhiA TNtV ?cé}aa%?)@-clv%%e\?ézr, g e 47 CaRIRIGS: BY @ditiringe
self-assemtfddusfapliaaiidasendiiorse according to embodiments of the present invention, a four-fold
increase in PL emission could be observed in Fig. 8C. This 20 shows useful light extraction from active

layers 124 with selective etched patterns and demonstrates the significantly enhanced light
outcouplingy ﬁi%ﬁ‘eﬁﬁgﬁaﬂfﬁ‘%ﬁw{)ﬁho S f&oﬁ%ﬁfgg{ﬁj ?egbsiﬂ%?d;ﬁeqntﬁé foriAa8 8 Fuctures 148
were 38rméerem MhHereeatard AJT idn dgisententizs mgast tbpegisnte et tn-eksesodeenpetElsn 156 were
deposited. fidagi 4y e GRiHaRRuERGLMUE predicabLIER JeMigankA hapmrRKsa R, G BIRgHgN of
Ti/Al/Ti/Au V(ars'l'llA I\rl%ég 8&9/"\“ L'EA\FIVl ers Ole%ff?égnt tt‘@g&% es. F1pr ex%r?ngle, | th% case of
Ti/Al/Ti/Au, the Ricknesses oqf'ﬂ, , T ARAPATS rﬂayrg%q e T 'Bﬂrﬂ,%n et i‘ﬁfnrﬁz, respectively.
The top n-&RiegdHelidye0esocheteigiihatbd Wah giinaudoatine bemdeheariel Dol gendnate

shallow and deeper etched nanostructures/nanopatterns 148. By tuning the size of the
25  nanoparticles 408/430 formed on the GaN layer 116 by the self assembly process, the
periodicity of the photonic nanostructured lattice with various size and shape of nano-
patterns 148 can be formed as desired. [t can be seen from the AFM image shown in
Fig. 7A that nanostructures formed 148 are generally well-isolated from each other. Fig.
7B depicts a histogram in the average spacing of the nanostructure array obtained from
30 the 2D power spectral density of the AFM image. The distribution or spacing of the
nanostructures 148 was found to match well with the original pattern of reverse micelles
408 previously disposed on the surface 152 of the n-GaN layer 116. Fig. 7B also
illustrates the narrow distribution in spacing of about 5% of the mean value, thus

demonstrating that the nanostructures are generally evenly spaced.



30 an experiment, two types of samples were fabricated, in particular, samples with and without
self-assembled TiO2 nanoparticles 430 on the top surface of n-GaN layer 116. The
electroluminescence (EL) spectra recorded from a vertical LED chip driven at 20 mA level with chip
emission profile is shown in Fig. 9A. The LED is made from epitaxial GaN-S01 epitaxy. 18 The I-V
characteristic of the VLED 140 formed by self-assembled Ti02nanoparticles 430 showed higher
voltage at 20 mA. This can be attributed to the presence of TiO2 5 nanoparticles that is sandwiched
between the n-GaN layer 116 and the n-contact metal layer 156 as the TiO2 nanoparticles 430 were
blanket deposited/formed throughout the surface 152 of the n-GaN layer 116 without prior patterning of
the n-contdtig188. epeaseshydieabphotolvosobeeants iskaredtétitireri/icayet thd 40 outitdoe area was

Eatterged f'tmﬁ@@éorszTg@@@m@pgv&lesﬁﬁlgﬁof@&@aﬂen@ﬂ H?&Hd%?ocmﬁé\%ﬁﬁ i&éﬁ%ﬁ%ﬂ%& odnly_ 1hO
ormed on the en.n- rea. , the n-contact probe are IS nQt deposited/formed wit
TiO2 nanof)%Fﬁ% &5 1@8 Zgr\lalﬁtr% ﬁ[cqoqnaavgﬁ%cggﬁa?gﬁncg %888%%%@50%3%% #9n2BaN layer
116. With thecasdsdf ebppeersubstrbdteseaands centibiies HssipationfrophtieurfibestarceireA104 is more
efficient dugdiesplesexpemsipity f HealiiteaNnd\isile dhencerpasssist alil 4e 1R Rdg, 96 shows

the probing of an exampl ED according to the present invention at 2 mA forward current and
demonstratés ?ﬁgrgﬁré é’?\t%ﬁ'r'rsetnaa%p% Q‘H?ﬁaﬁﬁ’i%%\}ffé%fﬁg? %%E@ladmﬁw,e AN ABodiments of
the presentafvesticmisrividatenvibeE Dhesdtiesingdpg pitbrshiraliamesiancairesurds idictasignificantly
enhances the dighi-adrastien.glicignaynaty kEEVA40 FRD é@W}ﬁ%@ﬁﬁ%%éﬁ&&ﬁ%ﬁ%ﬂvmﬂon is
the crﬁ?tioguo t{p{eeS thﬁeicsrgl?os%ldgt%g 1?8 L%,sin he_above-descrjbed self _assemblé/ ﬂProcess
followed by 8tahing 0F the MeCaN Tayer P16 T foris the Fene iRy BraErEaBhitsific Hafolttuctures 148.
A bias voltagéresapghedraofdissitnetpuGe (el 2ERwhatramEsiph laywed fienPHyer@adting light that
is emitted tareugiTHarfne ahéavaenblo sl septtaredrnair efiaetivelydy the ganeralyofdered

photonic ngnostructures 148 (e.q., etched directly int n-GaN_layer 116), thereby enhancing the
light extrac%%rﬂoe %?g%gl/eo;ﬂpl%ﬁ%%gﬂ%a?%ﬁsé??héﬁh%%%ic? Wgﬁ&hﬁeﬁﬁéﬁﬁg%ﬁ%gﬁpﬁed top
etched n-tysetisatdel ohip Withy38% mmarcinéasy whale tielkldnicaeppleesaddeus lEDSI2er TiO2 helps

to 191extragbaiissions uBsiftBCIRAS ol N £ IeRRE IFRNAISAUAIRH At safrastiveingigy contrast
tuning by any re égugl die][ﬁgtr#'ggjpr%sa%l?cr%. weﬂge example embodiments, the formation of such TiO2 or
S

Si02 nanopar{l%ﬁes 4 ?)nf)y seltassembly processwoﬁc’\ r\?ePf?c"gl“fn@gmfé%‘?\rl'q_%Bogﬁiﬁ'é%arﬂ\l(ibspper
substrate W8 HGHhENt A ¢laPedfenis dopHuroHeertical chip. However, etching the n-GaN layer

116 with the self-assembled template features 416 according to embodiments of the
present invention, a four—fold increase in PL emission could be observed in Fig. 8C. This
20 shows useful light extraction from active layers 124 with selective etched patterns and
demonstrates the significantly enhanced light outcoupling in the VLED 140 with photonic

nanostructures 148.

After the photonic nanostructures 148 were formed on the surface of the n-type GaN

25 layer 1186, patterned n-electrode metals 156 were deposited. The n-type contact 156 on
the vertical LED device 140 comprises a combination of THAITI/Au or TI/AYNIAU or
Cr/NifAu layers of different thicknesses. For example, in the case of Ti/Al/Ti/Au, the
thicknesses of Ti, Al, Ti, and Au may be 10nm, 150nm, 15nm and 500 nm, respectively.
The top n-electrode layer 156 is terminated with thick Au to wire bond the VLED 140. In

30  an experiment, two types of samples were fabricated, in particular, samples with and
without self-assembled TiO, nanoparticles 430 on the top surface of n-GaN layer 116.
The electroluminescence (EL) spectra recorded from a vertical LED chip driven at 20 mA
level with chip emission profile is shown in Fig. 9A. The LED is made from epitaxial
GaN-30I epitaxy.



Snanostructures 148 created by self assembly led to high brightness LEDs originating from epitaxy of
GaN on SOI and bulk Si substrates 108. Embodiments of the present invention provide a
soft-lithography process based on self- assembly to form the photonic nanostructures 148 helps to
increase light output power 10 of vertical LEDs. For example, the process is suitable to pattern large
area GaN films at a low cost approach compared to electron beam lithography or nanoimprinting. Due
to metal substrate host, the GaN layers are not ablg to withstand any high temperature processing
steps to avoid thermal expansion mismatch between the GaN layers and the copper/metal alloys. In
such asc \ exdtv-and-therefore an ALD

133
treatment DAy
the LED adfive lay 1 2 9L HrrBlEeHR¢
present in 8 ages including gne onmgrREHRe following: It
produces highrgsalitEaN film which are Gk fred @th lowHect densiiyc{aphi@eeedisjocation
density on pWitth growth modepfokdoiiae LEQJS < 1090n-2) as, pared teledtesibetmt: |It can be
grown on a WWdeiieAUBER] substrate and it is relatively compatfible tb 298iitiet pxtieetsing which allows
it to be fabricated of vertical LEDs using current silicon processing tools; Enhanced light extraction by

incorporatioht phatesitenamnost tetuIeDUsingorsall mesamidly-pipeassyhishogasiaoumequire any
aggressive or high temperature process steps.for LED layers cited on metal substrates.. Accordingly,
30 fabricat%%r? Ve\{%%ﬁ B' f chli(())‘ﬁa Ss?goffga Avgﬁﬁﬁaffﬁ%se (%gtﬁ%éen%?r@mﬁ%dp [)eys?ggl |z?ntte§-c'(§\ﬁ1patibility to

siliconprodEssiprytiaiag thaidsriangsiahed Resvnen drgoaGarDaysh $ 18ranstérgatiaesiagt angtibue self
assembly feijewesk s Aemiol axesdlapesitican (W0 pipatnesiswbish misyvhhsuipuatien of the Si02

or TIo2 naggggé’élqlgf gf'}ipésrig@aﬂpi%gy quvvl\f?t?\é%Y%F%rEgﬁeming of the n-contact 156. In an

embodiment, to resolve this issue of higher voltage, the n-contact area was patterned

first before TiO, nanoparticles 430 formation so that TiO, nanoparticles 430 are only
10 formed on the open n-GaN area. Thus, the n-contact probe area 190 is not
deposited/formed with TiO, nanoparticles 430 and the n-contact 156 can form a good
ohmic contact with the n-GaN layer 116. With the use of copper substrate 144, the
thermal dissipation from the LED structure 104 is more efficient due to closer proximity
of InGaN/GaN MQWs to the copper substrate 144.
15
Fig. 98 shows the probing of an example VLED according to the present invention at 2

mA forward current and demonstrates the excellent current spreading in the VLED 140.

Accordingly, example embodiments of the present invention provide a VLED 140 having
20 photonic nanostructures 148 which significantly enhances the light extraction efficiency
of VLED 140. An important aspect of the present invention is the creation of the photonic
nanostructures 148 using the above-described self assembly process followed by
etching of the n-GaN layer 116 to form the generally ordered photonic nanostructures
148. A bias voltage is applied across the p-GaN layer 120 and the n-GaN layer 116
25 generating light that is emitted through the n-GaN layer 116 and scattered more
effectively by the generally ordered photonic nancstruciures 148 (e.q., etched directiy
into the n-GaN layer 116), thereby enhancing the light extraction efficiency of LED.
Formation of the photonic nanostructures 148 with exposed top etched n-type surface
with very thin nanometer scale dielectric template/masks like SiO, or TiO, helps to



20 nanoparticles act as a mask on large area GaN surface which can be subjected to mild inductively
coupled plasma (ICP) etching to form pillar style GaN nanostructures/nanopatterns, and such
nanostructures help to improve light output power of the LEDs. 5 Accordingly, embodiments of the
present invention provide a simple but yet effective solution to fabricate generally ordered photonic
structured vertical light emitting diode by, for example, using electroluminescent InGaN/GaN LED
material grown on thin and large area SOI or bulkisubstrates. The formation of vertical LEDs on

copper substrath is.10 rela%vel com guble stlllgé)créé)rocessm 9045 apd b% coregratlng 2-D
photonic &R0t u%ﬂﬁ%g'ﬁ& uget e ﬁectl process Je&rived

g8t k8 'hF oufpUt power can
be significantiiyasictesisedyTany weaiddahhataridcneseses ohﬁbﬁlﬁﬁw’@caﬂmﬁlmﬁﬁlﬁﬂbg and thus

enables high RGP FRbICEP Bi0S, \VibRéps Ardbe grepgred il neammbionraskebio eeteaplized using

GaN on silican r 15 It will be reC| ted by a persop skille rt that numerous
variations l\%%ﬁﬁg%%(@dai‘%gﬂ? 'g%ay Be ardséUI iate \'rvé"sgenPPr?vén?oﬁ ggs??o%vr?t i 6}1 té)%ﬁ%ufc
embocﬁmemwtfh@ﬁulf@eﬁ)é&iﬁ@#@%Qhé@b@ﬁmwﬁtmm%ﬁﬂmﬁs Lkﬁ@écng@%@?ﬂ)ed The

present empadipents freatlhereioeata baiconsidsratimal respects to 20be illustrative and not
restrictive. 21 CLAIMS 1. A method of fabricating a vertical light emitting diode comprising: forming a

light emitting diode structure including: 5forming a first material layer of a first conductivity type;
forming a deubedimeatevhthgyressnt svestencoavidetivitgtyjieodorphingrackghtoesating $afer between

the first maigsiahiayer and the sReRRE Matssialdayes; a®helps to increase light output power
10  of vertical LEDs. For example, the process is suitable to pattern large area GaN films at

a low cost approach compared to electron beam lithography or nancimprinting. Due to

metal substrate host, the GaN layers are not able to withstand any high temperature

processing steps to avoid thermal expansion mismatch between the GaN layers and the
copper/metal alloys. In such a scenario, usage of PECVD dielectric patterns leads to

15  complexity and therefore an ALD freatment of patterns at room temperature helps to
overcome issues related to bowing or cracking of the LED active layers on metal

substrate host.

The VLED 140 according to embodiment(s) of the present invention possesses a
20  number of advantages including one or more of the following:

» It produces high quality GaN film which are crack free with low defect density
(achieved dislocation density on 6 inch growth mode for blue LEDs < 10° cm™) as
compared to bulk silicon;

+ |t can be grown on a wide area SOI substrate and it is relatively compatible to

25 silicon processing which allows it to be fabricated of vertical LEDs using current
silican processing tools;

» Enhanced light extraction by incorporation of photonic nanostructures using a
self assembly process which does not require any aggressive or high
temperature process steps for LED layers cited on metal substrates. Accordingly,

30 fabrication and production cost of GaN vertical LEDs can be minimized by
realizing compatibility to silicon processing; and

¢ The nanosfructures on vertical LED chips are created using a unique self
assembly followed by Atomic Layer Deposition (ALD) treatments which allow the
formation of the Si0; or TiO,; nanoparticles on n-side up GaN device iayers. The



forming a plurality of generally ordered photonic nanostructures 10at a surface of the first material
layer through which light generated from the light emitting layer is emitted for enhancing light
extraction efficiency of the vertical light emitting diode, wherein said forming a plurality of generally
ordered photonic nanostructures comprises forming a self-assembled template comprising 15
generally ordered nanoparticles on said surface of the first material layer to function as a mask for
forming the photonic nanostructures at said surfac® of the first material layer. 2. The method according

to claim 1, wherein said forming a self-assembled 20template comprises coating a layer on said
surface of the first AISTETIAT Ty t@sﬁﬁgr%agglﬂ‘ﬁi?{%eo?ﬁﬁ?éﬁ%‘ Bfﬂg%%d’ﬁ%ﬁ/rh?gp r%%/é@é@ﬁﬁ%jelles. 3.
The method accot@lingito isktintieiyvisersied aithsormnighR seifhingelmbiachtaniptastyfertBeN comprises

exposing the coatphiRYREIRSARMEIBRMIALN AR 20FRCHESRL{RICIIRY PRIRLIRG Thetecykser within a
core of the reverse ES'QeIIes. 4. The method according to claim 3, wherein the vapors comprise one or

i
more of SiCl4, TicY. P(?ﬁraorﬁéhfr ilapors, and the precursor is one or more of corresponding Si,
Ti, Hf &nd Zr, for forming said nanoparticles comprising one or 30more of corresponding Si02, Ti02,

Hr02, and A63rdfglihemiie’ ASCor #HRojR fatmhaaidh WhRIENSaidhfuning & saikagsembled
e R Bt bas st e e A s e e
claims 1 tofe, evastein eiitg felgelisg ainescent InGaN/GaN LED material grown on thin and large
area SOI or bulk substrates. The formation of vertical LEDs on copper substrates is
10  relatively compatible to silicon processing tools and by incorporating 2-D photonic
nanostructures using the cost-effective process described herein, the light output power
can be significantly increased. This would minimise the costs of making vertical thin film
LEDs and thus enables high throughput production of VLEDs for the general ilumination
market to be realized using GaN on silicon approach.
15
It will be appreciated by a person skilled in the art that numerous variations and/or
modifications may be made to the present invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to

20 be illustrative and not restrictive.



plurality of generally ordered photonic nanostructures further comprises applying lithographic pattern
transfer using the self-assembled template as the mask for 5forming the photonic nanostructures in
said surface of the first material layer. 7. The method according to claim 6, wherein the lithographic
pattern transfer includes etching into the first material layer to form the photonic nanostructures using
the self-assembled template as the mask. 10 8. The method according to any one of claims 1 to 7,
wherein said forming a light emitting diode structuge further comprises forming the light emitting diode
structure o%]e }gi‘rﬁtssubstrate and the method further comprises applying a layer transfer process
to transfer t Ight emitting diode structure onto a second substrate to form the vertical light emitting
diode. 9. The method according to claim 8, wherein the layer transfer process comprises: 20forming

the second1substmﬁaaad@@ﬁ@@ﬂeﬂlﬁ@m@luwergﬁpma&@ fbyalityrbligRghes extending into the

first substrate, and maoving %tﬂé%s ubstra n Qe Ilgl]t mitting diode structure via etching,
wherein the second subs?rn} rlses a??s c?r d% ARAE W substrate formed on the first
electrotle. 25 formmg a first material layer of a first conductivity type;

forming a second material layer of a second conductivity type;
forming a light emitting layer between the first material layer
and the second material layer; and
forming a plurality of generally ordered photonic nanostructures
10 at a surface of the first material layer through which fight generated
from the light emitting layer is emitted for enhancing light extraction
efficiency of the vertical light emitting diode,
wherein said forming a plurality of generally ordered photonic
nanostructures comprises forming a self-assembled template comprising
15 generally ordered nanoparticles on said surface of the first material layer to
function as a mask for forming the photonic nanostructures at said surface of
the first material layer.

2. The method according to claim 1, wherein said forming a self-assembled
20 template comprises coating a layer on said surface of the first material layer using a

solution comprising block copolymer reverse micelies.

3. The method according to claim 2, wherein said forming a self-assembled
template further comprises exposing the coated layer to vapors including a

25  precursor for incorporating the precursor within a core of the reverse micelles.

4, The method according to claim 3, wherein the vapors comprise one or more
of SiCls, TiCly,, HfCl, and ZrCl, vapors, and the precursor is one or more of
corresponding Si, Ti, Hf and Zr, for forming said nanoparticles comprising one or

30  more of corresponding Si0,, TiO,, HrO,, and ZrOz.'

5. The method according to claim 3 or 4, wherein said forming a self-assembled
template further comprises exposing the coated layer to oxygen plasma to remove

the block copolymer surrounding the core of the reverse micelles.



10. The method according to claim 8 or 9, wherein the first substrate is selected from a group
consisting of a bulk silicon substrate, a silicon on insulator (SOO substrate, and a sapphire substrate.
3011.The method according to any one of claims 8 to 10, further comprises forming a second
electrode on the first material layer, wherein the first and second electrodes are configured to receive a
bias voltage for providing power to the light emitting layer to generate light. 23 12. The method
according to claim 11, wherein the second electrod2 is formed at a surface area of the first material
layer without the photonic nanostructures. 13. The method according to claim 12, wherein the first
electrode comprises a 5 combination of two or more elements selected from a group consisting of
titanium, alfminiufen[EREIEhaGEIEIhEPtRBs SEenel sleinddeteotnprisesia eainbiniation af two or
more elemenirsslestetiaay grosiecqnsissing ebnisialcerlt SiMREr ashpladisympdi0kd. The method
according tp,an on of g{gims 1193, where['n the ? hte iliti g Jayer.comprises one or. more
N transt It
quantum W@ﬁ%%ﬁ%i%l% ggﬁ?urﬁanltrfa e ant ga ﬁu?_na n%rsi %r%n a&?/é%’ﬁgehg erf?agtrﬂqcatﬂkre@.r 15. The
metho@ acéfifg tbeapRetmicatanaftiyciussin sk reirfrer dirieniissbmatesriaretomprises an n-type
nitride material, and the second material layer comprises a p-type nitride material. 16. The method
according tp dlainy 3, WARLEIT e sk malerah s Slesie ol SinRoBEung 2 ag-vpe Gan.
an n-type AlGaN, an n-type [nAlGaN, and the
includes etching into the first material layer to form the photonic nanostructures
using the self-assembled template as the mask.
10
8. The method according to any one of claims 1 to 7, wherein said forming a
light emitting diode structure further comprises forming the light emitting diode
structure on a first substrate, and
the method further comprises applying a layer transfer process to transfer the
15 light emitting diode structure onto a second substrate to form the vertical light

emitting diode.

9. The method according to claim 8, wherein the layer ftransfer process
COMprises:
20 forming the second substrate on the second material layer,

forming a plurality of trenches extending into the first substrate, and

removing the first substrate from the light emitting diode structure via etching,
wherein the second substrate comprises a first electrode and a metal substrate
formed on the first electrode.

25

10.  The method according to claim 8 or 9, wherein the first substrate is selected
from a group consisting of a bulk silicon substrate, a silicon on insulator (SOI)
substrate, and a sapphire substrate.

30 11. The method according to any one of claims 8 to 10, further comprises
forming a second electrode on the first material layer, wherein the first and second
electrodes are configured to receive a bias voltage for providing power to the light
emitting layer to generate light.



20 second material is selected from a group consisting of a p-type GaN, a p-type AlGaN, and a p-type
InAlIGaN. 17. The method according to any one of claims 1 to 16, wherein the photonic nanostructures
are generally pillar-type nanostructures. 25 18. A vertical light emitting diode comprising: a light
emitting diode structure including: a first material layer of a first conductivity type; a second material
layer of a second conductivity type; and 30a light emitting layer disposed in between the first material
layer and the second material layer; wherein aZurface of the first material layer has a plurality of

generally ordered.photonic nanostructures formed thereat ysing a self-assembled template for
enhancing fi%ht e@gcrt]iqg%ga‘ig%:r%éjn %ﬁec I\%nr}ig:gllﬁ\é "ehittiA d}%’&%?ﬁ%@gﬁ.‘%ﬂ éjgl%tbled

template céripFfapfyjenefdie brefenadenahigyartivibovriarhotothcaasiosteuitatenaterial layer to
function as a mask for forming the photonic nanostructures at said surface of the first material layer.

519.The ve{gjcal Iight emitting diode,according to.claim 18, further c rises a first electrode formed
cal ligh a?m *
on the second mateﬁa'Pf":é‘z‘(li?((e)ré,J gRd 5%”6%0%& f:—:- ect1r%d(\=fV Pgrrr%gat he 'rspg?g&m € comprises a
5 combination of two or more elements selected from a group consisting of titanium,
aluminium, nickel and gold, and the second electrode comprises a combination of
two or more elements selected from a group consisting of nickel, goid, silver, and

platinum.

10 14, The method according to any one of claims 1 to 13, wherein the light emitting
layer comprises one or more quantum wells of indium gallium nitride and gallium

nitride (InGaN/GaN) heterostructures.

15. The method according to any one of claims 1 to 14, wherein the first material
15 layer comprises an n-type nitride material, and the second material layer comprises

a p-type nitride material.

16. The method according to claim 15, wherein the first material is selected from
a group consisting of an n-type GaN, an n-type AlGaN, an n-type InAlGaN, and the

20  second material is selected from a group consisting of a p-type GaN, a p-type
AlIGaN, and a p-type InAlGaN.

17.  The method according to any one of claims 1 to 16, wherein the photonic

nanostructures are generally pillar-type nanostructures.

25
18. A vertical light emitting diode comprising:
a light emitting diode structure including:
a first material layer of a first conductivity type;
a second material layer of a second conductivity type; and
30 a light emitling layer disposed in between the first material

layer and the second material layer;
wherein a surface of the first material layer has a plurality of generally
ordered photonic nanostructures formed thereat using a self-assembied template for

enhancing light extraction efficiency of the vertical light emitting diode, the self-



on the first material layer, wherein the first and second electrodes are configured to receive a bias
voltage for providing power to the light emitting layer to generate light. 1020.The vertical light emitting
diode according to claim 18 or 19, wherein the first material layer is selected from a group consisting of
an n-type GaN, an n-type AlGaN, and an n-type InAlGaN, the second material is selected from a group
consisting of a p-type GaN, a p-type AlGaN, and a p-type InAlGaN, and the light emitting layer
comprises one or more quantum wells of indium gaflium nitride and 15gallium nitride (InGaN/GaN)
heterostructures. - . .

asseimibled template comprising generally ordered nanoparticies on said surface of

the first material Iayer to function as a mask for forming the photonic nanostructures

at said surface of the first material layer.

5 19.  The vertical light emitling diode according fo claim 18, further comprises a
first electrode formed on the second material layer, and a second electrode formed
on the first material layer, wherein the first and second electrodes are configured to
receive a bias voltage for providing power fo the light emitting layer to generate light.

10 20. The vertical light emitting diode according to claim 18 or 19, wherein the first
material layer is selected from a group consisting of an n-type GaN, an n-type
AlGaN, and an n-type InAlGaN, the second material is selected from a group
consisting of a p-type GaN, a p-type AlGaN, and a p-type InAlGaN, and the light
emitting layer comprises one or more quantum wells of indium gallium nitride and

15  gallium nitride (InGaN/GaN) heterostructures.



