A Photonic Device and Method of Making the Same Technical Field The present invention
generally relates to a photonic 5 device and a method of making the same. Background  Photonic
devices have been widely used in a number of applications, such as Light emitting diodes (LEDs) and
10 solar cell devices. LEDs, as semiconductor light sources, have many advantages such as long use
life, low energy consufpBaR SRbRcRPIRSIGPIntesH A pE: Mateineh iRy SRSy are also
capable of reliably providing light with high brightness and operating without threshold 15 voltage. High
brightness photonic devices require high external quantum efficiency. The overall external quantum
efficiency is dependent on the internal quanﬁﬁ?gﬁfc?&?cyf('ﬁﬁ&)dand light extraction efficiency (flout).
Internal quantum efficiarcypisdriuenced bymon-radiativer20 necopination caused hydhethreading
dislocations. A strong built-in internal electric field that reduces the electron-and-hole wave function
overlap also re%%%é? ?nt%ﬂ%galadu%% ffictedty  THE lighTex?4tion efficiency of the photonic
devices, which is characterized 25 by the intensity of the emitted light and indicates the quality of the
photonic devices, is typically 30-35% due to thegguygi l__eogt(-:gnal reflections of the emitted photons at
the lattices of the high refractive-index semicon GCioP meditm. 300ne main technological barrier
preventing obtaining Rightyefficiedtphaotonictdemicessisihertatge jatticesmismateh behireen af
semiconductor. material (e.g. gallium_ nitride (G l\_l_)% d a substrate (e.g. sapphire) which results in a
vertical threadi?lg‘%é%ggéﬁogr{l énsi%}l 6 103§t0 0 ﬁ?m%mrr?r%elaa%g gl%s oca |on§L a{%@?&oﬁr‘? ?o be
non-radiative recambination centets; svhichfadsices thesinternalrgiiantum efficigricy ©f theephotonic

devices. Thus, elimingfing.the. threading disloggtins may be. vitegateeéégwa@%&«mper%gg@&“e

internal quantum efficiency of the photonic devices. Furthermore, for many igh photon
applications, s&ch-asatcmbhile Readlights, thie photonie devices wilklikélgbe dpsratackatveary high

current dgnsiti%%}qlgggqg]{ggqing;gg,}lpcgp_@%nsamgyé n%%zg;g/gIyeloqi@pggﬂea\@qbeylif%tyg%i.d:iq{gthese
reasons, it is desirable to reduce the density of threading dislocation in the photonic devices.
light with high brightness and operating without threshold

15 wvoltage. High brightness photonic devices require high
external guantum efficiency. The overall external guantum
efficiency 1s dependent on the internal guantum efficiency
{(nine) and light extraction efficiency (ngu:). Internal
guantum efficiency is infiuenced by non-radiative

20 reccmbination caused by the threading dislocations. B2
streng built-in internal electric field that reduces the
electron-and-hecle wave function overlap alsc reduces
internal guantum efficiency. The light extraction
efficiency ©f the photonic devices, which is characterized

25 by the intensity of the emitted light and indicates the
quality cf the photonic devices, is typically 30-35% due
to the multiple internal reflections of the emitted
photons at the lattices of the high refractive-index
semiconductor medium.

30 One main technological barrier preventing obtaining
highly efficient photonic devices is the large lattice
mismatch between a semiconductor material (e.g. gallium
nitride (GaN}) and a substrate (e.g. sapphire) which

results in a vertical threading dislocation density of 10°
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A reduction in the threading dislocation density has been reported for GaN heteroepitaxial films grown
over Si02 15 layers in epitaxial lateral overgrowth (ELO) processes. However, the patterning in
conventional ELO is on the micrometer scale and a very thick film has to be grown on the patterned
template in order to obfain a continuous GaN layer after coalescence.In the ELO technique, only the
20regions abov€ thedmadk (e.g 6025 €an be ti6d asHhaterials #h a fow defetfderSityToTealize a

low defect density oyer the whele-waferareacs twozsiep ELO, progess has beensimpplemented in the
past. However, these two-step processes are rather complicated, expensive and time 25 consuming.

Another technofogftalBarridr s bvBrcdmfetis the farge Strafttridid Beriidén &e8nficohdutivtiayer (e.g.
GaN layer) and a:quatdumnwelt aetiverlaye(erg; 1nGaN/cal multigrargtuprwells (MQW)=actjve layer)
due to large 30 lattice mismatch and difference in thermal coefficient of expansion between the

semicondtctormEferiat and foreigh Sub5tStes " OEaREM WRIFSHFIRturES formiegthbetwedn pifjunctions
are used as agtive 1egiops ti=eanikel therwavelengthref theremitted dightin dhe photenic deviees.

applications, such as automobile headlights, the photonic
devices will 1likely be operated at very high current
densities where <threading dislocations may negatively

10 impact device lifetimes. For these reasons, it is
desirable to reduce the density o¢f threading dislocation
in the photonic devices.

A reduction in the threading dislocation density has
been reported for GaN hetercepitaxial films grown over 35i0;

15 layers 1in epitaxial lateral overgrowth (ELO) processes.
However, the patterning in conventional ELO is on the
micrometer scale and a very thick film has to be grown on
the patterned template in order To obtain a continucus Gal
layer after coalescence. In the ELC technique, only the

20 regions above the mask (e.g. 810:) can be used as materials
with a low defect density. To realize a low defect density
over The whole wafer area, a two-stiep ELC process has been
implemented 1in  the past. However, these two=-step
processes are rather complicated, expensive and tTime

25 consuming.

Another technological barrier to overcome 1is the
large strain field between a semiconductor layer (e.g. GalN
layer) and a guantum well active layer (e.g. InGaN/GaN
maltigquantum wells (MQW) active layer) due to large

30 lattice mismatch and difference in thermal coefficient of
expansicn between the semiconductor material and foreign
substrates. Quantum well structures formed Dbetween p-n
junctions are used as active regions o control the

wavelength of the emitted light in the photonic devices.
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GaN-based materials have large piezoelectric constants in the <0001> crystal plane direction. Strain in
these layers is believed to increase this piezoelectric field which tilts the potential profile and results in
a red-shift of 5 the optical emission, known as the Quantum Confined Stark Effect (QCSE). QCSE, in
addition to the red-shift of the optical emission, results in low recombination efficiency and a high
threshold curréml-ba s Fgrtherpsores e rapatiem Variggorringhe didianrl@ corcentration inla

commercial INGAN/GaN puantymwelk layer causes braadening apd shift of spgelral lines, . - s Photonic

crystal structures (also known as photonic band-gap (PBG) structures) have been applied to the
semiconductortlayep®t agftoniccdevice saek as aftLED o €3 ffcrease te lightexdractiorréafficiency.

PBG structureis aperipdic dielectric siruciure fhathag.aband.gap that affects propagagion of light by

defining a certain allowed/forbidden frequency range of light. Therefore, if the energy of the emitted
photons falls within tAetrafige 20%fafloed bahd tapdT the PBE Stitictdre oF te s&micohdtittor

medium, all the emitted phptens areeapable of eseapingfrom thesemicenductarspediym:and hence
the light extraction efficiency is increased. However, a problem associated with PBG structure is that

the P80 25 strthre Ras &ivch-Rger Poftion"6f stiffac® YreatRaR the €ommhtiBhalimESUch that the

emitted energydue o theyrecomhinationiof-the elegirons and holes at the p-n junction is in the form of
heat instead of light due to defect states on the surface of the semiconductor. Hence, 30 there will be

less photons emitted froht tHe-Siare of tE serficlHdlictof WHIEH #i8h limits thelContriBUtior of the

PBG struciure ¢o the:lightexiractian efficienttye r c 1A Danerosharraystiucttreformed by pspdunction
along one-dimensional nanorod has been proposed to_improve th[_eza(d,in%dislocation. The
technologies forfABACAtHG fia HEnEstR LIS inclidé boftdimi &nd top-down methods. An example
of the bottom-up methdistoigrow the: nanoreds selectively by:asing adislectic:mask-asaigrowth
mask. A5 catarIDysr'géna be re%tgr din theLE)Cr:%cess. Eo ever, thigebottoméugm%tgod %somo%%gomplex

and-ga ? ST ures ave e D .
compared to conventi Hal de(vlce abrication such as metal érganic @hemlcal‘vapor deposition

(MOCVD). Morsavér;some trystal grewth; foreexaimplenthe hyerideaporphase epitaxy(HWPE) or 10
photoeleggic chemjitséfayS PE&P@ are nlglttc%rp{@atiblg with the ggggentional J;E C dS vri%% fEaLll:)ricaI;ion.

L il A CLLiOIl @I 1 £r . r 13
Recently, Studies Have shown that micro-meter or nanometer sized arra DS fabricated by dry

etching (top-downrmethodl) offer kighek lightt oatput efficienciesathameenventiemal brooad areatls LEDs.
Unfortunately, Q%Pég@sco%ﬂ Qﬁ%ﬁ%‘ﬁ%@s’ many theeading g;igéf'oc%%"fl%%rﬁeg"ro%ucegé@%'%%e
, etc s

micro-sized LEDs. In addition INg may cause structural defects in the semiconductor layer.
Hence, the thredding disidcatiohd & struetirardefects witkinfpact dwlitte pdifernfaheecof 1f

the energy of the emitted photons falls within the range
20 of  allowed Dband gap o©of the PBG structure of the
semiconductor medlium, all the emitted photons are capabls
cf escaping from the semiconductcr medium and hence the
light extraction efficiency 1s increassd. Howsver, a
problem associated with PBG structure 1s that the PBRG
25 structure has a much larger portion of surface area than
the conventicnal film such that the emitted energy due to
the recombination o©f the electrons and holes at the p-n
junction 1s in the form of heat instead of light due o
defect states on the surface of the semiconducicor. Hence,
30 there will be less photons emitted from the surface of the
semiconductor which then Iimits the contribution of the

PBG structure to the light extraction efficiency.
A nanorod array structure formed by p-n Junction

along one-dimensional nancorod has been proposed o improve
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20 the nanostructure and LEDs containing the nanostructure. There is a need to provide a device
or structure that may be used in applications such as LEDs, solar cells, or the like, that overcomes, or
at least ameliorates, one or more of the disadvantages described above. 25 Summary According

to a first aspect, there is provided a photonic device comprising: a plurality of nanostructures
that extend froff 8s300duIssraté séackh haAdstructife coAprBMP Il ea gererally fongitadinghd

nanostructure ppdy formed. of a.semicongdusion majgrial apd having a proximal.end portion;of a first

crystal lattice structure and a distal end portion, opposite said proximal end portion, of a second
crystal lattice dfuctirathatis ekpahided rélafie BtheSrBLithal Bnd Doty thean dpfiéaifFactive

material optically asseciated with trﬂf‘s%ﬂ?@'@”@i@l@% Eoi@r_?ﬂa% metggojgn@tm%ﬁh%ﬁ%@W%n-
Advantageously,theexpandedcrystallattice structure of the distal end portion is relaxed in three-
dimensional diféctoh¥ Swith Bighifiesntly $8dddetFintéhaliaficePdtraiR 5% compuratPor the first crystal

lattice 10 structyre0fthe proximabend porfien-cAcserdingly, inembodiments whieh incorperate metal
atoms in semiconductor materials (ie such as indium (In) incorporated in GaN), strain can have a large

influence on theSR¢STporatibh bf ftetaratGis i the opticafly activedayer, wiitRafidits 7aPor

deposition (MOCVD). Morecver, some crystal growth, for
example, the hydride vapcr phase epltaxy (HVPE) or
10 photoelectric chemistry (PEC), are nct compatible with the
conventional LED device fabrication. Recently, studies
have shown that micro-meter or nanometer sized array LEDs
fabricated by dry etching (top~down method) offer higher
light output efficiencies than conventional broad area
15 LEDs. Unfortunately, as in the conventional L1LEDs, many
threading dislocations are produced in these micro-sized
LEDs. In addition, etching may cause structural defects in
the semiconductor layer. Hence, the threading dislocations
and structural defects will impact on the performance of
20  the nanostructure and LEDs containing the nanostructure.
There is & need to provide a device or structure that
may be used in applications such as LEDs, solar cells, or
the 1like, that overcomes, or at least ameliorates, one or
more ¢f the disadvantages described above.
25
Summary
According to a first aspect, there 1is provided a
photonic device comprising:
a plurality of nanostructures that extend from a
30 substrate, each nanostructure comprising:
a generally longiltudinal nanostructure body formed of
g semiconductor material and having a proximal end portion
of a first crystal lattice structure and a distal end

portion, oppesite said proximal end portion, of a second
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15 the wavelength and efficiency of the photonic devices. Thus, strain relaxation is induced in the
optically active layer by being connected with the distal end portion of the nano-structure having an
expanded lattice structure. This is particularly useful in achieving highly efficient 20 blue- and UV-
LEDs. Furthermore, the expanded lattice structure enables a more uniform incorporation of metal
atoms in the semicorellictor atesials thereby redudiag thiesspectrantieflight eatitta@, oraoptital losses,
from the optic I]ycggﬁ%tgveelggeg ortinQne embodiment, the optically active layer is optically
associated with the distal end of the nanostructures in the sense that the optically active layer is in
direct contact with thé@ distalrerie-atlthe 3G a4AcStrudiares thatlis corfposedlof thé Seafidarickittor

material so thaf a-hetergjunctionisformed {hegehetween. . ., Adyantaggously, the-expanded crystal

lattice structure of the distal end portion is energetically unfavourable for dislocation formation (i.e.
formation ®f aéryStalédraphie-defect or irregularity within the crystal structure). Hence, there is a

reduction in the dislogation-densities-af.the crystal strugtyre, Agdvantagequsly the expanded-telaxed
crystal lattice 5 structure of the distal end portion enables greater incorporation of the optically active

material as comparéd t-& n6r-expanded Trinonsefaxed erystal lattficeRArktGie sirfilaf td fife first
crystal lattice sirugtre of the proximakeng portion:, Thisgxtends-the wavelength gange-efr1Q the
photonic device to a longer wavelength. This also increases the light emission intensity of the present

5

photonic device3EialiFé to°ddvides coRtaifif enRtal lattics BFuctdredthat &Y ndt expahledand
hence natd'relaxegticAdvantageously, the expanded erystabfatticer15 structire of theydistal end portion
may be selected 1o sg that it increases the light emission intensity of theé)hotonic, device by at least
one fold or at IERSIHAOTOIE Gr At Teadt thise folf Fetdtve™ts oh-expahted Eryetal 14tes Stuktures.
20Advantageoushydn onesembodimentrthe distah end:portion with the expandedicrystal fattice

structure has a plurality of ext%rangl fagetfaof diffe,rel;l orientationg, wmcch ang)ct: 8QI Oprrg}:/i{jgg ao%reater
. [ i i

surface area fo?‘iﬁ@&r%o%?i%n or d%pOSItlonrgF thjé%“p ilégﬁlycgctf\)/e
metal atoms in the optically active layer, which affects
15 the wavelength and efficiency of the photonic devices.
Thus, strain relaxation is induced in the optically active
layer by being connected with the distal end portion of
the nano-structure having an expanded lattice structure.
This 1s particularly useful in achieving highly efficient
206 blue- and UV- LEDs.

Furthermore, the expanded lattice structure enables a
more uniform incorporation of metal atoms in the
semiconductor material, thereby reducing the spectrum of
light emitted, or c¢ptical lcsses, from the optically

25  active laver.

In c¢ne embodiment, the optically active layer 1is
optically associated with  the distal end of  the
nanostructures 1in the sense that the optically active
layer i1s in direct contact with the distal end of the

30 nanostructures that 1s composed of the semiconductor
material sc¢ that a heterojunction is formed thersbetween.

Advantageously, the expanded crystal lattice
structure of the distal end portion 1is energetically

unfavourable for dislocation formation (i.e. formation of



25 material but also enables the optically active material to be applied selectively to a facet of
particular orientation, or to a combination of facets that are orientated differently. According to a
second aspect of the present 30 invention, there is provided a method of forming a photonic device
comprising a plurality of nanostructures that extend from a substrate, the method comprising the steps
of: (a)providing a teraplatel formeddf aesemicbadictormaterial oguhe substrate L tHeltemplate

comprising a plyralit.qf pdmary.ggoerally lgngitudinaly shaped nagostrusures pipiegting 5, from the
ng

substrate and be ormed of semiconductor material having a first crystal lattice structure; (b)forming
a secondary péitiorosid each oflifesprirhafy Randstrucies tsdid seesrdaryportions 10 being

composed of semicopdycior material having .second ustal latice situctutedhat s expanded relative

to the first crystal structure; and “(c)forming an optically active layer of optically 15 active material
on the se€ond&RLBEBAS of fhie nanustrugifés.. IR ene kABodMent stép BFcorfipisé<a first

stage Of ngWi@ﬂ@&%QQBn@IH}? %@_mi@H@d%g}E’i mater] |é"@’diﬂgéh%?’@ﬁ)@a'&§tti£SI§HéJEEHe_ by
nanoepitaxial growth 20 under selected conditions to form lower sections of the secondary portions of

the nanostructbifes® TCRUGHMAGESESIY atoRpRExiar§rowWts URder seldcted Conditions enables The

crystal lattice stryctyre;of the semicondugtar mateyial {0 undergo; expangion in three 25-dimeasions to
release the compressive strain in the lattice structure and achieve three-dimensional relaxation. This

three-dimensidhdt fefBRatiGiT e stRs e foatort 5 fleSecbRGanferid foribhs bRt ©F
nanostructures with the-expandediandibereforesrelaxad 30 crystallatligerstructurgi s also

increases the light emission intensity of the present
photonic device relative to devices containing crystal
lattice structures that are not expanded and hence not
“relaxed”. Advantageously, the expanded crystal lattice

15 structure of the distal end porticon may be selected tc so
that it increases the light emission intensity of the
rhotonic device by at least one fold or at least two fold
or at least thres fold relative to non-expanded crystal
lattice structures.

20 Advantageously 1n one embodiment, the distal end
portion with the expanded crystal lattice structure has a
plurality of external facets of different orientations,
which not only provides a greater surface ar=sa for
incorporation or deposition of the optically active

25 material but also enables the optically active material to
be applied selectively to a facet of particular
orientation, or to a combination of facets that are
orientated differently.

According teoe a second aspect o©of the ©present

30  invention, there 1s provided a method of ferming a
photonic device comprising a plurality of nanostructures
that extend from a substrate, the method comprising the

steps of:



Advantageously, three-dimensional strain relaxation in the crystal lattice structure as a result of the
nanoepitaxial growth may reduce threading dislocation (i.e. defect) densities in the semiconductor
material. Advantageously, three-dimension strain relaxation in the crystal lattice structure may
enable greater incorporation of the optically active material in the secondary portions of the
nanostructures.  Advadatageeusiyithe cenditionsliset] td grow @ poftion ofsthe isepricordwstor

material having the first crystal lattice structyre may be selegted gg@ggblg wepi@é%g%h of the

semiconductor material only. ~ Advantageously, the template comprising the primary 10
nanostructures, being in th€ $8taY 6F & hanodemplate; aehidbles thé nafcrhBief Sizeditkieatibn and

growth of the semiconductardnaterial ; , , Adyantageously, the conditions sed t9,grew 4 parion of the

semiconductor material by nanoepitaxial growth may 15 be selected to obtain a particular shape or
texture of the secondary porii6fs of thetnansstRitdreshaviny the eXpfahded crystakiitice Stfucture.

According to a third aspect of the-present Bventignethere is proyided a lightemitting diqds device
having a 20 semiconductor element comprising: a plurality of nanostructures that extend from a
substrate, each nanostructtr@-cormprising ™<= enerally longitudinal nanostructure body formed of a

semiconductor material and hawinha 25z prexdmaherd portionefiafirst grystaldatiice structure and a
distal end portion, opposite the proximal end portion, of a second crystal lattice structure that is

expanded relative to the prE¥iniat EHd PErEoR 384T dpfically 46ive niftEREGHtically Hssotiated with
the distat end portion to formed heterejupetionitherebetveeitinductor material having

a second <rystal latfice structure tThat 1s
expanded relative to the first crystal structure;
and
{c)forming an optically active laver of optically
15 active material on the secondary portions of the
nanostructures.

In one embodiment, step b) comprises a first stage of
growing a porticn of the semiconductor material having the
first crystal lattice structure by nancepitaxial growth

20  under selected conditions to form lower sections of the
seccndary porticns of the nanostructures.

Advantageously, nancepitaxial growth under selected
conditions enables the crystal lattice structure of the
semiconductor material to underge expansicn 1n  three

25 dimensions tc release the compressive strain in  the

lattice structure and achieve three-dimensional
relaxation. This three-dimensional relaxation results in
the formation of tThe secondary end portions of the

nanostructures with the expanded, and therefore relaxed,

30  crystal lattice structure.
Advantageously, three-dimensional strain relaxation
in the crystal lattice structure as a result of the
nanoepitaxial growth may reduce threading dislocation

{i.e. defect) densities in the semiconductor material.



a layer of a semiconductor material disposed over the distal end portions of the
a continuousnanostructuredcontactsurfaceonthe semiconductor element; and

nanostructures to form
a pair of electrodes,

one of the electrodes being electrically coupled to the continuous nanostructured 5 contact surface

and the other electrode being electrically coupled to the semiconductor material

of the nanostructure

body. Advantageadushyrthesemiednducton etementreomprisingstheaalurality of nanostiuctures
significantly improves Ehgyls%ggemall %@Q%Jén ef@q%ﬂ%gfrtge Iigrlr?t emittgnrgacri)i%ge devirceeatgased on the

semiconductor element. A y, the semiconductor element may

vantageous

e pre ented in the

form of a semiéonduatoretipable ¢ belincorpopatedan the lighttémittingdictieiddvice  the
15Advantageogglcyoggalgyeb%@go%egnig@nq%cé%%%r&%g&%\ﬁg oyer the distal end portions of the
nanostructures provides a contact surface to engage a further component of the light emitting diode
device. Advantageouslythe fayes ©f e serplcondoser RDanateriakdisposetiraver ah@distalwnd
portions of the nanastiictytes;provides atemplate. for the fabrigation of.an ohmic contacthejween the
semiconductor element and a metal component of the light emitting diode device. 25Definitions

The following Wérds il tefris tised hefeiy skall I/AecstheshRedringindicatediancepitaxial

growth of the semiconductor material only.

Advantageously, the template comprising the primary

10 nanostructures, being 1in the form of a nanc-template,

enables the nanometer sized nucleation and growth of the

semiconductor material.

Advantageously, the conditions used to grow a portion

cf the semiconductor material by nancoepitaxial

growth may

15 Dbe selected to obktaln a particular shape or texture of the

secondary portions of the nanostructures having the

expanded crystal lattice structure.

According to a third aspect of the present

invention,

there 1is provided a light emitting diode device having a

20 semiconductor element comprising:

a plurality of nanostructures that extend from a

substrate, each nanostructure comprising:

a2 generally lengitudinal nanostructure body

formed of a semiconductor material an

d having a

25 proximal end peortion of a first crystal lattice

structure and a distal end portion, opposite the

preximal end portion, of a second crystal

lattice structure that is expanded r
the proximal end portion;

30 an opticalily active material

glative to

optically

associated with the distal end portion to form a

heterojunction therebetween;
a layer of a semiconductor material dis

the distal end portions of the nanostructures

g

posed over

to form a



The term "epitaxy"” or "epitaxial growth" is to be interpreted broadly to include a process of depositing
or 30 growing a layer of a single crystal material over another layer of a single crystal material. In
instances where the overlayer of crystalline material is the same as the layer beneath, the process is
referred to as 'homoepitaxy’, and in instances where the overlayer of crystalline material is different
from the layer bengathy thes process issteferred teds 'heteroepitaxy'. |nohaaepitaxypor hetersepitaxy,

the overlayer og Sine %ﬁ:@ﬁs%%lonﬁagelri bas one or more preferred crystallographic orientation(s) n with
respect to the layer beneath. The overlayer may be referred to as an 'epitaxial film' or 'epitaxial layer";

and depending on the haradepitaxy @l@?ém@bﬁ%xy m@@esg,‘fthébverlayércmayi@refb.ﬁéﬂ% as a
homoepitaxial film or layer; or hg%@g@@xm&&lm or layer. A5.1q.the, 10 layer beneath, it may be

referred to as a 'substrate’ or “substrate layer'. A paper describing exemplary techniques for epitaxial
growth is giverr P alSaiti &t af =" Epiaxial §rowth of tin fiftag's Physies o Advanced Materals,

Winter School 2008; 15Theferms nappepitaxy;.chanoepitaxial’and grammatical variations thereof, are

to be used interchangeably and to refer to epitaxy or ep raxial growth on a nanoscale. The term
"nanoscale"” is %9 B& interpreted to include 20 any dimensions that are below about 1 pm. The term

"nanostructures” as usgdherei: rasSHUCUES coBRkising Jnanescale’ opsHbmigranfeatures.
the plurality of nanostructures significantly improves the

10  internal quantum efficiency of the light emitting dicde
device based on the semiconductor elemsnt.

Advantagecusly, the semiconductor element may be
presented in the form of a semiconductor chip able to be
incorporated in the light emitting diode device.

15 Advantageously, the layer of the semiconductor
material grown over the distal end portions of the
nanostructures provides a contact surface to engage a
further component of the light emitting diode device.

Advantageously, the layer of the semiconductor

D

20 material disposed over the distal end portions of th
nanostructures provides a template for the fabrication of
an ohmic contact between the semiconductor element and a

metal component of the light emitting dicde device.

25 Definitions
The following words and terms used herein shall have
the meaning indicated:
The term “epitaxy” or Yepitaxial growth” is to be
interpreted broadly to include a process of depositing or
30  growing a layer of a single crystal material over another
layver ¢f a single crystal material. In instances where the
overlaver of crystalline material is the same as the laver
beneath, the process is referred to as ‘homoepitaxy’, and

in instances where the overlayer of crystalline material

9



The term "plurality” is to be interpreted as comprising two or more units of nanostructures, for 25
example. The term "optically active material" as used herein refers to a semiconductor material
that is able to absorb, emit or interact with light.In one embodiment, the material may be a hybrid
material.For example, the 30 optically active material may comprise a mixed metalloid (e.g. InGaAs) or
a metalloid mixtére (E.§I6aABHNASY The fenm "opHrally activeanaterial"tthay alsbaefsrso thé optically

active centre of the material,.or ana%ssem}g@ltcg%%%wqh endows the, %g@ql_tvgiggja particular

light absorbing, emitting or interacting property.For example, the term "optically active material” may
simply refer to #e& @R iR 3G aASHEINAS §T tHeYGAAINAS DR Ufe. STHEterm "dptically aetive

layer” as used hetein refers o glayer.capable of emitting-orabserbing fight theslayer beingdn contact

with an end of a nanostructure in accordance with the present invention. In one embodiment, the
optically attiveNayér &y e8fiprise offyel0chéstayerdtahcptical&ctive Fiat@n&ll based dttwhich a

single quantum-well areangemegt:may, be @m%i@@nqﬂﬂ%lemquimggg the.optically agtive layer
may comprise two or more layers of the optically active material, alternating between layers of a

semiconductortTs niatettdl tHath 4 a Wider Hahagab ®an the opficailyietive #rateRAIC fiffiis

embodiment, the optically active layer cemprises-a-mudti-guantim well afrangement.a:  Thederm
"quantum well" is to be interpreted broadly to include any potential well or a photonic band gap 20

structure havinga diééfefe efiérgs vatieSTRE Juanitind wefl is-formed Frowfiwo difisrentsemiconductor

materials, ®ne withea wisier band gapforms,/basedersconfining the other with g wagrowet Hand gap, e.g.

the optically active material referred {o hereinabove. 25The, term "heterojunction” as %sed herein refers
to an substrate layer’. A paper describing exXemplary techniques

for epitaxial growth 1s given 1in Palisaitis et. al.,
“Epitaxial growth of thin films”, Physics of Advanced
Materials, Winter School 2008.

15 The terms “nancepitaxy”, “nanoepitaxial” and
grammatical variaticns thereof, are to be used
interchangeably and te refer to epltaxy or epitaxial
growth on a nanoscale.

The term “nancscale” 1s to be interpreted to include

20 any dimensions that are below about 1 pm. The term
“nancostructures” as used herein, are structures comprising
“nanoscale” or “submicron” features.

The term “pluralizty”™ is to  be interpreted as
comprising two or more units of nanostructures, for

25 example.

The term “optically active material” as used herein
refers to & semiconductor material that is able to absorb,
emit or interact with light. In one embodiment, the
material may be a hybrid material. For example, the

30  optically active material may comprise a mixed metalloid
{fe.g. InGaks) or @ metailoid mixture {(e.g. GaAs/InAs). The
term “optically active material” may also refer to the
optically active centre of the material, or an essential

component which endows the material with a particular

10



interface between two different semiconductor materials. For example, a heterojunction may be a
junction between a p-type and an n-type semiconductor material. The term "three dimensional” is to be
interpreted 30 broadly to include any structures, structural features or patterns that have both lateral
variations (thickness) as well as variations with depth. ~ The term "facet” is to be interpreted broadly
to include any ¥aEfice$B5 aE 5@l stRielire ta Geometicshspe THe RFPPTACE! plane™ s used

herein refers @xtg@gg@@r}e ofrafacet-an a grystal strugture-er:geomettic shape. T@ggerm;@ﬁlgcation"
is to be interpreted broadly 5 to include any crystallographic defect or irregularity within a crystal
structure or on'& ER/stal Surfaiee. BitfdtdfonsTbftdR Befdr dbfing'RéeroeitaxyanGeaR bEdivided into
two types, beirg misfitor threading dislocations. Misfit dislocations lie in the epitaxial 10 interface and
result from the lattice mismatch between two adjacent segments (e.g, the . film
and the stbstrate). TRfEading Gilocationsdie-withindh& Epftaxiaf it andFan froii the fftefrate
through the filrafldhe way ta thefiley surfaces Toreadingrdislocations:may begenesated 4mip
response to misfit stresses at the interface and have the final configuration consisting of a misfit
segment lying I the iRiETfaciaf piihe Hounded %ﬁﬁwg?,{é%m%ﬂtsetﬂgt t(f‘]%eaad Hrdtighthe Thterface all
the way to the fitm surface.dehe-termvdislocatior: densities® or grammatical &0.variatians thereof as
used herein referg t%the areal (%ansitg o{dislqﬁtions i{\}%rsec;ing a plain (usually the free) surface,
given as number p%r %Yr{ﬁezr.l?ﬁ this i%staﬁcé“,céﬁs odation ma)(/ainélﬁ & ‘mistitand thr a%llsng islocations.
The term threading tisiacation densities’ or gitammaticalv2b veriatiohs therexfad used hetein refers to

b ety o Sl el gicemions seglal s gy b ot s e e
another embodiment, the  optically active layer may
comprise two or more layers of the optically active
material, alternating between lavers of a semiconductor

15 material that has a wider band gap than the optically
active material. In this embodiment, the optically active
layer comprises a multi-guantum well arrangement.

The term “guantum well” is to be interpreted broadly
to dinclude any potential well or a photonic band gap

20  structure having a discrete energy value. The gquantum
well i1s formed from two different semiconductor materials,
one with a wider band gap forms barriers confining the
other with a narrower bhand gap, e.qg. the optically active
material referred to hereinabove.

25 The term “heterojuncticn” as used herein refers to an
interface between two different semiconductor materials.
For example, a heterojunction may be a junction between a
p-type and an n-type semiconductor material.

The term “three dimensional” is to be interpreted

30 breadly to include any structures, structural features or
patterns that have both lateral wvariations (thickness) as
well as variations with depth.

The term “facet” 1s to be interpreted broadly

1
Q

include any flat faces on a c¢rystal structure or a

11



photonic device, such as an LED, refers to a measure of 30 the number of photons generated
compared with the number of electrons absorbed by the device from an applied dc current. In a
light-absorbing photonic device such as a photovoltaic cell, it is a measure of the number of electrons
generated compared with the number of photons absorbed from radiation incident upon the device.
Sometimes quaaturs efficiene} dsstated Bea ftastion, ahtsometitiessds @ peroentage:Tieiterm

tinternal quantyg efigiepy" n, 2 ight f emiting phptanic device refersdg fhe inherent uagtum

efficiency of the process occurring within the device, and is related to'the fraction of electrons in the
applied curreng#fatdiing abdugHeneration of a photon as a result of recombination of a conduction

band electron and 1073, positive hole; Carrespondingly; thedpternal %?JEQ?E%WQ&“%%%@W
light-absorbing photonic device refers to the inherent quantum efficiency of the process occurring
within the tevit€, and ishiefieddd the Tratiion-of abseRied-phetdns Hiat Bring hbbagerteralion of a 15

conduction band electron.and-a pesitive hole-as.aresult of exgjtation of anelegtron frony the.valence
energy band. The term "external quantum efficiency" in a light-emitting photonic device refers to

the fraction of EfettroR& i theSapplieGeurrertthat Bt Gbolitrefe P26 8F8 phbton fitd fré€ space

outside of the deviceicthis islewer than the-interpal quaatury effigieaey because not all of the;photons
generated as a result of recombination of a conduction band electron and a positive hole are emitted

into free space> ERhEFBECAUSR of inferidl Tefletlions 5825 tiessutfate dfthe-dévicehafefiat or

becauseiaf interakalzserption af thegenerateskphoten. [Eherexiernal guantum eticiensy of o
light-absorbing_photonic device refers to the fraction of incident photons that bring about generation of
a conduction baNd¥Etedton &G4 Pbshive' ©- ¢+ the fim o anc the  shbstrate).

Threading dislocations lie within the epitaxial film and
run from the interface through the f£ilm all the way to the
film surface. Threading dislocations may be generated in
15 response Lo misfit stresses at The interface and have the
final configuration consisting of a misfit segment lying
in the interfacial plane bounded by two segments that
thread through the interface all the way to the £film
surface,. The term ‘dislocation densities’ or grammatical
20  wariations thereof as used herein refers toe the areal
density of dislocations intersecting a plain (usually the
free) surface, given as number per cm”. In this instance,
dislocation may include misfit and threading dislocations.
The term ‘threading dislocation densities’ or grammatical
25 wvariations there of as used herein refers to the density
or densities of threading dislocaticons specifically, and

may be expressed as number per cm’.
The term “guantum efficiency” in a light-emitting
rphotonic device, such as an LED, refers to a measurs ol
30  the number of photons generated compared with the number

=

of electrons absorbsd by the device from an applied dc
current. In a light-abscorking photonic device such as a
photovoltalic c¢ell, 1t 1s a measure of the number of

electrons generated compared with the number of photons

1z



30 hole as a result of excitation of an electron from the valence energy band. This is lower than the
internal quantum efficiency because all incident photons may not be absorbed by the device, and
because some recombination of electrons and positive holes may occur. 13 The term "light
extraction efficiency" is to be interpreted broadly to include a measure of the proportion of photons
produced withikg phbeshic devige that deétairecavaildbie iokarse outsideatof thddevices Quamtitatively,

5 itis the ratio of exterpal.quanium gfficiency toipternal guantum efficiency. fn.an LED, forgxample,

since the external quantum efficiency is always less than the internal quantum efficiency, due to
internal reflectRsvisSdnidtinfernal ao$trpien bk pRotons, the extraction 10 efficiency is less than unity.
The higher the proportion of generated photons that are emitted from the device for useful purposes,

the closer the value of tfe Iight Bxtrachiof Bificiendy Fppifackidsaniysncy” in a light-
Theword"substantiatly rpesnotexciude thicompletelyseq. a compasitiondiieh is "sustantially free”
from Y may be completely free from Y. Where necessary, the word "'substantially” may be omitted from
the definition of the vERTN “OnIEES SPEAREA Ditbride: HEtehEcmprSing 20 &t “EMprise”
and grammatical varieinds thereof, areintehdeddo sepresent"ppent on tinclusiveh anguage sdch that

they include recited eleme EP? but also ermigiggl_usion of addcigi%%al, ggrecited aements. As used

. C ens, . at  Dri o enera oton 5. a
herein, the termu;éﬁout”, In"the contex 8f 2% conéenﬁaﬁons of“componenfls O? e f%rmu?atlons,

typically means<#15% af therstatedvalae i moretypeallyn4:494 obtherstatedaatue; maresypically +/-
3% of the stated value, mare typically, +/= 2% of the stated.value, even mare typically +/- 1% of the
stated vaﬁue, and g\?esnié Xfr?oregt(f/b%éllycﬁj: 0.5% of the d%\%/e’d vgl%g. m%‘ﬁfo%u% ou ﬁ“ﬁrsl]%%gélosure,
certain embodiriénts imay be disclosed iha rabge fdrmat. Itshoubd be understeod-that tive description

in range formaf j5. merely for convenignce anddyrexity and shauld pot be construed,asan, ; g
within the device, and 1s related to the fraction of

absorbed photons that bring about generation of a

152  conduction band eslectron and a positive hole as a result

of exciltation c¢f an electrcon from the valence energy band.

The term “external gquantum efficiency” in a light-
emitting photonic device refers to the fraction of
electrons in the applied current that bring about release

20 o©of a photon into free space outside of the device. This 1is
lower than the internal quantum efficiency because not all
of the photons generated as a result of recombination of a
conduction band electron and a positive hole are emitted
into free space, either because of internal reflections at
25 the surface of the device material, or because of internal
absorption of the generated photon. The external guantum
efficiency of a light-absorbing photonic device refers to
the fraction o©f 1incident ©photons that bring about
generation of a conducticon band electron and a positive
30 hole as a result of excitaticn of an electron from the
valence enerqgy band. This is lower <than the internal
gquantum efficiency because all incident photons may not be
absorbed by the device, and bhecause some recombination of

electrons and positive holes may occur.
13



inflexible limitation on the scope of the disclosed ranges. Accordingly, the description of a range
should be considered to have specifically disclosed all the possible sub-ranges as well as individual
numerical values within 5 that range. For example, description of a range such as from 1 to 6 should
be considered to have specifically disclosed sub-ranges such as from 1 to 3, from 1 to 4, from 1 to 5,
from 2 to 4, from 2 toGidroni 8110 6 etel,Estwek asiadividual ngrhbéersiwithin'that ranges forck0
example. 1, 2. & d, 5, 200 &, This applies seoardlessf the freadth of e igpge, o Sedaln,
embodiments may also be described broadly and generlcally%ereln. Each of the narrower species and
subgeneric grétipirgRTaling withfrithesgensfic distlosuiel B aisé forfepart of theadisciosteaeThis
includes the generic, description of the emhodiments with aproyise er.negatjye limitation removing any
subject matter from the genus, regardless of whether or not the excised material is specifically recited
herein. 20°Discl&suré of Gptiohal Entbodiviéitsna l Exemiplay), Adn-limitiysmbediriérits oi a
photonic devicg.ang-amethed of making the same, will new be disclesed, 254 photapic device
according to the invention comprises a plurality of nanostructures that extend from a substrate, each
nanostructure B8mpridihl: 18 gerBrall§ idrgitudital nandstricttife Sody-PFfed BF asentiédnductor

material and hawing:aproxima endnporion;30 ef.a first arystaklattice struetiire and-a distal-end portion,
opposite said proximal end portion, of a second crystal lattice structure that is expanded relative to the

proximal end Fotfion; aRGE " 8n opfeaiy R tive Tatéial optitaly A8socidted with i aistdi®hd
portion to formex beterejusotionstherebetweesr unila@ne embodinmenrt-thenddthof the distal end 5
portion has Iarg%r dimension rgla&/e to the [g%oximal end portion of the nanostructure body.

generate otons 12t are emitted from the device “for
useful purposes, the closer the wvalue of the light

extraction efficiency approaches unity.
The word “substantially” does not exclude

15 Vcompletely” e.g. a composition which is “substantially
free” from Y may be completely free from Y. Where
necessary, the word “substantially” may be omitted from
the definition ¢f the invention.

Unless speclfied otherwilse, the terms "comprising”

20  and ‘"comprise”, and grammatical variants thereof, are
intended te¢ represent "open" or "inclusive" language such
that they include recited elements but also permit
inclusicon of additional, unrecited elements.

As used herein, the term "about", in the context of

25 concentrations ot components of the formulations,
typically means +/- 5% of the stated value, more typically
+/= 4% of the stated value, more typically +/- 3% of the
stated value, more typically, +/- 2% of the stated wvalue,
even more typically +/- 1% of the stated value, and even

30 more typically +/- 0.5% of the stated value.

Throughout this disclosure, certain embodiments may
be disclesed in a range format. It should bz understood
that the description in range format 1s merely for

convenience and brevity and should not be construed as an

14



In another embodiment, while the distal end portion has a second crystal lattice structure that is
expanded relative to the first crystal lattice structure of the 10 proximal end portion, the width of the
distal end portion may not have larger, or significantly larger, dimension relative to the proximal end
portion. In most embodiments, however, the width of the distal end portion with the expanded crystal
lattice structure Woldd have a 15ihkgerdinension reldtive te thepproximial enideportions of theed

nanostructure... ., é@ gne ﬁ%%@gg&ﬁ lower, s_ggfg)%qf?tleg %s_lta})l £nd portion ;aggguq%wgédly from

the end of the proximal end portion along a longitudinal axis of the na\nostruct%gr3 ody. In one
embodiment, efriFgersSetton of Ivgiseib end portcn iapeisinwasdly from thelower sectidretowards

the end of the digfal end partion,of,the nangstructure body,In gng embadiment the, proximal end

portion of the 25 nanostructure body may be in the form of a substantially rectangular or hexagonal
column having'afifst Giy5Es tattice Stra&mife afid aParicul@twidth difeRsior e thesaphe as

embodiment, the distal end-pogion; atthenapestructure although formed of the.same semieonductor

30 material, may have an expanded crystal lattice structure. As a result of the expanded crystal lattice
structure, the distafeRd FortidHInaFRAFE a folrer séétiohwilich'gradually expafils i three 4

dimensions, ard-tapers eutwardly from the-endof the-proximal end portionraleng a lgngitudinal axis of
the nanostructure body.The upper section of the distal end portion is integral to the lower section.The
upper section fay tAperiniardiy-ftom theYewer SBERGT fowards tHeé' ent 6t the Bifstdfend pBHtion of 5

the nanostructese=bedys, 1, 2, 3, 4, 5, and . This applies regardless of
the breadth of the range.

Certain embodiments may alsc be described broadly and
generically herein. Each o¢f the narrower species and
subgeneric groupings falling within the generic disclosure

15 also form part of the disclosure. This includes the
generic description of the embodiments with a provisc or
negative Iimitation removing any subject matter from the
genus, regardless of whether or not the excised material

1s specifically recited herein.

20
Disclosure of Optional Embodiments
Exemplary, non-limiting embodiments of a photonic
cdevice and a method of making the same will now be
disclosed.
25 A photeonic device according to  the invention

comprises a plurality of nanostructures that extend from a
substrate, each nanostructure comprising:

a generally longitudinal nancstructure body formed of

a semiconductor material and having a proximal end portion

30 of a first crystal lattice structure and a distal end

portion, opposite said proximal end portion, of a second

crystal lattice structure that is expanded relative to the

proximal end portion; and

15



In one embodiment, the distal end portion with the expanded crystal lattice structure may take a
bulged, hexagonal shape when viewed in cross-section. In particular, the lower section of the distal
end portion 10 with the gradually expanding structure may resemble an inverted pyramid in shape
when viewed in cross-section. In this embodiment, the distal end portion has an overall structure that
resembles a nanome8R. CPtlishblld bé appittiatedthatithe lowRE d6ctibhvand: $5 ¥ dverdll distal

end_portion of m%an‘%géuc@ﬁesl@%qy n@‘Ydtalﬁgcq:tg_eL'bﬁha% OLfOFMS. 4 heterojunction
Similarly,theproximalendportionofthe nanostructure body may take other shapes Or forms.e. other

than being a réct&FGRECEERExagonal column). 20In one embodiment, the distal end portion may

comprise only the lowgr segtign. «rn-Advantageously, the distaliend gortion anay; camprise hoth the
lower section and the upper section. Advantageously, in whichever shapime or form, the 25 expanded
crystal lattice strefcture of BRS distaf 8Rd pBAHTBFIS TeRAXEE rithteE dirfensithaPdirectibhs with

significantly regduced internal lattice-strain as compareddg ghe first crystal lattice structure of the
proximal end portion. In one embodiment, as determined by Micro-Raman 30 Spectroscopy, the strain

relaxation near a surfate 6 {he Histal SHEPIHGH Te apProximateh? 0.4°Gba wifieiisBCdgaffitant
value. Advantageously therefexederystalatticessiructure of the-distad end:pertiansmakesitded

energetically untavouraple for dislocation IoMMaliontal lattice structure of the
10 proximal end porticn, the width of the distal end portion
may net have larger, or significantly larger, dimension
relative o the proximal end portion. In  most
embodiments, however, the width of the distal end portion
with the expanded crystal lattice structure would have a
15 larger dimension relative to the proximal end portion of
tThe nancstructure,

In one embodimeni, a lower section of the distal end
portion tapers outwardly from the end of the proximal end
porticn along & longitudinal axis of the nanostructure

20  body.

In one embodiment, an upper section of the distal end
portion tapers inwardly from the lower section towards the
end of the distal end portion of the nanostructure body.

Iin cne embodiment, the proximal end portion of the

25 nanostructure body may be in the feorm of a substantially
rectangular or hexagonal column having a first crystal
lattice structure and a particular width dimension. in
the same embodiment, the distal end portion of the
nancstructure, althcugh formed of the same semiconductor

30 material, may have an expanded crystal lattice structure.
As a result of the expanded crystal lattice structure, the
distal end portion may have & lower section which
gradually  expands in three dimensions, and  tapers

outwardly from the end of the proximal end portion along a

16



Advantageously, the lower section and, particularly, 5 the upper section of the distal end portion may
have a plurality of external facets of different orientations. In one embodiment, the upper section of
the distal end portion has a substantially horizontal upper facet, disposed at the end of the distal end
portion, and a 10 plurality of tapering side facets, tapering from the lower section of the distal end
portion towards¢he Uppéer facet. Thesulsstantially hornzontatwpper faceektends dlong opedacet plane

(ie. the <00012.crystal plage whil he taperedsige Jagets extend glong 2 plurality. of diferent 15facet
p

planes (along <1011> and <11-2:2>) crystal planes, for example). he plurality of facets not only
increases the S@fdcecarea ofithe distalend pottiom butralso pravides favets thiat aferorentdted along

different facet lanes. 2310 losming aJiagesityeluce,af e disgloserkembodiment an optically active

material may be associated with the distal end portion to form a heteroj unction therebetween. In
one embodiméentca Tayje? Bf e bpticalyetiive 25 material may be disposed on one or more surfaces

of the distal end portien. i ang-embpdiment where the distal epd portion compyises, a plurality of
facets, a layer of the optically active material may be disposed on one particular facet 30 (or surface)

of the distal erfPiFGHi6 R havity d Selectéd bFiéRtatioht U Chrbferatiy 1a layekof tife optiedlfiFactive
material is dispaseg-oma plurality of the facets of,the,digtal end pertignsingluding facets origptated

along different facet planes. ~ 4
particular, the lower section of the distal end portion
10  with the gradually expanding structure may resemble an
inverted pyramid in shape when viewed in cross-section.
In this embodiment, the distal end portion has an coverall
structure that resembles a nanomesh.

It should be appreciated that the lower section and

15 the overall distal end portion of the nanostructure body
may take other shapes or forms.

Similarly, the proximal end porticn cf the
nanostructure body may take other shapes or forms {i.e.
other than being a rectangular or hexagconal column).

20 In one embodiment, the distal end portion may
comprise only the lowsr section.

Advantageously, the distal end portion may comprise
both the lower section and the upper section.

Advantageously, in whichever shape or form, the

25 exmpanded crystal lattice structure of the distal end
portion 1s relaxed 1in three-dimensional directions with
significantly reduced internal lattice strain as compared
to the first crystal lattice structure of the proximal end
portion. In cne embodiment, as determined by Micro-Raman

30 Spectroscopy, the strain relaxation near a surface of the
distal end portion 1s approximately 0.4 GPa, which is a

significant value.



In the embodiment in which the upper section of the distal end portion has a substantially horizontal
upper facet <0001> and a plurality of tapering side facets (e.g. <1011> and <11-2)2>), a layer of the
optically active material may be disposed on the upper facet as well as the on the tapering side facets.
In this instance, the optically active layer may follow the contour(s) of the 10 upper section of the distal
end portion.  Advantaeoushyehe disfal end Pottion ofeie harostructure bty haviagaipharality of

external facets.qf,different ogentafions.ngt anly Bravides o gredtes gurlace areg og incomorgtion or
deposition of the 15 optically active material, but also enables the optically active r%aterla to be
applied selectivélyas afaebtl6f particalas ofieatation, droraaédmbination of facets that are orientated

differently. This accordingly, incteases the surface, aea,of the-optically agtive layar.foymed 9Iyn,d 20

enables the optically active layer to be disposed on facets orientated along different facet planes.
The substantial) horizsiRél upper feitiet €000T5 s KhbRt have a kEgéE pidzodlettrié: édfistant, which

is not desirable, Agvaniagequsly the disclosed.embodiment 25.enables,the-optically active material to

be deposited on a preferred semi-polar tapering side facet <1011> and on another tapering side facet
<1112-.2>, for examplé IIPEEditEH fFtHEStbstahtiglly WO 26ntd Hppef facef<0pdt> distal

30Advantageously, the expanded:(or rglaxed)crystak structure of the-distal enghpertion-enables
greater incorporation of the optically active material, Advantageously, the optically active layer may

be configured f5RMBE&HT asPa photenicBahd Gap sthftturs S5able Bt Eneg Rght éxtraction
efficiencycin ope enhodiment the pptically active layefdnay, tapering from the lower

section of the distal end portion towards the upper facet.
The substantially horizontal upper facet extends along one
facet plane (i.e. the <0001> crystal plane) while fthe
tapered side facets extend along a plurality of different

15 facet planes {along <1011> and <1122>) crystal planes,
for example).

The plurality of facets not only increases thes
surface area of the distal end portion, but also provides
facets that are orientated along different facet planes.

20 In forming a nanostructure of the disclosed
embodiment, an optically active material may be associated
with the distal end portion to form a hetercjunction
therebetween.

In one embediment, a layer of the optically active

25 material may be disposed on one or more surfaces of the
distal end portion.

In one embodiment where the distal end portion
comprises a plurality of facets, a layer of the optically
active material may be disposed on one particular facet

30 (or surface) of the distal end portion having a selected
orientation.

Preferably, a layer of the optically active material

is disposed on a plurality of the facets of the distal end



5 comprise only one layer of an optically active material, based on which a single quantum well
arrangement may be formed. In another embodiment, the optically active layer may comprise two or
more layers of the optically active material, alternating between layers of a semiconductor 10 material
that has a wider band gap than the optically active material. In this embodiment, the optically active
layer has a multRgtaftum wel difehgentertet s Thelkariosteeture of theddiséiosed emboeirhent may
further comprise g Jayer of a semiconductor material in 15 contact with and sandwiching the, or an,
optically active layer of the distal end portion to thereby form a quantum well, or complete the
formation of a multi-qhantirfwelarargement. With Andtjatbft StRRRE of #id-didtal 8Ad prion. The

semiconductormatesial ia his instancermay.20 he similarta ot differentftom the semiconpgustor
material forming the proximal and distal end portions of a nanostructure body of the disclosed

embodiment. ~29%k 157810 thé 8enficdnduttor matefil in TRt Withiatfd Saithiiehing the, or an,
optically active layer pf 25.the digt@}igné;l)@ortiog tolfgg}‘@ A quantum well %tcggéqle_&g thg Jg&r@gtion of a
ico t

plurality of multi-quantum wells, may be referre‘d to as the outer layer semiconductor material. In
one embodimétt itWhitch theipper Sééctisreefthedistakentpsriiod drastareppet facataswell as a 30

plurality of tapesing side fa@%&??r@te@@ﬂ@ semicgnductor;materia) may:alse be deposited such

that it follows the contour(s) of the upper section of the distal end portion, similar to the formation of the
optically activedayercathis effbotifient 2X@Vantaeousty iithist Bfbédifrient r plurafify of g@antum

wells or a plurality, af- mudti-guantuge wells may-he formed ?Jg@g different facet planes of the upper
section of the distal end portion. This has significant benefit to the working of the 5 disclosed

embodiment. In a furthel’ émbdaffestin whichthe séhitiohductsifateRialisioaN afd thedifantum
well is composgd:0of &aliinGal, thewpperfacet<0001> of the:distalportion mayJsepreseatthe

c-plane of the crystal structure and selected side facets (e.g. <101-1>) may 10 represent the
semi-polar plafe of the- Gy S&IF SstrutfurEAaVamageotsly, by teBoskting arGticatly &Ctve i8yer

surface area for incorporation or deposition of the

15 optically active material, but alsc enables the optically
active material to be applied selectively to a facet of
particular orientation, or to a combination of facets that
are orientated differently. This accordingly increases
the surface area of the optically active layer formed and

20  enables the optically active layer to be disposed on
facets crientated along different facet planes.

The substantially horizontal upper facet <0001> is
known to have a large pilezoelectric constant, which is not
desirable. Advantageously, the isclosed embodiment

25 enables the optically active material fo be deposited on a
preferred semi-polar tapering side facet <1011> and on
another tapering side facet <1122>, for example, in
addition to the substantially Thorizontal upper facet
<0001>.

30 Advantageously, the expanded {or relaxed) crystal
structure of the distal end portion enables greater

incorporation of the optically active material.
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and a further semiconductor layer which follow the contour(s) of the upper section of the distal end
portion, guantum wells may be formed along the c-plane <0001>, the 15 preferred semi-polar facet
<10-11>, the <1122> side facet and other side facets of the distal end portion of the nanostructure.
Advantageously, this significantly enhances the internal quantum efficiency for optical recombination,
and light-emission intarsign(ia te@case 20 dfreelightcemitting. photomic devicéik ve r Inrone embodiment

of the disclose? Ag\ﬁ @?é e;‘:eois gﬁ%vgq%% a plausraligl of jDanopares ggsggsedabetw%eql thteug:roximal
end portions of adjacéntly disposed nanostructures. The nanopores are s@os?an%aﬁy fre€ of 25 any
semiconductorcmpteriat and asristirrlightt extiction ot absdrptione £ £ laionecembodiment, the

semiconductor materigl forming the nangstructure hody may.he an é) YR-ype Sﬁ@ffﬁgﬁfﬂw be a

material. 30In one emlbodiment, the semiconductor material formln _the nanpstruct ‘
metalloid SelecteaHrHAT theYrdiip EorisistinGOf GréupRhl apE Group V¥ elefriehts ofthé Period, Table of

Elements.  lnaee embodiment, the semjgandyctormaterial farming the nanastructyre hody may

be a group Il metal-arsenide or group Il metal-nitride. In one embodiment, the semiconductor
material forming®s félnandstrugtiite Bodysiay BeREGaN. theinwiielémbbiingsritifie semiesnductor

material may he-a,n-Gahh (heing a (aN-doped with silicon.or gxygen). orapGal; (bging a GaN doped
with magnesium).  _In one embodiment, the optically active material may 10 be a hybrid material.
material, alternating between "layers of a sSemiconductor
10 material that has a wider band gap than the optically
active material. 1In this embodiment, the optically active
layer has a nmulti-quantum well arrangement.
The nanostructure of the disclosed embodiment may
further comprise a layer of a semiconductor material in
13 contact with and sandwiching the, or an, optically active
layer of the distal end portion to thereby form a gquantum
well, or complete the formation of a multi-guantum well
arrangement, wilth an adjacent surface of the distal end
portion. The semiconductor material in this instance may
20  be similar to or different from the semiconductor material
forming the proximal and distal end portions of a
nanostructure body of the disclosed embodiment.
The layer c¢f the semiconductor material in contact
with and sandwiching the, or an, optically active layer of
25 the distal end portion to form & guantum well or complete
the formation of a plurality of multi-guantum wells, may
be referred to as the outer layer semiconductor material.
In one embodiment in which the upper section of the
distal end portion has an upper facet as well as a
30  plurality of tapering side facets, the outer layer
semiconductor material may alsc be deposited such that it
follows the contour(s) of the upper section of the distal
end portion, similar to the formation of the optically

active laver 1in this embcdiment. Advantageously in this
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In one embodiment, the optically active material may be made of a mix of any two semiconductor
materials disclosed hereinabove. In one embodiment, the optically active material may 15 be a
semiconductor metalloid being doped with one or more metal selected from the group consisting of
Group Il elements of the Period Table. For example, the optically active material may be a
semiconductoemetalloit (d.¢g. Gans wr BaNydogedwith thor e Therefore; the 20 opticallycdctive

material may b NGadp, MealnP.rinGatl.or ampls..,o. In.ne-embpdiment, fhe qpticaly active
I h m ?1

material may comprise ‘a metalloid mixture such as GaAs/InAs. In another embodiment, the optically

active materialF25 ARy référ tohfe optically &@iveicantre bf thé: tnatdkial of apegseptiatéomponent
which endows fhe material with g particular light abserbing, emitting, or infgracting, property For

example, optically active material may  simply refer to the indium in InGaAs or’InAS in the 30
GaAs/InAs midaRs L o s orfiEr@nBadimiént, thel Bptigall aEhve matstlad brispticali activel yer, may

refer to an arrangement copwuising.repeating uits otong.kayer.of anoptigally, active, materiaktogether
with one layer of a non-optically active material.For example, the optically active material or the

Overa”Opticawcgaﬁgé%jyerqﬁfaycsa[\l/InGaN, the upper facet ~<G001> of the
distal portion may represent the c-plane of the crystal
structure and selected side facets (e.g. <1OT1>) may

1C  represent the semi-polar plane of the crystal structure.
Advantageously, by depositing an optically active layer
and & further semiconducteor layer which follow the
contour(s; of the upper section of the distal end portion,
gquantum wells may be formed along the c-plane <0001>», the

15 preferred semi-polar facet <1OT1>, the <1122> side facet
and other side facets of the distal end portion of the
nancstructure. Advantageously, this significantly
enhances the internal guantum efficiency for optical
recombination, and light-emission intensity (in the case

20  of a light emitting photonic device).

In one embodiment of the disclosed invention, there
is provided a plurality of nanopores disposed between the
proximal end portions of adjacently dispcesed
nanostructures. The nanopores are substantially free of

25 any semiconductor material and assist in light extraction
or absorption.

In one embodiment, the semiconductor material forming
the nanostructure body may be ar n- or p-Lype
semiconductor material.

30 in one embodiment, the semiconductor material forming
the nanostructure body may be a metalloid selected from
the group consisting of Group III and Group V elements of

the Period Table of Elements.
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comprise one layer of InGaN and one layer of GaN, with such alternating combinations being repeated
to form a 5 multi-quantum well arrangement. In one embodiment, the outer layer semiconductor
material in contact with and sandwiching the, or an, optically active layer of the distal end portion to
form a quantum well may be an n- or p-type semiconductor 10 material, with the opposite polarity to
the semiconductor materiat forgiivig thensartostruture oty of thecinventier: 2 141 ofe embodiment,

the outer layer, gf.semicanductormateriglmay he a Group lllpetal metallojd.semiconduciormaterial.

15In one embodiment, the outer layer semiconductor materialmaybeaGrouplll-GroupV metalloid
semiconductofmateritl I IIlArérieé embbdimhaat, the outer layer semiconductor material may be a

Group Il metal-arsenjde gr.Group,laQ metal-nitrides o ; 10 one embediment, theouter layer,

semiconductor material may be a GaN. In one embodiment, the outer layer semiconductor material
may be ap-GaN dr REGaRT WhichF&s BredapFosite 5 Boladty-to the semiconductor material forming

the nanostructure body, (in¢ludiag theidistal:end portion) of the.digelosed gmbodimentytn.ong.
embodiment,material of the substrate supporting the nanostructures is selected from the group 30

consisting of s&pphiré kiliden cfbitie (TP amfsilidort (Sif + + 1 con or oxygen) or & p-

GaN (being a GaN doped with magnesium).
In one embodiment, the coptically active material may
10 be a hybrid material.

In cone emhodiment, The optically active material may
be made of a mix of any two semiconductor materials
disclosed hereinabove.

In one embodiment, tThe optically active material may

15 be a semiconductor metalloid being doped with one or more
metal selected from the group consisting of Group III
elements of the Pericod Table. For example, The optically
active material may be a semiconductor metallceid (e.g.
GaAs or GaN} doped with Al or 1In. Therefore, the

20 optically active material may be AlGaAs, AlGaInP or InGaN,
for example.

In cone embodiment, the optically active material may
comprise a metalloid mixture such as GalAs/InAs.

In another embodiment, the optically active material

25 may refer Lo the cptically active centre of the material,
or an essential component which endows the material with a
particular light  absorbing, emitting or interacting
property. For example, optically active material may
simply refer to the indium in InGaAs or InAS 1in the

30 GaAs/InAs mixture.

In one embodiment, the optically active material, or
cptically active layer, may refer to an arrangement
comprising repeating units of one layer of an optically

active material together with one layer of a non-optically
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There is also disclosed a method of forming a photonic device comprising a plurality of nanostructures
that extend from a substrate, the method comprising the steps of: (a) providing a template formed of a
semiconductor material on the substrate,the template 5comprising a plurality of primary generally
longitudinally shaped nanostructures projecting from the substrate and being formed of a

semiconductoffatérfal HaYiryFa first crystdl tatticé Eilittafe; 1065 Formmg & &écohdafy poitfon on
each of the prigmary hagostrugtureshsaid seeendary pegionseing campesed ofisepaigongiisor
material having a second crystal lattice structure that is expanded relative to the 15first crystal
structure; and (ETTFMIY A GpticaK Hetive layel 6t bpfitally 886ve Wiatefial On theSecold&y portions
of the nanostrugiures.dn-onerermbedimeninstapa)iinalides«dappsiting.a 20Jayet of the semigonductor

material on the substrate. _ In one embodiment, steﬁ a) includes configuring the layer of the
semicondtictof M ?elriaci‘tlg%rlﬁﬁna”fgrjn?pla?é ’ﬁ%{}%%mgﬁ rality of nanopores disposed between the
primary nanostructuras. 25in®nesembadiment, configering:ihe layer oféhe semiconductor

material in contact with and sandwiching the, or an,

cptically active layer of the distal end peortion to form a

gquantum well may be an n- or p-type semiconductor

10 materizl, with the opposite polarity to the semiconductor
material forming the nancstructure body of the invention.

In one embodiment, the outer laver of semiconductor

material may be a Group III metal metallcid semiconductor

material,
15 In one embodiment, the outer layer semiconductor
material may be a Group III-Group Vv metalloid

semiconductor material.

In one embodiment, the outer layer semiconductor
material may be a Group I1II metal-arsenide or Group III

20 metal-nitride.

In one embodiment, the outer laysr semiconductor
materizl may be a Gal.

In one embodiment, the outer layer semiconductor
material mavy be a p-GaN or n-GaN, which has the oppcsite

25 polarity to  the semiconductor material forming th

®

nanostructure body (inciuding the distal end portion) of
the disclosed embodiment.
In one embodiment, material of the substrate
supporting the nanostructures 1s selected from the group
36  consisting of sapphire, silicon carbide (SiC) and silicon
(81i).
There 1is also disclosed a method of Zforming a

photonic device comprising a piurality of nanostructures
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semiconductor material to form a template is achieved using a nanofabrication method and
subsequent etching. In one embodiment, the nanofabrication method is selected from the group
consisting of:nano-imprinting, 30 anodized aluminium oxide mask, E-beam lithography and
interference lithography. In one embodiment, the forming step (b) comprises the step of growing
semiconductortinateriakar thie ehidsrof the pribrery manostiucturessiy: ndnoepitaxiakgroywthbinder
conditions to tl’lsecrg )Y f%rfq an expanded end portion having a second crystal lattice structure that is
expanded relative to the first crystal lattice structure. Accordingly, each formed nanostructure has a
proximal end 5 portion adjacentthe sdbstgate stHace ahd aldistabend porionsoppusitétheproximal

end portion. The optically active material is ogﬂcall;&ggsocig@s\e/gg{@e distal,end ppéy\%q gctgorm a

heterojunction therebetween. In one embodiment, step b) comprises a first stage of 10 growing a
portion of the semiconductor nizERalIvirg the fikst erpstallatticeistrustareaisy nadide pitaxialigrowth

under selected conditions to foI@d%‘!‘L’%é%ﬂE’f‘&Pf the se(‘é:}@gllg@eportions gtthenangstructures. In

one embodiment, each lower section expands from a 15 width dimension of an adjacent proximal end
portion, or adjacent primary nah®sfrGethie! 9o adaryek Width WihendioR. 2ndnbhelEmBedirst, to

enable nucleation and growth tosbegin, a.small-amount.of a gemiconducter:material having 20 the first
crystal lattice structure is deposited on the template. In one embodiment, the shape or growth of

the lower sections of the secoridaYy of dist& ‘entl5orfiohs 6F thefrianostructures may be controlled by
controllingynucleation  (»y  forming a secondary portion on each of the

primary nanostructures, said secondary
portions bheing composead of semiconductor
material having a second crystal lattice
structure that 1is expanded relative to the

15 first crystal structure; and

(¢y forming an optically active layer of optically
active material on the secondary porticons of
the nanostructures.

In cne embcdiment, step a) includes depecsiting a

20 layer of the semiconductor material on the substrate.

In one embodiment, step a) includes configuring the
laver of the semiconductor material to form a femplate
having a plurality of nancpores disposed Dbetween the
primary nancstructures.

25 In one enpodiment, configuring the layer of the
semiconductor material to form a template 1s achieved
using a nancfabrication method and subseguent etching.

In one empodiment, the nancfabrication method is
selected from the group consisting of: nano-imprinting,

30 anodized aluminium oxide mask, E-beam lithography and
interference lithography.

in one embodiment, the forming step (b) comprises the
step of growing semiconductor material on the ends of the

primary nanostructures by nanoepltaxial growth under
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25 so that nanoepitaxial growth may take place in nanometer scale, selectively only in or above a
surface region of the template and accompanied by three dimensional strain relaxation. In one
embodiment, the nucleation and growth is 30 controlled to only selectively happen on or surrounding a
top periphery surface of a nanopore. In one emboidment, to control the shape or growth of the
lower section ardhengurerthatiranohfetebsized nucleatiortakesiplace walydn the sorfaceregion of the

template, the depth.ol e nanonpres i conolled o be-naess han 190 deep. Alarpatuely, the

aspect ratio of the nanopores (i.€. the depth to the diameter) is controlled to be an 1:1. For
example, the a&peet-3 Yatio of the nah6poreSimay be salgctedfromiasiiod, 3:544BrB:¢ in terms

of depth as compargd;tg.diameter.of,a nanqpore ar.af thenanopores;, , s Thetefore, fg haye three

dimensional relaxation and obtain the expanded lattice structure in the present 10 invention, it is

important fo erf&t¥é haRorfeie? SRl ntERatfoi &R d gFGts THesesmai/ e dchiévéd by cherding the

nano-template {i.e-tegplate Wit NaRORAIES @Rd:NAN01PTIARTY SIHCIHES), foilweg&yi%%@@?/e
nanoepitaxial growth, as shown in the disclosed embodiments. 15In one embodiment of the disclosed
method, step ) Confsiis8E a%etdnd stigePsifufthér groftheorthe Sefnicontilictdr matériald form

upper sections:afdhe dlistabend portions of the panestriciuresy each UppersRation tapering from the
larger width dimension to a 20 smaller width dimension. In one embodiment, the controlled growth

conditions used to form tHE BWerand UPpRT seltichy &'the SBEGHES pdrtiohs T thé AgRosttuctures

include temperatreang pregsure; 2bIncane-embediment thedempearatuee and pressure cenditions
used to form trf,lower and ug% r siction,s of the secondary portions are the same._In one
ed

embodiment, t ﬁﬁ%péﬁﬁﬂ? 8qgﬁﬁ?hestructure by nancepltaxial growth
under selected conditions to form lower secticns of the

secondary porticons ¢f the nanostructures.
In one embodiment, each lower section expands from a
15  width dimension of an adjacent proximal end portion, or
adjacent primary nanostruciure, to  a larger width
dimension.

In one embodiment, to enable nucleation and growth to
begin, a small amount of a semiconductor material having

20 the first crystal lattice structure is deposited on the
template.

In one embodiment, the shape or growth of the lower
sections cof the secondary or distal end portions of the
nanostructures may be controlled by controlling nucleation

25 so that nancepitaxial growth may ftake place in nanometer
scale, selectively only 1in or above a szurface region of
the template and accompanied by three dimensional strain
relaxation.

In one embodiment, the nucleation and growth is

30 controlled to only selectively happen ¢n or surrounding a
top periphery surface of a nanopore.

In one emboidment, to contrcel the shaps or growth of
the lower section and ensure that nanometer sized

nucleation takes place only in the surface regiocn of the
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lower or upper sections of the secondary portions of the 30 nanostructures may be selected from the
range of about 800C to about 1200C. For example, the temperature may be selected from the range of
about 800C to about 900C, about 800C to about 1000C, about 800C to about 1100C, about 900C to
about 1000C, about 900C to about 1100C, about 900C to about 1200C, about 1000C to about 1200C,
about 1000C t¢ abputtE00C; or abent:1100C torabonei2(0.dn one embuodiméntethetpressure used

to form the 5 Iqyver or Uppet sections %thae S condgrytpor ians of the n nostructures may be selected
from the range of about 20torr to a@oﬁt 25(6)310%.' For exaerﬁ:p%l%,tt ‘éepir]gésﬁtre grnaéi/slgjee ggleétegjﬁ‘?om the
range of from &douttZGtormiar ek 225tdr¥,- #boutt2Gtorderabout 200tbirsabdde2Gtostd 16 about

L7storr, abou 20art 3wt 450k ahou 2011 o anout 125tayT, 2boy 200re o About J00tor

about 30torr to abo_ut 100torr, about 30torr to about 130torr, about 30_torr to about 1 out 30torr
to about 180tofr2aBSut 3btoft® abaliPR2eW®R, dbout 36torF £d 25 abduti2B80tore. abolt 5Gtefr.to about

100torr, about 50torT tg.aboyt 150torr; about5Qtory fo ghpyt200tork, oraboul SQIor 10 ahout 250torr.

In one embodiment, the lower and/or upper sections of the secondary portions of the nanostructures
are formed 20 BiAdér & ERpeErRtufe sElectedsrdiA ¥ Paifge- of from about 800C to about 1200C, and a

pressure selected fromthedange of from about 30tark.to about 220tosr, In one gmbodiment,the lower
and/or upper se%titonjs of
C aln

the expanded lattice structure in the present

10 invention, i1t is important to ensure nanometer sized
nucleation and growth. These may be achieved by creating
the nano-template (i.e. template with nanopores and nano
primary structures), fcollowed by selective nancepitaxial
growth, as shown in the disclosed embodiments.

15 In one embodiment of the disclesed method, step b)
comprises a second stage of further growth of the
semiceonductor material to form upper sections of the
distal end portions of the nanocstructures, each upper
section tapering £from the larger width dimension to a

20 smaller width dimension,

In cne embodiment, the contrclled growth conditions
used to form the lower and upper sections of the secondary
porticns of the nancstructures include temperature and
pressure.

25 In one embodiment, the temperature and pressure
conditions used to form the lower and upper sections of
the secondary porticns are tThe sanme.

In one embodiment, the temperature used to form the
lower or upper sections of the secondary portions of the

30  nanostructures may be selected from the range of about
800°C to about 1200°C. For example, the temperature may be
selected from the range of about 800°C to about 300°C,

about 800°C to about 1000°C, about 800°C to about 1100°C,

about 900°C to about 1000°, about 900°C to about 1100°C,
26



the secondary portions of the nanostructures are formed 25 under a temperature selected from the
range of from about 900C to about 1100C, and a pressure selected from the range of from about
50torr to about 200torr. Advantageously, by combining different temperature and pressure conditions,
different shaped upper sections of 30 the secondary portions, or distal end portions, of the
nanostructuresamay e ahtaineds Inene.embodintent, thecombination oka highdemperatyre,, for
example 1200C, and low pressure, for example, 30torr, may result in an upper section having a
general rectangtiaF Eha%)é)%rfﬁ a flat uppeitfacet ahd Substahtiafiy Vektical side facéts. aboufn
another embodiig@ggcthe combination of a low 5 temperature, e.g. selected from the range of 87000 to
930C, and high pressure, e.g. selected from the range of from 190torr to 220torr, may result in pyramid
shaped upper sectioniwith side facdts @hlye tsing torditions 3 betweens ¢k tempefature andspressure

ranges mentioned 10 hg&ei%r}i%%w rgg% ina rug%atecqlgyrg@é% w(ijtgra ce{g@}rﬁgggceﬁr? r%tio of top
facet and side facet. In one embodiment, the invert pyramid-srhape% lower sections and the
corresponding upper s&etivhsisfaan embodimentdfathé gresénoinvention arerfoemedfunderat

temperature selgcted from the range-of from 950CHa _@pggggn%g% a @essgr g%esj%%tgdr%)m fhe range

of from 190torr to 220torr. In another embodiment, the invert pyramid-shaped lower sections and the
Conesponmng%@b@ﬁ§é@ﬁo@§@ﬁanth@ range of from about 20torr to about

225torr, about 20torr to about 200torr, about 20torr to
10 about 175btcrr, about 20torr to about 150torr, about 20torr
to about 125torr, about 20torr to abecut 100torr, =about
30torr to about 100torr, about 30torr to about 130torr,
about 30torr to about 160tcrr, about 30torr to about
190terr, about 30torr to abkout 220torr, about 30torr to
i5  about 250torr, about 50torr to about 100torr, about 50torr
te about 1L0teorr, about 50torr toe about 200torr, or aboun
50torr to about 250torr.
In one embcdiment, the lower and/or upper sections of
the secondary portions of the nanostructures are formed
20  under a temperature selected from the range of from about
800°C to about 1200°C, and a pressure selected from the
range of Ifrom about 30tcerr to about 220torr.
In one empodiment, the lower and/or upper sections of
the secondary portions of the nanostructures are formed
25 under a temperature selected from the range of from about
900°C to about 1100°C, and & pressure selected from the
range of from about 50torr To about 200torr.
Advantageocusly, by combining different temperature and
pressure conditions, different shaped upper sections of
30  the secondary pcrtions, or distzl end portions, of the
nanostructures may ke obtained.

In one embodiment, the combination of a high

temperature, for example 1200°C, and low pressure, for
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20 embodiment of the present invention are formed under a temperature selected from the range of
from 950C to about 1050, a pressure selected from the range of from 190torr to 220torr, and a
trimethylgallium flow rate selected from the range of 70scom to 90sccm. In a specific embodiment, 25
the pressure may be selected from the range of from 190torr to 210torr. For example, the pressure
used may be Zo0wle, It3SHovd be RdtedtRatGrie fastoRsonuinging 16 Hid ®wo diffedard growth

configuration of dhe.loyger 2d30,ippet sectigns may,be the strain gonditionof the grawing fin or

growing nanostructure. In the lower section, the film or structure is grown'on a compressive GaN
pedestal (i.e. tRe&RBFAT iR piimary hafestracttfe) LASYEGwth takes place, the film or structure

undergoes three dimq@§ioglggg}gb@la@g@ggﬁ%g%om@&@orgéggirggrtei@{axqﬁf In the eage of a
film, after it reaches a certain thickness, the film becomes fully relaxed and growth in the upper section

takes place resultitg iretherstructaresto taperepwardlyt This ntaysbe daede the factthatgrowth on the
tapered side fagceé {for exarc’?pge, <101-1>g is slower than the §up§tantiafl!}/ hori%(j)ntal facet <0001>.
10Also, the chaﬁge‘fl‘orr? the 16w Psé)&%nséir%g\?\nh {o the u%%é?éé&?on gr%rv[\l/th“m%y %%D&Terﬂﬁned by
the thickness df the. lower section ta-begome-fully retaxed. Thisubturn maygeperidiondhepdth of the

pedestal (i.e. the rima% n%ni%sﬁtruct%rlﬁe). A sg)a% ggd%stal reguires athinner film 15 to become fully
u

relaxed. In'Or eeé:mbso&ment, fOF full réla%ation (o take %fécg,' the ﬁiicﬁﬁes%o&%g ToWer settion may

be in the rangéetfrem50nm4o 108mprefor mprmapnnangstrectureshavingwidih dimengiondn the
range ofifr m Jfl%%nernirgo Z(C))(L)lrim. 20 In anei%mbocument iagtgp c}%Ean 0 ticallghactive Iay§r comprising

. ; 1 ol X
the optically active matefial is formed on each Ranostruciure and the %%J |ca‘fﬁ§/ active %?/er folfows the

contour(s) of the:distat ®ndysortion bf theofianostrutagret 25imcorse. dmbbdédimént, an optically active
layer may be In one embodiment, the invert pyramid-shaped lower
sections and the corresponding upper secticns of an

embodiment of the present invention are formed under a
ih temperature selected from the range of from 950°C to about

1050°, a pressure selected from the range of from 1%0torr
to 220torr.
In another embodiment, the invert pyramid-shaped
lower sections and the corresponding upper sections of an
20 embodiment of the present invention are formed under =z

temperature selected from the range of from 950°C to about

1050°, a pressure selected from the range of from 190torr

to 220torr, and a trimethylgallium flow rate selected from

the range of 70sccm o 90sccm. In a specific embodiment,

25 the pressure may be selected from the rangs of from

190torr to 210torr. For example, the pressure used may be
200torr.

It sheould be noted that one factor contributing to

the two different growth configuration of the lower and

30  upper sections may be the strain condition of the growing

film or growing nancstructure. In the lower section, the

film or structure is grown on a compressive GaN pedestal

(i.e. the column like primary nanostructure). As growth
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grown using the following conditions:Trimethylgallium flow rate of about IOscom, trimethtylinaium flow
rate of about 320sccm, NH3 flow rate of about 18000sccm, N8 flow rate of about 6000sccm, pressure
of about 100torr and 30 temperature of about 755C. These conditions are exemplary conditions only.
In one embodiment, an optically active layer may comprise multi-quantum wells (MQW). In one
embodiment, the¥alti-gobatiem wells #nayilde formed of FIGaN/GaN: In this 299 efrtbodimentethe

MQW may be formed.by.) fitst growing a fayer of InGalN with agrowth time.of aboyt 0. 4mins; i) the

growing a layer of GaNjwith a growth time of about 1.2min; and iii) repeating steps i) and ii) four times,
5 for example, 16 seq@éntially Heposit® pafsdf IRGaN/GaN layersaftein oné enilsadifrent, the

disclosed methqd further comprises-asstep.efproyiding ajayerefa S%micl?d%qra@é@riaéﬁ@ove the
optically active layer. This may be to 10 create the p-type semiconductors for device structure. In

one embodimeéHt the grewth dsndiiBRts pRiide fHe |ayeiot semicohdiadr ratefal Bbovd'the

optically activeslaye-may-comprisgitst fopminganappreximately. 200nmythick GaNJayer-on the
nanostructures at a 15 temperature of about 1010C and a pressure of about 600torr. This may be

followed by an‘Htealiig Professat aﬁcﬁﬁ_ 800 foT Approkimately @@ﬁﬁns_. FI'frfh*'lfet_h?f@"%‘;ﬂlFff*rﬁ,fammonia
and Cp2Mg may bg ysed as sayrce materials for, Ga,. N and p-dopant (which requires Mg),. .

respectively. The growth 20 rate of polar facet to semipolar facet may be controlled By controlling
factors includirfg; ‘Bt ¥s not limted to, the Group V to Group Il element ratio (referred to as V/III ratio

hereafter)y temperatugg and pressurg.Hme of growth, may also be adagir. growen to the

upper section growth may be determined by the thickness of
the lower section tTo become fully relaxed. This in turn
may depend on the width of the pedestal (i.e. the primary
nanostructure). A small pedestal regquires a thinner £il

15 to become fully relaxed.

In one embodiment, for full relaxation to take place,
the thickness of the lower section may be in the range of
from 50nm to 100nm £for a primary nanostructure having
width dimension in the range of from 100nm to 200nm.

20 In one embodiment, in step <), an optically active
layer comprising the optically active material is formed
cn  each nanostructure and the optically active layer
follows the contcur({s] of the distal end portion of ths
nanostructure.

25 In cone embodiment, an optically active layer may be
grown using the following conditions: Trimethylgallium
flow rate of about 10sccm, rimethtylindium flow rate of
about 3Z0sccom, NH; flow rate of about 18000scom, N. flow
rate of about 8000sccm, pressure of abkout 100torr and

3C  temperature of about 755°C. These conditions are exemplary
conditions only.

In one embodiment, an optically active layer may
comprise multi-guantum wells {(MOW). In one embodiment, the
multi-guantum wells may be formed of InGaN/GaN. In this
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25In one embodiment, the V/III ratio is nitride to gallium ratio, i.e. N/Ga ratio. In one embodiment,
the N/Ga ratio is selected from the range of from 2200 to 4400. Embodiments of the present
invention provide a 30 method of forming a light emitting structure, the method comprising the steps of:
providing a template layer formed of a first material on a substrate, the template layer comprising an
array of nanopereséxtending substaifidllyiacrobs athickressof the templateslayerirowing growing a

nanomesh ay6r,oftbe st mateial By panaepiaxal growt n sufacs areas of e, template layer

between the nanopores; and forming a light emitting layer based on the first material on the
nanomesh layé&fie JFRlight efitthiy/ Ryerahay=edmprisesmultiplr quatturhwells ¢MG¥¥s)based on

the first material, 19The first aterial may comprise GalN, . The growing, of the light emitting layer
may comprise controlling one or more growth condition parameters to control a shape or texture of the
light emittihg |&y&F. B3R gRwWing of tRe Hight émititlg fep idy coniptisecontroling aléwimore
growth conditiqrgapg@neters to control a ratio of polar planes and semipolar planes in the light emitting

layer. The template Ia%/er may be formed using one or more
n one embodiment, the disclosed method further

comprises a step of providing a layer of a semiconductor
material above the optically active layer. This may be to

10 create the p-type semiconductors for device structure.
In cone embodiment, the growth condition to provide
the layer of semiconductor material above the optically
active layer may comprise first forming an approximately

200~nm~thick GaN layer on the nanostructures at a

15 temperature of about 1010°C and a pressure of about
000torr. This may be followed by an annealing process at
about 800°C for approximately 30mins. Trimethylgallium,
ammonia and CppMg may be used as source materials for Ga, N
and p-dopant (which requires Mg), respectively. The growth

20  rate c¢f polar facet to semipcolar facet may be controlled
by controlling facters including, but is not limted to,
the Group V to Group III element ratlo (referred to as
V/III ratio hereafter), temperature and pressure. Time of
growth may also be a factor,

25 In one embodiment, the V/III ratic 1s nitride to
gallium ratio, i.e. N/Ga ratio.

In one embodiment, the N/Ga ratio 1s selected from
the range of from 2200 to 4400.
Embodiments of the present 1invention provide a

30 method of forming a light emitting structure, the
method comprising the steps of:

providing & template layer formed of a first

material on a substrate, the template laver comprising
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20 of a group consisting of nano-imprinting, anodized aluminium oxide, e-beam lithography and
interference lithography. The light emitting layer may be formed such that it functions as a
photonic bandgap structure for enhancing 25 a light extraction efficiency. Embodiments of the
present invention provide a light emitting structure comprising: a template layer formed of a first
material on a substeate 2the tdmplatedayercomprsiag@nrarray ob 30 4ahopdreéy extending 2

substantially across . thickness qfthe {%Blggetlgyg%y o8 nanoepitaxial nanomesh layer of the first
material in surface areas of the template layer between the nanopores; and a light emitting layer

based on the first material férafedidrothe napbARSH layery e ITHE light emitiing faysginay cemprise
multiple quantym wells (MGYYs)-ased ondhe,first matgtial. 3The light emitting layer may corprise a

shape or texture having polar and semipolar planes. The nanomesh layer may exhibit an inverse
pyramid-shape- SRe fFstmateYiarmas Ebriprisé GaNIaeorRIfMopsFEs may be substantially free of

the first material. The lightemitting I%yerlm@},{tpe ggﬂf{ggg%to iwggn as-a photonic handgap
ST D e I A Ao S ome s 2ayer
Llayer.

The light emitting layer may comprise multiple
quantum wells (MGWs) based on the first material.

10 The first material may comprise Gal.

The growing o¢f the light emitting layer may
comprise controlling one or more growth condition
parameters to contrcl a shape or texture of the light
emitting lavyer.

15 The growing of the light emitting layer may
comprise controlling one or more Jgrowth condition
parameters to control a ratio of polar planes and
semipeolar planes in the light emitting layer.

The template laver may be formed using one or more

20 of a group consisting of nanco-imprinting, anodized
aluminium oxide, e-beam lithography and interference
lithography.

The light emitting layer may be formed such that it
functions as a photonic bandgap structure for enhancing
25 a light extracticon efficiency.
Embodiments of the present invention provide a
light emitting structure comprising:
a template laver formed of a first material on =z
substrate, the template layesr comprising an array of
30 nanopores extending substantially across a thickness of
the template layer;
a nanoepitaxial nanomesh layer of the Tirst
material in surface areas of the template laver between

the nanopores; and



15 Brief Description Of Drawings The accompanying drawings illustrate a disclosed embodiment
and serves to explain the principles of the disclosed embodiment. It is to be understood, however, 20
that the drawings are designed for purposes of illustration only, and not as a definition of the limits of
the invention. Fig. 1(a) to Fig. I(f) are schematic diagrams of nanoepitaxial nanomesh GaN grown
on nanopore arrays of GaNi25 seibstratescFig.clayis laectesk-sattiona viehrsfta substrateawith an

array of primargmgétrggr%eeﬁ%@%%%rqé% pefore formation of a secondary portion having an
expanded crystal lattice structure; Fig. 1(b) is a cross-sectional view of the substrate of Fig. 30 1(a) in

which a lower sectionléfea secshtiary portidh has beeh \Expitaxially growncsh-the pritiaryiple
nanostructrues,.the, lower seetion haydng.an gxpanded-crystal struciure relative: to the primary

nanostructures; Fig. 1(c) is a cross-sectional view of the substrate of Fig. 1(b) in which an upper
section of-a secondary/ortiohHa’s b&8r expitekialh?gfown B theloHer séctior foffiéd®m Fig. 1 (b);

Fig. 1(d) is a top-view:of Fig () Fig. 148) is ador vigw-ef Fig- 1(B); and Fig. 1(f) is a top view of Fig.
51(c) Fig. 2 is a cross-sectional view of a single nanostructure disposed on a subsrate  Fig. 3
shows SEM images of the Rdnsstitéturesiiiade BEcording tdExaniple 1HETW. Fid 3(&Fis & SEM
image ofa 10 temptate formed of a semiconductor material. The darker hexagonal (18) represents
etched holes. Fig. 3(b) is a SEM image of showing the upper sections (16") of the secondary portions

of thenanostructures, di§playing 5ix{16A1} facete Figs B8 Ts- 3 SEM image of the upper sections 16"
together mithGaiNAnGaN MQWss Fig=3(d)is: a eress-seetion=SEM infage-of panostiuctures,showing
the relaxation of the compressive strained lattice. Fig. 3(e) is an enlarged view of a cross-section SEM
image of a nalbstricttre. 20Fig. 4(a) is a TEN image of the cross-section of nanoepitaxial GaN
showing the reductiorratthreadjing distecation density:hy=two argler obmagsoitude: reduetion eempared
to the underlying GaN. The arrow indicgtes the invq:r)teddnclined f%cet, hich shows strain relaxation.
Tunction as a pootonic andgap structure capable oI
ernhancing light extraction efficiency.
15
Brief Description Of Drawings
The accompanylng drawings 1llustrate a disclosead
embodiment and serves to explain the principles of the
disclosed embodiment. It 1s tco be understood, however,
20  that the drawings are designed for purposes of

illustration only, and not as a definition of the limits

of the invention.

Fig. 1l{a! to ¥Fig. 1(f) are schematic diagrams of
nancepitaxial nanomesi GalN grown on nanopore arrays of Gal

25 substrates: Fig. 1{a) 1s a cross-sectional view of a
substrate with an array of primary nancstructrues
extending therefrom before formation of a secondary
portion having an expanded crystal lattice structure; Fig.

i(b) is a cross-sectional wview of the substrate of Fig.

30 1(a} 1in which a lower section ©of a seccndary portiocn has
been expitaxially grown on the primary nanostructrues, the
lower section having an expanded crystal structure
relative to the primary nanostructures; Fig. 1{c) 1s a

cross-sectional view of the substrate cof Fig. 1{b) in
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25 Fig. 4(b) shows selected area diffraction pattern of Nanoepitaxial GaN on nanopore arrays of GaN
substrate. The two sets of (01-10) indicate the relaxation of the lattice constant by nanoepitaxy. Fig.
5(a) is photoluminescence spectra of nanomesh 30 InGaN MQWs on nanoporous GaN and control
InGaN MQWs, showing the improvement in the light emission with more indium incorporated in the
nanomesh. Fig/'5(EYis an emdrged figureiois(a) in the wavalaagihvranyer¢i3s0 rivg fo 380wm.

Detailed Desc@&@m%&@wiggé?%l&q 13 toFlg. 1(G) are sehematic diagrams showinga method of

forming a photonic device 10 g. 1(a) shows a plurality of nanostructures 9 that extends from a
substrate 10. In‘drderftoForm fie nafostruefiredy 94 téthplBiclayériwas fifst deposited oréthe

substrate 10. 1Q,Fhe template layer wasthen patenngd tofqrm thesnanastiuciures 9-seepsin Fig. 1(a)
using a nanofabrication method, followed by etching. The nanofabrication method is not limited and
may include n&n(&i)mprinting, anodized aluminium oxide (AAQO), e-beam lithography or interference
lithography. The template and subsequent nanostructures 9 are made from the same material and
may be a semiconduétof matérial siich ds GakP TheSmostictures’s hitve affirsteerystafidttice
structure (a). Rig.ri{d} isa top-viewsisage=af the photenie device of Fig. 1(a) whereby the 20 circles 13
represent the cylindrical holes etched into the substrate 10. In Fig. 1(b), a lower section 14 of
secondary portions infthe forin of inwersespytamid=siaped Structures were: formediorthemade

s S T AU Yas ot brrgrosniae gautyp e e
10 template formed of a semiconductor material. The darker
hexagonal (18) represents etched holes. Fig. 3(b) is a SEM
image of showing the upper sections (1e’") of +the
secondary portions of thenanostructures, displaving six
{10~11} facets. Fig. 2(c) 1s a SEM image of the upper
15 sections 1€’7 together withGaN/InGaN MQWs. Fig. 3(d) is a
cross-section SEM image of nanostructures, showing the
relaxation cof the compressive strained lattice. Fig. 3{e)
is an enlarged view of a cross-section SEM image of a

nanostructure,

20 Fig. 4{a) dis a TEM image of the cross-section of
nanoepitaxial GalN showing the reduction of threading
dislocation density by two order of magnitude reduction
compared to the underlyving GaN. The arrow indicates the
inverted inclined facet, which shows strain relaxation.

25 Fig. 4(b) shows selected area diffraction pattern of
Nancepitaxial GaN on nanopore arrays of GaN substrate. The
two sets of (01-10) indicate the relaxation of the lattice

censtant by nancepitaxy.

Fig. 5{a) is photoluminescence spectra of nancmesh
30 InGaN MQOWs on nancporous GaN and contrel InGaN MQWs,
showing the improvement in the light emission with more

indium incorporated in the nanomesh. Fig. 5{k) is an
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portions were made of a semiconductor material such as GaN having a second crystal lattice structure
(p) that is expanded relative to the first crystal structure (a). Fig. 30 1(e) is a top view image of the
photonic device of Fig. 1(b), which shows that the nanostructures 9 as represented by circles 13 have
been partially covered by the lower section 14 with the expanded crystal structure. In Fig. 1(c) an
upper section 6 b tieesecondaneparfiortsiwas fornmidtcorntheddwsp séctioarizeofdthe Sé6omdary
portions. The yppet segtion 16 were grown by nanoepitaxial growth on the top of the lower section 14
as 5 shown in Fig. 1(c). Fig. I(f) is a top view image of the photonic device of Fig. 1(c), which shows
that the nanostructures 9 as represented by the circles 13 were covered by the upper section 16 of the
secondary portions. Fig. 2 shows a cross-sectional view of a single 10 nanostructure 9' disposed on a
substrate 10", in which the nanostisletiire<di hpe scripkewef teghmeakfeatyges that are the same as
those described in Fig. 1(c) above which are indicated by the same reference numeral but with a prime
symbol (')5The nanostrugture 9 has @ stem.11l1anrd adbhexagenalty:shaped;secondanspartion 30 in
the form of a lower section 14" and an ugper section 16'. Dashed li es AA'PreEres_ppts‘ the Iongitudinal
axis passing throligh-the nanostrickre D' *THe dashet(linds BB and CC' fepresent Fespattiv
cross-sectionakplanés thdtiare nasmal relative: 2040 theslongitudinakaxis &4 eRdshed lines BB’
represents the point.at which.the upper section 16" meets with the lower s%%tiorLléy whil% dashed lines
CC' represents the point at which the lower séction 1 meets with the stém 11 The stem 11 and
secondary portiecm80 ate madef Gahs 25An apticalty astiveslayerrl 9 wes fernhed on the sSurface of
upper section 16’ and Mpos fInG en heterqjunction.was formed between layer 19
and upp(;l:rasect%lglr?’j1 16'%%%%ﬁ§lﬁn8by%%r \?vpﬂé%s%miggﬁguct r%é;%gr% %ég \?vas%ﬁen dgéjpromsiteg%% top of
the optically active 39tayer-19 and Sepvesto cover the nahostructlreg 9% Thesefscorductdrciayer 18
was formed of (aly. daped with May; 1, Advantaggously, the shape;and aranggment of the optically
active layer19follows the contour or

not limited and may include nano-imprinting, anodized

aluminium oxide (AAC), e-beam lithography or interference

[
Ot

lithography. The template and subseguent nanostructures 9
are made from the same material and may be a semiconductor
material such as GaN. The nanostructures 9 have a first
crystal lattice structure (o). Fig. 1(d) is a top view
image of the photonic device of Fig. 1(a) whereby the
20  circles 13 represent the cylindrical holes etched into the

substrate 10,

In Fig. 1(b), a lower section 14 of secondary
portions in the form of inverse pyramid shaped structures
were formed on the nanostructures 9. The lower section 14

25 was grown by nanoepitaxial growth to form the inverse
pyramid shape as shown in Fig. 1(b). The secondary
portions were made of a semiconductor material such as GaN
having a second crystal lattice structure (B) that is
expanded relative to the first crystal structure (o). Fig.

30 l{e) is a top view image of the photonic device of Fig.

Jt

{b), which shows that the nanostructures 9 as represented
by circles 13 have been partially covered by the lower
section 14 with the expanded crystal structure.
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morphology of that of upper section 16'. The ratio of the semipolar plane to polar plane can be
controlled by controlling the V/IlI ratio, pressure and temperature during the growth of the lower section
14" and the upper 5section 16'. Example 1 The method as shown in Fig. 1(a) to Fig. 1() was used
to form the photonic device in this example. 10 GaN template Preparation First, GaN template was
grown using metal-organid'¢ckiemiddlaapeur deppsitions®MACYD) ihiandEMGORE-43 25 system.

Trimetylgalliurg, (TMGa), trimethylalumin m (TMGa%h%S tﬁm%tg)xlalusré@tumcg Mf\é}), %ng a@hmonia

. g T
were used as source materials for Ga, Al, anéjN, respectively. 30-nm-thick GaN layer was first

grown on o-plafecsapphire substraterst 530 D6 atwptotal pressuresof 200torreThis wasvallowed by the
@DmnhOfa1f§§ﬂé§§!%§§{gﬂmﬁgg%éﬁog% the top of the lower section 14 as

5 shown in Fig. 1{c). Fig. 1(f) is & top view image of the
photenic device of Fig. 1(¢), which shows that the
nanostructures 9 as represented by the circles 13 were

cevered by the upper section 16 of the secondary portions.

Fig. 2 shows a cross—-sectional view of a single

10  nanostructure 8’ disposed on a substrate 10’, in which the
nanostructure 9’ has a number of technical features that

are the same as those described in Fig. 1(¢} above which

are indicated by the same reference numeral but with a
prime symbol (7). The nanostructure 9’ has a stem 11 and a

15 hexagonally-shaped secondary portion 30 in the form of a
lower section 14’ and an upper section 1¢’. Dashed lines

AR" represents the longitudinal axls passing through the
nanostructure 9. The dashed lines BB’ and CC’ represent
respective cross-~sectional planes that are normal relative

20 to the longitudinal axis AA’. Dashed lines BB’ represents
the point at which the upper section 16° meets with the
lower section 14’ while dashed lines (L’ represents the
point at which the lower section 14’ meets with the stem

11. The stem 11 and secondary portion 30 are made of Gal.

25 An  optically active layer 1% was formed on  the
surface of upper sectlion 16’ and was composed of InGaN.
Hence, a hetercjunction was formed between laver 19 and
upper section 16’ as shown by arrow 17. A semiconductor
layer 18 was then deposited on top of the coptically active

30  layer 19 and serves to cover the nanostructure 9. The

semiconductor layer 18 was formed of GaN doped with Mg.

Advantageously, the shape and arrangement of the

optically active layer 19 follows the contour or
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20 pressure of 200torr at 1010C. A GaN template as shown in Figure 1(a)was fabricated by etching
the GaN wafer by inductive Coupled Plasma (ICP) using anodic alumina (AAO) as a mask. The AAO
mask was created by using 0.3M phosphorus acid as 25 electrolyte, anodized at a voltage of 150V.
After formation of the GaN template, a further step was included to widen the pores 13 of Figure 1(d)
and to removethedardediayerf(nohshowr) intive narsepores13.14After thie pormwidening roeess,
anodized alumi ar 30.hex potes.20(as shown, in Figur. ith a diameter of
200nm and ir%'r%g[grggﬁs%gnc? J%’? é%Onr#S segl%ené)y%éé Wgsagserg)?o tr%%s%%?@ewégre g)ﬁ'/ays in
AAQ into the GaM:ivafer L After tHeetching, e AROrhask wasaemoved, st thessinainetduizhoporous

GaN template (as-shawn in.Figure 26@)) was ¢leaned, and tg'%eﬂq%c}?dﬂ@w the MQGYD teactpr. 5

Secondary Portion and Quantum Well Preparation A -200nm GaN layer was deposited on the
nanoporotis GaRGEAfplate&t 1010 C using H2 as carrier gas. The growth time was precisely
controlled in order to produce a plurality of nanostructures 12 of Figure 2 (without the 10 optically
active layer 19). a . Four periods of InGaN/GaN multiqguantum-wells (MQW) were then grown on the
nanoepitaxial GaN at a temperature of 755 C and chamber_pressure of 100 Torr, to form an optically
active layer 19 as shown in Figure 2. Trimethylg&tiaiPtfMGa), 15 trimethylindium (TMIn), and NH3
were used as the souree:for&an 4y and Nsrespectively rRyringithe growth ef the Gal:-layers IMGa
flow rate of about %%sccm NH3 flow ra}tle of about 12000sccm, H2 flow rate oé about 6000sccm, a

pressure of abbt (.jft%rrfa?nrdn a%‘?&w& fina orabdtit 9 Bmins we é%oeéi%ﬁ% ?Nitrogen was used as
the carriéiCgas for the InGaN/GaN quantum well growth. For InGaN/GaN MQWs growth, TMGa flow

rate of about 320sccm, NH3 flow rate of about 18000sccm, N2 flow rate of about 6000sccm and a

ate Preparatlo . .
pressureof aboqu’cﬁ%%r?werevs‘eg%%@fmﬂnGan/GaN MQWs, a lyer o 25 fInGaN with growth time
of 0.4mins was grow%goygwgd By, Ia¥%§ngfl %g%l nggrog@o%rne Qfsllagln% Hour p(g}r%aqéi
InGaN/GaN layers were sequentially deposited.A nonpatterned GaN epilayer was also [6a &d into the
MOCVD chambégiollsé growrs Binvditaneenslyidsiareferéfiee Hample r30Result8 T Fig.[8a2Shows the

top view SEM image.qf the (33 template, T Cabljemplate wias talrieated by |GP owling The

darker hexagon 20 represents etchéd holes. The average diameter of the hexagon 20 was -200nm

withan 15 trimethylaluminum (TMALl), and ammonia were used as source
materials for Ga, AL, and N, respectively. 2 30-nm-thick
GaN layer was first grown on c-plane sapphire substrate at
530 °C at a total pressure of 200torr. This was followed

by the growth of a 1.5pm GaN laver grown at a total

20 pressure of 200torr at 1010°C.

A  GaN  template as shown in  Figure 1(a) was
fabricated by etching the GaN wafer by Inductive Coupled
Plasma (ICP) using anodic alumina {(AAC) as a mask. The ARO
mask was created by using 0.3M phosphorus acid as

25 electrolyte, anodized at a wvoltage of 150V, After
formation of the GaN template, a further step was included
to widen the pcres 13 of Figure 1(d) and to remove the
barrier layer {not shown) in the nanopores 13. After the
pore widening process, anocdized alumina showed arrays of

30 hexagonal pcres 20(as shown in Figure 3{a) with a diameter
of 200nm and interpore distance of 300nm. Subseguently,
ICP was used to transfer the pore arrays in ARD into the

GaN wafer. After the etching, the BAO mask was removed,
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average inter-distance of -300nm. The height of the primary nanostructures 9" was -800nm. Fig. 3b
and Fig. 3c show the top view SEM images of the secondary portions, in particular the upper sections
(16"), of nanoepitaxial GaN nanostructures and the optically active layer 19' comprising InGaN MQWSs.
The secondary portions of the nanoepitaxial GaN demonstrated nanomesh structures with six {10-11}
facets. The optigally abtive dayier 19:coniprises daGaN MEIW's wisich feltowv tHe sansé morphblogy as 10
the upper sections 16" of the, secgadary. podtins. Eig,3d shaws the gross-sectional SEM-image of
nanoepitaxial GaN. It was observed that the secondary portions comprising nanoepitaxial GaN was
grown on top df&Ré Hakeporous GaN template containing primary nanostructure 9'. No 15 deposition
within the pores was observed. The inverted inclined facet is present on the lower section 14" of the
secondary portions (14" and 16") between the dashed lines as shown in Fig. 3d, which indicates the
relaxation_of the compressivgly strained lattice by nanoepitaxy. The 20 expanded crystal lattice
structure 6f th o IA- 1Ay BE DeHBR EEEHH' largedFg=3le).

Results(2): Tofurther de&;?ba@dthed"n'wrolstructure, the strain [‘:e,lgxation and Rhe defects in
nanoepitaxial GaN, XTE had %eenaem[ﬂ%)y&f ARTE Gﬁ%ggé of 25 ﬁgnoépﬁaxri}é”]p(?éﬁ Tsoﬁﬁesented
in Fig. 4a. The(reserce dfithe primarynanastrusture 94:had anohvics effect ontthe glislecation
behaviours in the secondary portions 14™ ancdo%;g';.o'lil'%ee%sl%:gtiog density in the nanpepitaxial
secondary portion was greatl Te&d‘ced%ompare‘ﬁo the 30 underlying primary nanostructure 9™ in the
GaN template FTher estirnzited threading dislocationedensitydrf thEigure 2 (without the

10  optically active layer 19). a . Four periods of InGaN/GaN

0

mulitiquantum-wells (MOQW} were Then grown on the
nanoepitaxial GaN at a temperature of 755 °C and chamber
pressure of 100 Torr, to form an optically active layer 19
as shown in Figure Z. Trimethylgalilium (TMGa},
15 trimethylindium (TMIn), and NH; were used as the source for
Ga, In, and N, respectively. During the growth of the GalN
layer, TMGa flow rate of about 80sccm, NH; flow rate of
about 12000scecm, H; flow rate c¢f about 6000sccm, a pressure

£

of about Z00torr and a growth time of about 9.5mins were
20  applied. Nitrogen was used as the carrier gas for the
InGaN/GaN guantum well growth. For InGaN/GaN MQWs growth,
TMGa flow rate of about 320sccm, NHs; flow rate of about
18000scecm, N; flow rate of about 6000sccm and a pressureof
about 100torr were usad. To grow InGan/GaN MQOWs, a lyer o
25 fInGaN with growth time of 0O.4mins was grown fcllowed by a
layer of GaN with growth time of 1.Zmins. Four pairs of
InGaN/GaN layers were sequentially deposited.A

nonpatterned GaN epilayer was also loaded intc the MOCVD

chamber toe be grown simultaneously as a reference sample.

30 Results (l): Fig. 3a shows the top view SEM image of
the GaN template. The GaN template was fabricated by ICP
atching. The darker hexagon 20 represents stched holes.

The average diameter of the hexagon 20 was ~200nm with an
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secondary portions (14™ and 16™) nanoepitaxial GaN was reduced by two orders of magnitude
(108cm-2) from that of the primary nanostructure 9" in the GaN template (101cm- 2). Nanometer
sized nucleation and growth was one of the reasons for low defect density in nanoepitaxial GaN.

The estimated threading dislocation density in the nanoepitaxial GaN is reduced by two orders of
magnitude -- ¥G-BEHF1040GR2) ) Fiomn tisat of fhe temiplateThe Wislocdtiorcdénsity Wastachieved by

counting the syrface, pifs in,Figs #.-5ineq the surface, pits areqhe.ends of the fhregding disloegtions in
the crystal structure. It'was observed that an inverted inclined facet 10 occurred at the initial growth
stage of the loR@P$ettich I2P ofthevsetblidafEpsriioRs (T4 artETeMAs indieated iy the arfows 40 &

42 in Fig. 4a. I, ghewed the- redﬁ@ti@;laﬁﬁh% compressive gtrain in the ynderlving GalNstemplate.

Theoretically, growth in the nanoscale allowed 15 the epilayer to relax in three-dimensional ir)
response 1o laftRefishiatERHére, diEto tHe'RanogFowtRctherattiGeofthe sedohidFy pottions 14™

and 16™ nanoepitaxial GalN undenuent expansiontoseleasethe compressive strainegdatticee Fig. 4b
shows the selected area 20 diffraction pattern of nanoepitaxial GaN. The image demonstrates 2 sets
of (01-10) planeS Hfeh iidicate tHedblatRion ot the attice By RifoepitaRy £ U< Reitts (3)TBig. 5(a)
shows the roomitemperature photeloustingscense spegtta for mapomesh 1ncaNIMQMs and’

comprises InGaN MQWs which follow the same morphology as
10 the upper secticons 16’ of the secondary portions. Fig. 3d
shows the cross-sectional SEM imzge of nancepitaxial GaNl,
It was observed that the secondary portions comprising
nanoepitaxial GaN was grown on top of the nanoporous GalN
template containing primary nancstructurs 9. No
15 deposition within the pores was observed. The inverted
inciined facet is present on the lower section 14’ of the
secondary portions (1477 and 16¢'') Dbetwsen the dashed
lines as shown in Fig. 3d, which :indicates the relaxation
cof the compressively strained lattice by nanoepitaxy. The
20  expanded crystal lattice structure of the lower section

147" may be better seen in the enlarged Fig. 3(e).

Results (2): To further understand the
microstructure, the strain relaxation and the defects in
nanoepitaxial GaN, XTEM had been employed. A XTEM image of

25 nanoepiltaxial GaN is presented in Fig. 4a. The presence of
the primary nancstructure ¢’’’ had an obviocus effect on
the dislocation behaviours in the secondary portions 14777
and 1e"'’. The dislocation density in the nanoepitaxial
secondary portion was greatly reduced compared to the
30 underlying primary nancstructure 9’77 in the GalN template.
The estimated threading dislocation density in the
secondary portions (14777 and 16''') nanoepitaxial GaN was
raduced by two orders of magnitude (10%m™) from that of
the primary nanostructure 9’’’ in the GaN template (10'%cm”
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25 that of the control sample. Fig. 5(b), which is an enlarged view of the wavelength range 350nm -
380nm of Fig.5(a), shows the band-edge peaks of GaN are centred at 366.7 (SO) nm and 363.5 nm
(52) for nanorod film. The red-shifted GaN band-edge photoluminescence peak from the 30 patterned
sample further_supports the relaxation of compressive stress. Strong emission around 450 nm (54)
was observed Tlom e RERGRESIEINGHN MOWsaThe miersity Forithe napnemesls INGaN-MOWs was
observed to be.3 fimesshigher compared 1o that,of the, coptrol InGal; MQWS {56). The improvement in

light emission was due to the reduction in the number of nonradiative recombination centers

associated with TOs. Mare iapartantly betterdight 5 extraction from the nang-structures played a
more important role in the enhancement of the PL emission. In addition, nanomesh InGaN MQWs

demonstrated Tt RE enA&sion p&akiiront theSrtoitesh MQWE wasFed-3hift £167aM ddm&red to
that of thescontrobMQMWVs) samaplex Thishwas 19partially duetg:mere indjum-iregrporation inghe MQWSs
nanorods. It had been reported that the strain in the GaN layer had an obvious effect on the indium

pdl, .

incorporation durifigtha InGAN GrowiH: A iR refedeamibleWas SR to Hcorpsratd b mdium
during growth thansa strained 154sanspleckn thissexamplec-as shewn previeusly =a significant.strain
relaxation had been dc?mons&r.agﬁd. This strain, relaxation in the rganostructures allowed for a better

lattice mismatch bethEenthe barfierand the désighated Wall-growitr ARG hehce higher indium 20
incorporation as the indium atom was larger than the Ga atom. __ _In.conclusion, a method to fabricate
low defects and strain released né&&%@‘s%%al%%%%ed %nanoéf?ggtﬁf“e%%by com fnifﬁdglop?-%\?v% and
bottom-upltechmiquer issdeseribad.c25iThémethodutitizestheteductiorioftiireading dislccationsrand 3D
relaxation of strain during hanogpitaxy_to praduce pangmesh wjth high quality..This method is
beneficial for high efficient light emittin% diodes %nd solar ce(ﬁs in ?i(ve ways: (%{ 0 eil'f-gt):tive)naesss in
reducing the th¥&ading dislodatioh densitiess efRankcelihtekial Dpantuhe effitienso@ dighitis
scattered at the nanoporaus ipterfage which,enhances e Jight extraction efficiency, (3).abliity to
expand wavelength range of GaN-based structures towards longer wavelength due to more indium
incorporation irt & hai6mesSH SPIGGAS? (4)oompatiBiewithrcutreAit MOTYahd deviéefaistication
process;and (3)substantially free of straip.with low piezaelectiic field in,the nanamgsh S.stiyctures,
which results in higher internal quantum and recombination efficiency. This enables the fabrication of
high efficiency aRbhigh pdwert EBs aftePYs. THE distiostd nanbREsAvEHuctUTBS pievide F6r a novel

and direct wayde proglicesvarious:visiblewhite and uliraviolet LEDS With 1 1 anoepitaxial

GaN underwent expansion to release the compressive
strained lattice. Fig. 4db shows the selected area
20 diffraction pattern of nanospitaxial GaN. The image

demonstrates 2 sets of {01-10) planes which indicate the

relaxation of the lattice by nanocepitaxy.

Results (3): Fig. 5(a) shows the room temperature

phetolouminescence spectra for nanomesh InGaN MQOWs and

25 that of the control sample. Fig. 5(b), which is an
enlarged view of the wavelength range 350nm - 380nm of
Fig.5(a), shows the band-edge peaks of GaN are centred at

366.7 (50) nmm and 363.5 nm (52} for nanorod film. The red-
shifted GaN band-edge photcluminescence peak from the
30 patterned sample further supports the relaxation of
compressive stress. Strong emission around 450 nm (54 was
observed from the nanomesh InGaN MQWs. The intensity from

the nanomesh InGaN MQOWs was observed to be 3 times higher
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10 high efficiency and brightness for the full color display and general lighting applications.
Applications The photonic device and embodiments disclosed herein may be used as a
light-emitting device (such as a LED) or a light-absorbing device (such as a solar cell).
Advantageously, the disclosed photonic device with the nanostructures having an expanded and
relaxed crystaKiatieesstaictlre have at ledst ameliorated thelprobiémy 2088k idted)with Bhe

conventional deyioeoDEaflems sioh as dislagations and Jmited lacargoration of.an, optically ctive
material due to the strained lattice structure. Advantageously, the disclosed photonic device has
significantly impféved intétA&rand &&ernal quaRdkR: 25 efficierties tibé 16 theomanostectiures having a

first crystal latticestructureand, a ggcongDg)gpar]gggecrys_@jﬂgqiggﬁrwt’ure.b%ck\@égageg}?[ytan

embodiment of the disclosed  photonic device as shown in the Examples has shown a 30 three-fold
increase in ligit®Entidasibniftendiyo™  ThHesmetfisd @iselosed HeFsif facilitatés hanoepitaiial growth of

a semiconductop,materialito forme.the disclosed photonicdevice with-nanestrygtures havingan
expanded crystal lattice structure. In one aspect, the disclosed method facilitates the formation of

photonic devicBSfavitigha facBistrdptitally agid laydiiiiitn ertiaiedtinédporatibi st an Bptically
active materialemi Advantagesusly:the disclosedmethad provides the diseglosed photonic dgyice with

overall enhanced photonijc properties. 101t will be apparent that various other modifications
compared to that of the control MQOWs sample. This was
10 partially due to more indium incorporation in the MCWs
nanorods. It had been reported that the strain in the GalN
layer had an obvious effect on the indium incorporation
during the InGaN growth. A fully relaxed sample was able
te incorporate more indium during growth than a strained
15 sample. In this example, as shown previously, a
significant strain relaxation had been demonstrated. This
strain relaxation in the nanostructures allowed for a
better lattice mismatch betwesen the barrier and the
designated well growth and hence highexr indium
20 incorpeoration as the indium atom was larger than the Ga

atom.

In conclusion, a method to fabricate low defects and
strain released nanomesh GaN based nanostructures by
combining top-down and bottom-up technigue 1is described.

25  The method utilizes the reduction of threading
dislccations and 3D relaxation of strain during
nanoepitaxy to produce GaN nanomesh with high guality.
This method 1s  beneficial feor high efficient light
emitting diodes and sclar cells in five  ways: {1}

30 effectiveness 1n reducing the threading dislccation
densities to enhance internal guantum efficiency; (2)
light 1s scattered at the nanopcrous interface which
enhances the light extraction efficiency; (3) abliity to
expand wavelength range o¢f GaN-based structures towards
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and adaptations of the invention will be apparent to the person skilled in the art after reading the
foregoing disclosure without departing from the spirit and scope of the invention and it is intended that
all such 15 modifications and adaptations come within the scope of the appended claims. Claims 1.R
photonic device comprising: a plurality of nanostructures that extend from a 5substrate, each
nanostructure e6RPRESING2 VY € begerictalfionditudiial hasdstivtiurébedyderméd o a semidehductor

material and hawipga-Rioximal endpation of a fissherystalattice:stricture and.a distal gnd.portion,
opposite said proximal end portion, 10of a second crystal lattice structure that is expanded relative to
the proximal eRé&Poftont 2L an-Gptically REfeEmaterildptically ssutiated Withlthe &istal €hd portion

to form a hetergjungtian therehetwegn. 15:2 Jthe phatenic deyice;as claimed. inclaimy L, whergin the
width of the distal end portion has larger dimension relativeto the proximalend portion of the
nanostructure BoAY: F: P photonic devics b caimBd td&iRT 2, WHérenta loferBeEfon?dithe distal

end portion tapess eubyarity Famdthe end-efthe praximal end podion:alengadengitudingl axis of the
nanostructure body. 4. The photonic device as claimed in claim 2, wherein an upper section of the

distal end portfondapérsinfvardly frof the thdfer Ba&ton foafdShit éndfof thedistaFénd p6tion of the

nanostructure haelymesh structures provide for a novel and direct way to
produce wvarious visible, white and ultraviclet LEDs with
10  high efficiency and brightness for the full color display

and general lighting applications.

Applications
The photeonic device and embodiments disclosed herein
15 may be used as a light-emitting device {such as a LED) or
a light-absorbing device (such as a solar cell).
Advantageously, the disclosed photonic device with
the nanostructures having an expanded and relaxed crystal
lattice structure have at least ameliorated the problems
20 assoclated with a conventional device, problems such as
dislocations and limited incerporation of an optically
active material due tc the strained lattice structure.
Advantagsously, the disclosed photonic device has
significantly improved internal and external guantum
25 efficiencies due to the nanostructures having a first
crystal lattice structure and a second, exXpanded crystal
lattice structure.
Advantageocusly, an embodiment of the disclosed
photonic device as shown in the Examples has shown a
30  three-fold increase in light emission intensity.
The method disclosed herein facilitates nanoepitaxial

growth of a semiconductor material to form the disclesed



5. The photonic device as claimed in any one of the preceding claims, wherein a layer of the optically
active material is disposed on one or more surfaces of the distal end portion. 6. The photonic device
as claimed in claim 5, wherein a layer of the optically active material is disposed on a surface of the
distal end portion with a selected 5orientation. 7. The photonic device as claimed in claim 5 or 6,
wherein each R&RGSRIctUreRIFHe? cofiprised'aTe/er bf & Séhfi€onddctor atdfial irdohtadith and

sandwiching 10the, 0f ain; Qptically agtivedaysrof the distal end portion. 8. The photonic device as
claimed in any one of the preceding claims, wherein a plurality of nglrégfores are 15disposed between

the proximal end portichsdtthe”a@djgceéntly dishosed RaRcStFucifés s The phbtdfic deviceas

claimed in anysene.af-the-preceding-claims, whetein the semicandugtor matedal 20forming the
proximal and distal end portions of the nanostructures is a metalloid. 10. The photonic device as

claimed i any?6ite-3fthe 2 ¥ ST précéding Blaftis Shet&inthe opticaiR active Afaterial - a1ty

active material.

Advantagecusly, The disclosed method provides the
disclosed photonic device with ¢verall enhanced photonic
properties.

10 It will be apparent that varlous other modifications
and adaptations of the invention will be apparent tc the
person skilled 1in the art after reading the foregoing
disclosure without departing from the spirit and scope of
the invention and it is intended that all such

15 modifications and adaptations come within the scope of the

appended claims.
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25is a semiconductor metalloid being doped with a metal selected from Group 1l of the periodic table.

11. The photonic device as claimed in claims 5 and 9-10,

wherein the layer of the semiconductor

material in 30contact with and sandwiching the optically active layer is a metalloid having an opposite
polarity to the metalloid of claim 9. 12. A method of forming a photonic device comprising a plurality of
nanostructures that extend from a substrate, tHeli@&®##d comprising the steps of:
5(a)providingatemplateformedofa semiconductor material on the substrate, the template comprising a
plurality of primary.geperally I%&Hﬁ@@a&m@ﬁpg@ﬁ? , ,

being formed of a semiconductor material having a first crystal lattice structure; (b)forming a secondary
portion on each of theprmafnahvdstiictuFes Said 158EE6iRfary Poitions Befitcompeiediof

5

10

15

20

25

30

nostructures projecting from the 10 substrate and

substrate, each nanostructure comprising:

a generally longitudinal nanostruciure body formed

of a semiconductor material

and having a proximal end

portion of a £first crystal lattice structure and a

distal end portion, opposite said proximal end portion,

ol a second crystal lattice structure that i1s expanded

relative to the proximal end portion;

an optically active material optically associated

with the distal end portion

therebetween.

to form a heterojunction

. The photonic device as claimed in claim 1, wherein the

width of the distal end portion has larger dimension

relative to the proximal

nancstructure body.

. The photonic device as claimed in

ilower section of the distal

outwardly from the end of

portion of the

claim 2, wherein a

end portion tapers

the proximal end pertion

along a longitudinal axis of the nanostructure body.

. The photonic device as claimed in claim 2, wherein an

upper section of the distal end portion tapers inwardly

from the lower section towards

the end of the distal

end potion c¢f the nanostructure body.

. The photonic device as claimed

preceding claims, wherein

in any one of the

laver of the opticall

active material is disposed on one or more surfaces of

the distal end portion.
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semiconductor materialhaving a second crystal lattice structure that is expanded relative to the first
crystal structure; and 20(c)forming an optically active layer of opticallyactivematerialonthe secondary
portions of the nanostructures. 13. The method according to claim 12, wherein step b) 25 comprises a
first stage of growing a portion of the semiconductor material having the first crystal lattice structure by
nanoepitaxial growth under selected conditions to form lower sections of the secondary portions of the

nanostructuresTa@ 14nHhe methag.according toclaimy,d3, wherein step b) coppsises @ sgcond stage
of further growth of the semiconductor material to form upper sections of the secondary portions of the

nanostructures 1A% The méthdd deedrding Yo BRiIMYIS drd- 24 Iiheretn theSlBaes @ndlupper sections

are formed undey atemperatureselectgd from the xange of froRabout-200G toabout 82400C, and a
pressure selected from the range of from about 50torr to about 200torr. 16. The method according to

any one of claifi§ 12°45 \Wiérein step a) includes a step of configuring the 10template to form a
plurality of nanopores disposed
7. The photonic device as claimed in claim 5 or &, wherein
each nanostructure further comprises a layer of a
semiconductor material in contact with and sandwiching
10 the, or an, optically active layer of the distal end

portion.

8. The photonic device as claimed in any one of the
preceding claims, wherein a plurality of nanopores are
15 disposed between the proximal end portions of the

adjacently disposed nanostructures.

9. The photonic device as claimed in anv one of the
preceding claims, wherein the semiconductor material
20 forming the proximal and distal end portions of the

nanostructures is a metalloid.

10. The photonic device as claimed in any one of the
preceding claims, wherein the coptically active material
25 1s a seniconductor metalloid being doped with a metal

selected from Group III of the periodic table.

11. The phctonic device as claimed in claims 5 and 8-10,
wherein *the layer of the semiconducter material in

30 contact with and sandwiching the optically active layer
is a metalleid having an opposite polarity to the

metalioid of claim 9.
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between the primary nanostructures. 17. Themethodaccordingtoclaim16,wherein configuring the layer
of the semiconductor material to 15form a template is achieved using a nanofabrication method and
subsequent etching. 18. The method according to claim 17, wherein the nanofabrication method is
selected from the group 20consisting of:nano-imprinting, anodized aluminium oxide mask,E-beam
lithography aAd intérfgrehbe dthographyrning 9aThdpietidd-acterding to-ampone b glaims 13-16

25further compg§@gaq_ step of providing, g layer, of a,semiconductor paterial, aboye the optically active
layer. 20. A'light emitting diode device having a semiconductor 30element comprising:
substrate, the method comprising the steps of:

5 {a) providing a template formed of a
semiconductor material on the substrate,
the template comprising & plurality of
primary generally longitudinally shaped
nanostructures projecting from the

10 substrate and being formed of a
semiconductor material having a first

crystal lattice structure;

(b} forming a secondary portion on each of
the primary nanostructures, said
15 secondary pcrtions being composed of

semiconductor material having a second
crystal lattice structure that is
expanded relative tco the £first crystal
structure; and

20 (c) forming an optically active layer of
optically active material o1l the

secondary portions of the nanostructures.

13. The method according to claim 12, wherein step b)
25 comprises a first stage of growing a portion of the
semiconductor material having the first crystal lattice
structure by nancepitaxial growth under selected
conditions to form lower sections of the secondary
portions of the nancstructures.
30
14. The method according to claim 13, wherein step b)
comprises a second stage cof further growth of the
semiconductor material to form upper sections of the

secondary poertions of the nanostructures,



a plurality of nanostructures that extend from a substrate, each nanostructure comprising: a
generally longitudinal nanostructure body formed of a semiconductor material and having a proximal
end portion of a first crystal lattice structure and a distal end portion, opposite the proximal end portion,
of a second crystal lattice structure that is 5expanded relative to the proximal end portion;  an
optically active material optically associated with the distal end portion to form a heterojunction

therebetweery, a laygr, ofa semiconductormaterigl dispgsed,aver ]9 the disial.end portigns of the

nanostructures to form a continuous nanostructured contact surface_ on the semiconductor element;
and a painl@Wél@cﬁ@&es‘%&ﬁ%ﬁofﬁﬁé%}é’é%ﬁ)o%%eoeﬁﬁ@@%étﬁﬁéﬂll?%oépl@@‘t@%@é&ﬁmuous

nanostructured 15, contact s%f&%e and thgacgg%r eé%ctrggélggigg £lectrically-coupled ta the

seminconductor material of the nanostructure’body. 20 2
5 1100°C, and a pressure selected from the range of from

about bltorr to about 200torr.

le. The method according to any one of claims 12-15,
whereln step a) includes a step of configuring the
10 template to form a plurality of nanopores dispossad

between the primary nanostructures.

17. The method according to claim 16, wherein
configuring the layer of the semiconductor material to
15 form a template 1s achieved using a nanofabrication

method and subsequent etching.

18. The method according to claim 17, wherein the
nanofabrication method 1is selected from the group

20 consisting of: nanc~imprinting, anodized aluminium
oxide mask, E-beam  lithography and interference

lithography.

19. The method according to any one of claims 13-16
25 further comprising a step of providing a layer oi a
semiconductor wmaterial above the coptically active

layer.

20. A light emitting dicde device having a semiconductor

30 element comprising:

a plurality of nanostructures that extend from

o33

substrate, each nanostructure comprising:
a generally longitudinal nanostructure

body formed of a semiconductor material and
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20

30

having a proximal end portion of a first
crystal lattice structure and & distal end
portion, opposite the proximal end portion, of
a second <crystal lattice structure that 1s
expanded relative To the proximal end portion:
an optically active material optically
associated with the distal end porticn tc form
a heterciunction therebetween;
a laver of a semiconductor material dispossd over
the distal end porticns of the nanostructures to form a
continuous nancostructured contact surface on the
semiconductor element; and
a palr of electrodes, one of the electrodes being
electrically coupled to the continuous nanostructured
contact surface and the other electrode being
electrically coupled to thes seminconductor material of

the nancstructure body.
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