1 METHOD OF AT LEAST PARTIALLY RELEASING AN EPITAXIAL LAYER FIELD OF INVENTION
The invention broadly relates to a method of at least partially releasing an epitaxial layer.
BACKGROUMP2Liftimyteff of epitaxial layers is a process used in the senpcarsdizotominassstry or other
nano-technology related industries. For example, semiconductor materials can be in the form of
epitaxial layer materials suitable for a range of pot%ntial applications including ultraviolet to visible
optoelectronics (e.g. LEDs and lasers) and high temperature electronics (e.g. transistors). Amongst
such semiconductor materials, Group I11-V nitride serniconductor materials include aluminum nitride
(AN), gallium nitride (GaN), and indium nitride (InN) and their related ternary and quaternary alloys
such as aluminuMEJFAIREhPRiRE & EASRRABRH [HURFGRMHBING IR ER IREXM)- LAYERong Group I11-V
nitride based materials, GaN, a direct-bandgap semiconductor material of wurtzite crystal structure
“with a wide (%I%Eﬂ( 'gﬁq,lmurrently considered as the prominent semiconductor for applications
in optoelectronics (e.g. LEDs from UV to green-blue and white for solid state lighting, laser diodes);
and high power and high frequency electronic devices (e.g. High Electron Mobility Transistors
(HEMT)). Its sensitiViy toviemizingreadiatiemiss aw anaking ibhsuikable:arpdeyiakiasssglagcell arrays for
satellites. Fug&gﬂg@[%,e?ince GaN transistors can operate at high temperatures and high voltages,
they make ideal power amplifiers at microwave frequencies. GaN has the advantages of being
mechanically hard and chemically inert. However, due to the high melting temperature and the high
equilibrium v&FipERBURIDT nitrogen (N2) at the growth temperature to synthesize nitrides, large bulk
single crystals for homoepitaxy are costly to produce in.high temperature, high pressure conditions

and are currently limjted to 2 inch wafers. Crystalline GaN is usually grown epitaxially on substrates of
dissimilar materials ~&ing& (gi?pgﬁuﬁgah{ayers is @ process used in the semiconductor industry
or cther nano-technology related industries. For example, semiconductor materials

can be in the form of epitaxial layer materials suitable for a rangs of potential
" applications including ultraviolet to visible optoelectronics {e.g. LEDs and lasers) and
high femperaiure electronics (e.g. iransisiors). Amongst such semicondiictor
materials, Group 11I-V nitride serhiconductor materials inétude aluminum nitride (AIN),
gallium nitride (GaN), and indium nitfide (InN) and their related fernary and
guaternary alioys such as aluminurm gallium nitride {AlGaN)} and indium gallium
nitride (inGaN).

Among Group IV nitride lbased materials, GaN, a direct-bandgap
: semiconductor'nﬁaterial of wurizite crystat structure with a wide (3.4 eV) band gap, is
currently considered as the prominent semiconductor for appiications in
optoelecironics {e.g. LEDs from UV to green-blue and white for- solid state lighting,
laser diodes), and high power and high frequency elsctronic devices (e.g. High
Elsctron Mobility Transisiors (HEMT)). Hs sensitivity fo ionizing radiation is low,
making it a suitable material for solar call arrays for safellites. Furthermore, since _k
GaN transistors can operate at high temperatures and high voltages, they make ideal
power amplifiers at microwave fréquencies. ‘

GaN has the advantages of being mechan'ical.ly"hard and chemically inert.
Howaver, due to the high metﬁng temperature and ihe hig‘h. equilibrium vapor
pressure of niirogen (N) at the growth temperature to synthesize [l-V nitrides, largs
pbulk singte crystals for homoepitaxy are costly to prcduée in_high iemperature, high
pressure condifions and are cufrently limited to 2 inch wafers. Crystaliine GaN is
usually grown epitaxially on substrates of dissimilar materiais. Siiicon (3i), silicon



2 carbide (SIC) and sapphire are the most commonly used substrates, and GaN films are deposited
via methods such as, but are not limited to, metal-organic chemical vapor deposition (MOCVD),
molecular beam epitax ﬂ(MBE) or hydride vapour phase epitaxy (HVPE). Despite its widespread use,
the physical‘gﬁa%gé{%‘?z ics of sapphire, such as being electrical insulatinacgﬁdq%gor?é‘ E5({i‘\§gly poor
thermal conductivity, render it unsuitable for devicg fabrication. In addition, although these substrates
are used for commercial products, there are still issues which degrade the quality of epilayers grown
on them. Typically, the epilayers exhibit a crystalline defect level of around 10-109 cm-2 due to lattice

and thermal mismatches. This high level of crystalline defects is an obstacle to device performance.
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besides epilayer quality, bulk substrate properties are fay jrom optimal from a devjce performance
point of view%h%%?ﬂ?ﬁ%&t"dae\'ﬂ@é 8é‘?’f08§%{é etﬁffea(S i “}98%‘#) efﬂ%"f’}é‘?{aa&'&ﬁh%&@éhductivity. The
poor thermalgppiddzniaioo ey Bubsrisredasleasm epifiviévBissigutodcoransar gbasgated by
GaN-based bigigupentgevicasicsHshrzipraicliadenapr SianhRrRidrensipsapyiich consequently
inhibits perforance of deyices: e Rogt electricaloandyctivivof hase foreidn substates, especially
sapphire, complicates the contact and packaging schemes, resu ﬁng in spreadlnﬁ résistance
disadvantagés-apiitaihiar vsitisgce Rocaiiaicel o gariig altho@hdhresacisiernnigiselstd GaN epilayer
structure fromathersappitresdbstsatedny abwasithesuse whianasgrde:l it ot dhey@abililyethat is epitaxially
grownonas ir trate. A laser.b i i the_ epilayer thr. he backside of the
substrate, which locally heats the €pilayer near the substraté interface and decomposes the epilayer

b @8@? C%EH%% %é@ﬁ:allg, .ﬁ{a 891%%}1&%%%?% Q c@B{a?SYnfe ef%%tg%\yeleop AT h |

into its constitfer’, 53’ rAtaloaifilicRr SHEn BB i TRisIRT O el g RN okt BlSBbstrate. can
be separatedibipdieating abaueidhe melitaguednteinca fMmetakah 3R, degragsiCalsiustsAmpboth GaN and

sapphire.are, ANSRRN atvis] a\p{@\é@llgl@g;g%gg_intense lightbeam in the .UV wavelength range is

required, which can only be produced by an expensive high power laser, such as an excimer laser.
The limited beam spot size of a laser means that the beam has to be scanned across a relatively large
application area, whMoleces, gesddate fraasmntsgigiabn@nsutidmidtieopetieatarg dandittrermal

expansion aqaﬁﬁaqhﬁomaéeaem?@ﬁsm@ﬂ@& RIS GHing-aser el JaRddiipa, the relatively

expensive laser 3 equigment and short life-time of the laser equipment with low production efficiency

. | la
render this te&HniY N AR AOFHAR 3P S GRLFRRSHBRS Gl PP MsTRR! iE98 968 that high
energy laser resgmdrsiretas atsvaris sfisigrindissivatdmeseangeimereifibsiGaldioahathingm and oxygen

Into GaN and;pesttpQlisiing '%Héh'a@’sre%%?q&%ﬁh'%‘ﬁ% thﬁgﬂ%ﬁ?& sydagerspuolpgss and film
thickness. Furthermor% tha}ggsh enﬁrﬁﬁ laser In %hecproc‘aﬁs increa ez th _cosé of the product. A
second remo?/%‘lsl%ce%%%g Jy alﬁ?eB ?8?%t?uc G From The’ 8% e SabStA gﬁ%"ﬁxeolfechnique of
Epitaxial Lift-O¢saibiclnmubRieiahesgpecidiy sarplficartayeicaiendigigootst dstmeskaging epilayer layer
and the subsgamsmés yRicalmaGiigialdayer issBadsolBcRamddhatiiehionitaly dstinct from the

remaining Iayu%rﬁcaend which can be selectively etched, removed or decomposed, thereby releasing the

GaN epilayer Strictlre from the growth substrate.

One removal iechnique of a GaN epilayer structure from the 'sapphire
subs’trai:e involves tha use of a laser to iift off the GaN fiim that is epitéxiaﬂy grown on
a sapphire substrate. A laser beam irradiates the epilayer through the backside of
the substrate, which locally heats the epilayer near the subsirate interface and
decomposes the epilayer into its constituents, Ga metal and nitrogen gas. After
irradiation, the epilayer and the substrate can be separated by heating above the
melting point of Ga metal of 30 degrees Celsius. As both GaN and sapphire.are
transparen{ at visible wavelengths, an intense lightbeam in the UV wavéiength range
is required, which can ohiy be produced by an expensive high power laser, such as
an excimer taser. The limited beam spot size ofé taser means that the beam has io
be scannad across a relatively large application area, which can generate transient
spatial nonuniformities in heating and therma! expansion across the‘wafer. thereby
cracking the epilayer during laser lift-off. In addifion, the relatively expensive laser



The ELO method has the following disadvantages. Firstly, it requires the use of a material system that
is compatible with the epitaxial growth of GaN, and which can be selectively removed by chemical
etching. While; there are some reports of using sacrificial layers, for exam Cl%fs aﬁl{\)lwl GZ@@(SD (as sacrificial
layer) / sapp‘ﬁf?ezf}gf/%&gﬁll CrN (as sacrificial layer) / sapphire, however, thé ma%erla?quaﬁity is far less
optimized. Secondly, the formation of bubbles at thye etch site due to a redox reaction during etch layer
dissolution may cause the thin GaN layer above to warp and crack, which affects its electrical and
optical .characteristics. The use of electrochemical etching technique in ELO resolves the bubble
formation issue, as reduction is carried out at a remote electrode (cathode). One variation of the

above methoskgpmprisasdi@ciaRiARRIYIRG RRAIREHPFRGMIGH RetepiaLbeswesnihslayered

material/substrate apd a cqunter electrode. to oxidize and dissolve a thin etch layer pgsifioned between
the film and s‘ﬁBé?r"a Q’,s\i;ﬁf%ﬁnﬂléeeénrﬁpeo fg%?g%l %%%Fﬁﬁ H5ATHe %rﬁ%%i ‘.%Owéf’r?&t%r'ﬁlariation of
this method iEePPiéd diettiighansicyl EEBCY TRt SAhislsnrauss sseakarnighreasaandV lamp to

selectively exsitedrsaerfigialuiaemiiiniigss ahbaRanRiiiR qRIaNRG $ Ustas. isHGhdhat the
sacrificial laygy %Sci%leeﬁet%%hc?e@r%%” Lpiched,, qw'rs%ﬁgé"aer‘%‘dq%fr%h&al%‘e‘é%‘?'ﬁ&gh%*r‘n‘%tooréeﬁét%oﬁ 's needed to
4 generate electron-hole pairs to participate Tn the réactions necessary for materia fenbval.

However, theePEeY jedsdbe prseRR tpserie astmsinthefettetthed interface with the formation of
facet islands or whiskers, thus, post etching or polishing process is needed. And, also, the electrolytes

usually HO! or KOHAugggo%tpquﬁ[%: %‘t‘g@g}g &ttgcéénee%%é%%e{ r(]%ﬁrei ﬁ]t%'%r mg %%%%jrieng dislocations

as well, resulting in a ‘amar?e ift-off film on the top surface. in-additio e etching'selectivity
between the SHFHRiI94DB ST SH% Sl UFBERMBEI OB o dirMe eaKES HSGirtaBRSHiEsk of the
eleatrically ditwen deiee dismeii chaitiecotbd Epily@nd=aetiventhytres snikirate. Basidescthe concerns -

above regaragRIBONILPIHRIL 31 iamka Atk el AIIT IR AR APRIGaNRRS, Noht tends

to be trapped in the high-index semiconductor by total internal refraction, which Is an isste with

regards to lighi¥8Xr3BHol e B ebh CRRETEAUEESHIRBYPE N AR BI%RE: alfetrBYCritical angle

for the light estegmingdhe Gabbmiib 3. rsstur gt titdighindimsttesdrétem - sidewalls and backside is

neglected, one expects that approximately only 4% of the internal light can be extracted from a
reflected into the substrate and-is repeatedly reflected,

surface. The light oﬁséi‘[(g $e escape cqone S ) S
then reabsorbed by ALtive avgfg‘%?’aﬁé%oﬂ@?wm%%Sﬁdé@@é?%@'trﬁ%‘ﬂah‘J’(ﬁﬁdé’i'ﬁ%%\}ﬁﬁéf%urface
nanopatternieg ésnorierist gystenethetlis forrpsideimdhHbdighitese artiothas heMhamdpatiened surface
reduces interaad ightdpilactionansl seatiesndhgbobipiHyaifinie tharderd dbareiR.qXists to provide a
method of at Llj%?st. Qart;'ﬁ\él‘)élrgeeargir}graélxaergit%xiagﬁy}a%@t{ seeks .apfiress Pt Iea%t one of the
abovementioneagprgﬁfems. yers, Pie, 8s sacrincial Jayer) /- sapphire, or

GaN / CrN (as sacrificial layer) / sapphire, however, the material quality is far less

optimized. Secondly, the formation of bubbles at the eich site due to a redpx

reaction during etch layer dissolution may cause the thin GaN layer above to warp

and crack, which affects its electrical and optical characteristics. The use of

electrochemical efching technique in ELO resolves the bubble formation issue, as’

reduction is carried out at a remote elecirode (cathode).

‘One variation of the above method comprises the step of applying an
electrochemical potential between the layered material/substrate and a counter
electrode to oxidize and dissclve a thin etch layer positioned between the fiim and
substrate, which frees the layered material from the substrate. |

Another variaion of this method is Photoeie_ctrdc’:’hémicél (PEC) Etching,
which makes use of a high power UV lamp‘ tc setectivelﬂf excite a sacrificial layer
within the GaN-on-sapphire epilayer structure, such that the sacrificial layer is
electrochemically etched / dissolved by thé'eiectroiyte. Photo-excitation is needed to



SUMMARY - According to a first aspect of the present invention, there is provided a method of at
leasit partially' releasing an epitaxial layer of a material from a substrate, the method comprising the
steps of: forminga pattesned sacrificial layer on the substrate such that thecaubsirabmispartially
exposed and partially covered by the sacrificial layer; growing the epitaxial layer on the patterned
saorificial layer by nanoepitaxial lateral overgrovvth"'such that the epitaxial layer is formed above an 5
intermediate layer comprising the patterned sacrificial layer and said material; and selectively etching
the patterned sacrificial layer such that the epitaxial layer debonds from the substrate for lift-off.

The substrate may comprise a template layer for promoting the nanoepitaxial overgrowth. The
patterned saésficial¢agisctivayhbis suisetipepasichald Jndhehsationspastserkiydot atad from the
template layeefegHt-oOff. The epitaxial layer may debond at an interface between the template
layer and nano-structures of said material formed on the template layer as part of the nano-epitaxial
growth of the epitaxial layer. The template layer and epitaxial layer may comprise a Group IlI-V
nitride; or a Group IMswaRdderi&Ey crerseahdRPaley. to-date result in a rough efched

interface with the formation of facet islands or whiskers, thus, post siching or
poiishing process is nesded. And. also, the electrolytes usually HCI or KOH used in
the PEC etching attack the struciure layers near the threading disiocations as well,
resulling in a damaged' lift-off film on the top surface. in addition, the eiching
selectivity between the sacrificial layer and siructured iayers is poor, which makes it
difficult to fift-off of the electrically driven device siructure with doped GaN and active
layers in i, | '

Besides the concerns above regarding} removal of substrate from a GaN
epikéyer structure, for LED applications, light tends to be trapped in the high-index
semiconductor by total internal refraction, which is an issue with regerds 1o Ii'ght

- extraction. Considering the refractive indices of GaN (n=2.5) and air, the critical angle
for the light escape cone is about 23° Assuming that light emitted from sidewalls and
backside iz negiecied, one expecis that approximately only 4% of ihe intemal light
can be exiracted from a surface. The light outside the escape cone is refiected into
the substrate and is repeétediy reflected, then reabsorbed by aciive iayersd or
slectrode, uniess it escapes through the sidewalls. Surface nancpatterning is one of
the methods for improving the light extraction as the nanopatiernad surface reduces
internal light reflection and scatters the light outward.

A need therefore exisis to provide a method of at least partially reieasing an
epitaxial layer that seeks to address at lsast one of the abovementionad probiems.

SUMMARY

~ According fo a first aspect of the present invention, there is provided a
method of at Isast partially releasing an epitaxial layar of a material from a substrate,
the method comprising the steps of forming a patierned sacrificial layer on the .
substrate such that the substrate is partially exposed and partially covered by the
sacrificial tayer; growing the epitaxial layer on the patterned sagrificial tayer by nano-
epitaxial lateral overgrowth .such that the épitaxiai tayer is formed abové an



The Group IlI-V nitride may comprise one or more of a group consisting of aluminum nitride (AIN),
gallium nitride (GaN), indium nitride (InN), aluminugn gallium nitride (AlGaN) and indium gallium nitride
(InGaN). The substrate may comprise one or more of a group consisting of silicon (Si), silicon
carbide (SiC) and sapphire. The template layer may be formed by a method comprising one or
more of a grdtis BHiLAE Y 6F ﬁ?@iﬁ’f‘-‘ﬂ?@a%?c RHEHREAISASRLR R BYIREN QA Engisyiahanstular beam
epitaxy (MB Eetuchiyeiiidetstsipg uhphasteepitasudliidBElayer diuh patiethedepitesfitiadyayer may be
formed by a W@JQR@SW@@Q&%@Q@%@OW a group consisting of plasma enhanced chemical

vapor deposition (PECVD), sputtering or spin-on glass. 6 The patterned sacrificial. layer may
comprise one or more of a group consisting of silicon dioxide (8102), silicon nitride (Si2N4), and
titanium oxide (TiOZ2)he subségiatteayedsamiseial taypiateajaber fattemoetbiiygatheetieod€omprising one
or more of a graup:aQNRIstiAgf nanoimprint lithography (NIL), use of anodized aluminum oxide (AAO)
as an etch mask, electron beam lithography and interference lithography. The nano-epitaxial
lateral overgrowth may be formed by a method comprising one or more of a group consisting of
metal-organic chemital vafiemadpasitibeidMaeV Danielestiutivelanstopitdosuti BE) dhaiydride vapour
phase epitaxydiRFhyer debonds from the template layer for lift-off.

The epitaxial layer may debond at an interface between the template layer
and nano-sfructures of said material formed on the template layer as part of the
nano-epitaxial growth of the epitaxial layer.

The template layer and epitaxial layer may comprise a Group HI-V nifride; or
a Group HI-V nitride ternary or quaternary alloy.

The Group lI-V nitride may comprise one or more of a group consisting of
aluminum nitride (AIN), gallium nitride (GaN), indium nitride (inN), aluminum gallium
nitride (AlGaN) and indium gallium nitride (InGaN).

The substrate may comprise one or more of a group consisting of silicon (Si),
silicon carbide (SiC) and sapphire.

The template layer may be formed by a method comprising one or more of a
group consisting of metal-organic chemical vapor dep_ositéon (MOCVD), molecular
beam epitaxy (MBE) or hydride vapour phase epitaxy (HVPE).

The pattemed sacrificial layer may be formed by a method comprising one or
more of a group consisting of plasma enhanced chemical vapor deposition (PECVD),
sputtering or spin-on glass.



The patterned sacrificial layer may comprise a plurality of pores, dots or strips. The method may
further comprise; prior to etching the patterned sacrificial layer, forming trenches in the substrate to
define mesawinunidresmn the substrate, whereby etching of the patternegsagkifichaldamet in the
regions of the mesa structures is facilitated. The step of forming the patterned sacrificial layer may
comprise selecting a pattern based on desired optfal characteristics of the lift-off epitaxial layer.

The pattern may be selected to increase a surface roughness of the lift-off epitaxial layer. The
pattern may be selected to provide a diffraction grating on a surface of the lift-off epitaxial layer.
According to a second aspect of the present invention, there is provided a device comprising an
epitaxial layer at least partially released using the method as described above. 7

The patiemed sacrificial layer may comprise ane or more of a group
consisting of siflicon dioxide (Si0,), silicon nitride (SisNy), and titanium oxide (TiO,).

The patterned sacrificial layer may be patterned by a method comprising one
or mare of a group consisting of nanoimprint lithography (NIL), use of anodized
aluminum oxide (AAD) as an etch mask, electron beam tithography and interference
lithography. '

The nano-apitaxial lateral overgrowth may be formed by a method comprising
one or more of a group consisiing of metal-organic chemical vapor deposition
(MOCVD}, molecular beam epitaxy (MBE) ar hydride vapour phase epitaxy (HVPE).

The patterned sacrificial layer may comprise a plurality of pores, dois or
strips. :

The methed may further comprise, prior to etching the patterned sacrificial
layer, forming trenches in the substraie to define mesa structures on the subsirate,
whereby eiching of the patterned sAacriﬁ'ciai fayer in the regions of the mesa
structures is facilitated.

The step of forming the patterned sacrificial layer may comprise selecmng a
pattermn based on desired optzcal characteristics of the fift-off epitaxial layer.

The pattern may be selected to increase s surface roughness of the lift-off
epitaxial layer.

_ The pattern may be selected {0 provade a diffraction gra‘tzng ona surface of
the lift-off epitaxial layer.

According 1o a second aspect of the presant inven’c'son,'there is provided a

device comprising an epitaxial layer at least partially released using the method as
described ahove.



The device may comprise an LED structure, a Laser Diode or a High Electron Mobility Transistor.
According to a third aspect of the present inventio, there is provided a method of at least partially
releasing an epitaxial layer of a material from a substrate, the method comprising the steps of: forming
a patterned sacrificial layer on the substrate such that the substrate is partially exposed and partially
covered by the sacrlifigigPYiRmay 6NTRY theepRRSHHREYE: &g Ritdhea Siahifsreayer by
nanoepitaxiaMabditg Tre@rdetmwth such that the epitaxial layer is formed above an intermediate layer
comprising the patterned sacrificial layer and said material; forming one or more holes in the epitaxial
layer for entry of an etching agent to contact the patterned sacrificial layer; and selectively etching the

patterned sacrificial eRpEHIRg A BithiARPagert fifcREranthBtaRialNesreiSPRviEsst Bartially
released frormétiengutbstir kst partiBie piteimednsemtiicbblpyerf mayleiddtostivalybeteiied such that the

epitaial layefls HIARIEULATTAR 1 BGAVID: IR IRmed Wsemes L an'ana lvgfe  The holes

may be formed as photonic holes for providing an optical cavity in the_ef)ltama Hyer. BRIEF
DESCRIPTIGHPEES e D RAWIR & &sraie it papial Rtotrte A damianensisH wilthe better
understood aszciriiegalilyyep mroentddhenspiddatlimgny/oskitic p diteractiframifibiel fafensaguamdtten description,

by way of exapiale-Pive N iR POIHRCEGS: Wih: thedawings. iR which sSiguses e =) are

schematic cross-sectional diagrams illustrating the nanofabrication and growth process of a
nano-epitaxidl EIEFAIES SRYRWIPTRIFE LIS EHGBRt-SASTigRlr BRI SRAaM & diment of the
present inverftiomogFigerer2nes scaemingitelcetibniahieses dope(8iE M) amatyhiof theestirfiace morphology
of a nanostrugiired Ri02.sactificiabiawe fRkricatad MsitgAN AR LaRRkLa i Rask:

layer with the efching agent such that the epitaxial layer is at least partially released

from the substrate.

The patterned sacrificial layer may be selectively etched such that the
epitaxial layer is undercut or such that a cavity is formed undemeath the epitaxial
layer.

The holes may be formed as photonic holes for providing an optical cavity in
the epitaxial layer.

BRIEF DESCRIPTION OF THE DRAWINGS

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

Figures 1(a) - {(d) are schematic cross-sectional diagrams illustrating the
nanofabrication and growth process of a nano-epitaxial lateral overgrown (nano-ELO)

GaN epitaxial layer, according to an embodiment of the present invention.

Figure 2 is a scanning electron microscope (SEM) image of the surface morphology
of a nanostructured SiO, sacrificial layer fabricated using an AAO layer as an etch
mask.



7a Figure 3 is a top-view schematic of a nanostructured sacrificial layer comprising nanopores,
according to an embodiment of the present inventign. Figure 4(a) is a the schematic cross-sectional
diagram of a fabricated nano-epitaxial lateral overgrown (nano-ELO) GaN epitaxial structure,
according to an embodiment of the present invention. Figure 4(b) is a corresponding SEM image of the
schematic diagram of Figure 4(a). Figures 5(a) - (b) are perspective views of a self lift-off nano-ELO

GaN structurgsi@ageosding teRoiembesiment of hesiesaminve iRnrfickhiorieSta)isiei®EM image of a
de-bonded nano-ELO GaN eéjltamal Ia era ter!%sptgrtig)eno of et hlng. Figure 6(b) Is a zoomed-out

SEM image 0??88%56?0?0" ing o an embodime aelegelciie

Figure 4(a) is a the schematic cross-sectional diagram of a fabricated nano-epitaxial
lateral overgrown (nano-ELO) GaN epitaxial structure, according to an embodiment
of the present invention.

Figure 4(b) is a corresponding SEM image of the schematic diagram of Figure 4{a).

Figures 5(a) - (b) are perspective views of a self lift-off nano-ELO GaN structure,
according to an embodiment of the present invention.

Figure 6(a) is a SEM image of a de-bonded nano-ELLO GaN epitaxiai layer after a
short period of etching.

Figure 6(b) s a zoomed-out SEM image, of Figure 6(a).



Figure 7(a) is an optical microscopy image of the top surface of a nano-ELO GaN epitaxial layer after
immersing in 20% HF solution for 10mins. Figure 7(b) is an enlarged image of Figure 7(a). Figures
8(a) and (b) show atomic force microscopy (AFM) plan view and perspective view images respectively
of the surfac® lBHIABISEY of the debonded nano-ELO GaN epitaxial laye P58 ¥ 4nostructured
patterned sacrificial layer. Figure 9 is photoluminesgence (FL) mapping image of a lifted-off nano-ELO
GaN epitaxial layer on a silicon transfer substrate. Figures 10(a) and (b) are perspective views of a self
lift-off nano-ELO GaN structure, according to another alternative embodiment of the present invention.
Figures 11(a) and (b) are perspective views of a self lift-off nano-ELO GaN structure, according

another alternaii ime : [ i igures 12(a) and (b) are schematic
cross-sectionﬁj?%mggoﬂ 53%{%%%@! %ﬁgél%g aﬁfgtﬁ%?argfﬁ%%% iﬁgrg’['ﬂg] %“r?o?t%e%% bodiment of
the present inGBIRIGH. BigLAESL SrEyessipedp oot AT Kelwiancier tPmier comprising trenches, according

to the embodiment described above, Figure 13 is a cross-sectional schematic diagram of a vertical
GaN LED devifgyre 7(b) is an sniarged image of Figure 7(a).

Figures 8(a) and (b) show atomic force microscopy (AFM) plan view and verspective
view images respectively of the surface morphology of the debonded nanc-ELO GaN
epitaxial layer towards the nanostructured patterned sacrificial layer.

Figure 9 is photoluminescence (PL) mapping image of a lifted-off hano-ELO GaN
epitaxial layer on a silicon transfer substrate. - '

Figures 10(a) and (b) are perspective views of a self lift-off nanc-ELO GaN structure,
according to another alternative embodiment of the present invention.

Figures 11(a) and (b) are perspective views of a self iift-off nano-ELO GaN siructure,
according another allernative embodiment of the present invention,

Figures 12(a) and (b) are schematic cross-seciional -diagrams of a self liff-off nano-
ELO GaN structure, according to another embodiment of the present inventicn.

Figure 12(c) is a top view schematic of a wafer comprising trenches, according to the
embodiment described above. ' |

Figure 13 is a cross-sectional schematic diagram of a vertical GaN LED davice.

Figure 14 i a fiow-chart illustrating a method of at least parfially releasing an
epitaxial layer of a material from a substrate, according to an embodiment of the
present invention.



Figure 14 is a flow-chart illustrating a method of at least partially releasing an epitaxial layer of a
material from a substrate, according to an embodiment of the present invention. 9 DETAILED
DESCRIPTION The present invention relates to a method of at least partially releasing an
epitaxial Iayev?( G f%r%’lﬁfr)] substrates via a combination Of nano-epitaxy E %%VP%@%&I etching.
For illustrative purposes, gallium nitride (GaN), a Ggoup IlI-V nitride compound is used in the foregoing
description. It will be appreciated, however, that this invention can also be applied to other
compounds, such as, but are not limited to, Group 18-V nitride compounds and their related ternary
and quatemary alloys. Group llI-V nitride compounds and their related ternary and quaternary
alloysinclude giptt anesmopigitedggi@ihiminum nitride (AIN), indium nitride (InN), alurninum gallium
nitride (AlGaN) and indium gallium nitride (InGaN). In addition of the above compounds, other
materials systems include IlI-V semiconductors such as, but are not limited to, GaAs, MP, InAs,
AlGaAs, inGaAs; antMB-RresemityroiivioreldigsHas methee slotliledsicolidid Tele8d® an  Figures

1(a) - (d) are sphematisysromsrseniapakdirgrags \}lmnesmgﬂa@onamﬂahm@m%wth process of
a nano- eplta@ﬁglﬁ.{gﬁa \ﬁ?ﬁgro n Ep@nﬁa \I,_eO Gatlj\l eézltamgln_lla r ac%foﬁ} % Qan er’erodlment of the
present invention. strate iGure 1(5). & thindayer o NFEM I3t T0#id GYown on a
substrate 102“@8%6?@‘38%‘&3%%@ieﬁhlﬁ‘ﬁwéﬂ!@éo‘ﬁﬂt @ﬁécﬁmqnmtéﬁ Yol Suppiipes aiitiedn carbide
(SIiC) and silicamvéSe), thatltte isppieaiated bisa b@r@pm;ﬁﬂtﬁdtﬂiértb@rﬁ;ﬁbmﬂbt%&ﬁaé\é tgmplate 104 can
be groun via ygthyish . QTS 00 Il g ekorgen s SPsalca vapor dpesiion

(MOCVD), molecular beam epitaxy c{drl e vapour asee Thereatfter,

as shown in FIgERENEH), %@écrﬁ &‘é‘P Ié&/ 1¥648 Q%B?Pﬁf@lﬂ'soﬁ'ﬂﬁe’f%@iffa@@féﬁtﬁ@r TN asthplate 104.
Suitable sacrificiédriasrgraatinialedn Clutdee att siraitaotidinaitetiiomsilieas exide icdlé)nigilieon nitride

(SISN4). and kAl HRim! RRRRCIRRRNRG R P el eROqied gn e GaN

template 104 wg methods such as, but are rot limited to, plasm ance emic rvapor deposition

(PECVD), spGighiRg of'sp ?\eor?ﬁ?é{gs Com%'éwsas%tﬁﬁ'ilvr{rfﬁtﬁi@'ﬁresﬁé?“ﬁ néiid4deuctlinéd patterned
sacrificial layeetri®isifictoneducbasthaus aceifioialifaiied 166 shavimPinifiguredghy) usigs:

nanofabricatigRcrhsshaREHERL S RIRASUCb thatdhe dRmiRals, layesL 104is partially exposed and
Figures 1(a) ~ (d) are schematic cross-sectional diagrams illustrating the
nanofabrication and growth process of a nano-epitaxial lateral overgrown (nano-ELO)
GaN epitaxial layer, according to an embodiment of the present invention.

As Hlustrated in Figure 1(a), a thin fayer of GaN template 104 is grown on a
substrate 102, Suitable substrate materials include, but are not iimitéd fo, -sapphire‘
silicon carbide (SIC) and silicon (Si). It will be appreciated by a person skilled in the
art that the GaN template 104 can be grown via methods such as, but are not limited
to, metal-organic chemical vapor deposition (MOCVD), molecular beam epitéxy

| (MBE) or hydride vapour phase epitaxy (HVPE).

Thereafter, as shown in Figure 1(b), a sacrificial layer 106 is deposited on the
surface of the GaN template 104. Suitable sacrificial layer materials inciude, but are
not limited to, silicon oxide (8I0,), silicon nitride (SisNy), and fitanium. oxide ('i‘iog).
The sacrificial layer 106 is preferably deposited on the GaN templats 104 via
methods such as, but are not limited to, plasma eﬁhanced chemical vapor deposition
(PECVD, sputtering or spin-on glass. |

Next, as shown in Figure 1(c), a nanostructured patterned sacrificial layer 108
is formed from the sacrificial layer 106 {shown in F{gure b)) using nanofabrication
. and subsequent etohingsuch that the template layer 104 is partially exposed and:



10 partially covered by the sacrificial layer 108. Suitable nanofabrication methods include, but are not
limited to, nanoimprint lithography (NIL), use of anodized aluminum oxide (MO) as an etch mask,
electron beam litho rasph and interference lithography. In one embodimentj the sacrificial layer
106 is creaté%%%}’*f?g? dggositing an aluminum film (not shown), approxin%(fér@(i %Or‘?{ﬂﬁ%"tﬁckness, by
electron beam evaporation on the sacrificial layer D6 (shown in Figure 1(b)). The aluminum film forms
an anodized aluminum oxide (MO) layer via a two-step anodization process in which the aluminum film
is first anodized at about 3C in about-0.3M oxalic acid and subsequently subjected to wet treatment
with about 5 wt % phosphoric acid (H3PO4) for about 70 minutes to enlarge the nanopores in the MO
Iayer% ) Cuaadm@se&msﬁ:%vawecguwﬁdwlaav&a (168?)@@%53}@ ﬁaﬁaﬁimﬁ%ﬁ&n Fﬁ{ﬁﬂﬁc%% empl%ed rt10
transfer the res. in the anadized alumin ide (AA er anto the sacrificial layer 106. The
MO layer caﬁiﬂ%ﬁgbgﬁerﬁ%evggt&%g%%i?aqb%ac'ﬁ%prr%%)éﬁeﬁ C Ogﬁ%faﬁgséﬁ%g iﬁsglo%?e np?eét&ee% nanopore
arrays in the 3HElifidrarEYe AR et armpire mafoSirfden e patitrreaBucAnt iatsagesTes on the
surface of théttsaM:pemplate 104. Figure 2 is a scanning electron microscope (SEM) image,
designated generally as reference numeral 200, of the surface morphology of a nanostructured 8i02
patterned sacrificial layer fabricated in accordance with an embodiment of the present invention, using

an AAO layer as an'®f¥1F RBERIHSHLIRE S2EHERERNEHIRP dhapraiaddndliretpersiisiance are about
60nm and 1Ehmmimaspiictiiety. showkigardisratap-vieawnschenmtiesa! dnahastarncheed patterned

sacrificial laygtfsiealefaenatat A SGLRrRi A RUMETAl ADG-CORRIISHIO JNRRRT S according to

an embodiment of theﬁr sent invention. The pore radius and interpore distance are designated by r
and d respedfitER 2P AHR @?@.Bmﬁﬂf@s‘,’@?ﬁ QLS BAYASTRRAGCH TR B PERRSIRed sacrificial
layer are adwihitigteusiyrinuraiibmietérss eateli@ss chlsbatiess thaabdupmjéoasitosfadititate subsequent
self lifting-off-eha8Bitayialdpreiandwerhansrlg PRt R he sl lBysrT e patterned
sacrificial Iayf%r ﬁo)for{?gd t‘l)%/ tsel?ctltrgf% a é)%ttern based ontdeﬂ%dio tical characteristics of the lift-off
epitaxial layer FoP 8y AP Etd haNRI e LBR RRRIRYR YR 1a, ayer. , ,
. CHF3~baséd inductively coupled plasma (ICP) etching conditions Vcan then be

employsd 1o iransfer the nanopores in the anodized aluminum oxide (AAD) layer

onto the sacrificial layer 108. The AAQ layer can then be removed by a suitable

chemical stchant, resulting in closed packed nanopore arrayé in the sacrificial layer

106 to form the nanostructured patterned sacrificial tayer 108 on the surface of the

GaN template 104.

Figure 2 is a scanning eleciron microscope (SEM} image, designated
generally as reference numeral 200, of the surface morphology of a nanostructured -
Si0; patterned sacrificial tayér fabricated in accordance with an embodiment of the
present invention, using an AAQ layer as an efch mask. In Figure 2, the mean pore

‘,diameter and interpors distance are about 60nm and 110nm respectiveiy.

Figure 3 is a fop-view schematic of a2 nanostructured patierned sacrificial
layer, designated generally as reference numeral 300, comprising nanopores, .
according to an embodiment of the present invention. The pore radius and interpore
distance are designated by r and d respeciively. Patterns (e.g. pores, stripe%, dots,
etc) on th_e nanostrucmred patterned sacrificial layer are advantagedusi_y in
nanomster scale (i.e.: about less than 1 um) so as to facilitate subsequent seff lifting-
off of an epitaxial layer and enhance fight output from ihe epitaxial laysr. The
patterned sacrificial layer is formed by selecting a pattern based on desired optical
characteristics of the fifi-off epitaxial layer. For example, the pattern salected can be



a network of stripes which form a diffraction grating. Surface roughness can be another factor in .
selecting a pattern. With reference to. Figure 1(d), a continuous GaN epitaxial layer 110 is grown
by a nano-epitaxial lateral overgrown (nano-ELO) method over the nanog(?t}%r@ﬁ)q%};gged sacrificial

layer 108. T e ﬁ%lr%’-se%?t%xial lateral overgrowth is advantageously carried out Using methods such as,

but are not limited to, metal-organic chemical vapdt deposition (MOCVD), molecular beam epitaxy
(MBE)" or hydride vapour phase epitaxy (HVPE). Figure 4(a) is a schematic cross-sectional
diagram of a fabricated nanoepitaxial lateral overgrown (nano-ELO) GaN epitaxial structure,
designated generally as reference numeral 400, according to an embodiment of the present invention.
The fabricated manwerk pitaxiabdatenabb viergrawdifnatiorEg f)ikga N efita xialighiwtiread Ofcomprises a

substrate 403,]&{%@%\&5%91@@&%%@ 2 pstructured patterned sacrificial layer 408 and a nano-ELO
GaN epitaxial layer 410. Figure 4(b) i1s a corresponding SEM image, designated generally as

reference numeral 401, of the schematic diagram of, Figure.4(a). The inset 420 is an enlarged SEM
image near the nandsruefarectpatt@imed satriboranEyeud(@BeN epifideireE@) 15 & gerspective view of

a self lift-off gano<E1 0 GAN, siruate esianaeslIRNer Y AS RS R S-BUBRLALRIRLACCOrdINg to an

embodirrient of the present invention, which comprises a substrate 502, a GaN template 504, a

iny bstrate 50
nanostructurB¥ FREn T LG R cidi 18] er'8B8 aHiPa FERG- BB B aNAPRLXQYTEIEEL 0 5The nano-ELO
GaN epitaxiaidegeiabeous)preférgbiuboside drietihositiconis dsstrates(aotas Hiovitad! usingadgoxy as an

Subsate QU ) L b SBETE HE1SO I e £LC Ca st desnated
supstrate q})w;f?. IS aﬁ!%%%%ﬁt e VI§6Y\}/{§9 gse ITt-O1T Nnano- alN structure, designate

generally as SREEnERPRY ,&%% | to an embodiment of the present invention, illustrating
the lifting-off process at the interface between the nano-ELO GaN epitaxial layer 510 and the GaN

template 504 after im@uession) insassdiabiashamisaksetistian HipRaRe-E kD eabstiasiure 500 can be
immersed in sujtable chemical solutions whi electively remove the nanostructured patterned
T sacrficil Ter B e B e OB S g e R S S e Bl Tyer
510. These d@fciffiessanciierabdparaqsetdingitecrienpatimnantie iePEsEtdnesian (tbetch 3i02

sacrificial layReslcisP Rshbtesiehabidky sasdficin lnxaesEaON Biivepixrd $t20Rréetch TiO2
sacrificial lay&g%’?prises a substrate 402, a GaN template '404$ a hanostructured patterned
sacrificial layer 408 and & nano-ELO GaN epitaxial layer 410.

Figure 4(b) is a cotresponding SEM ‘image,'designa’ted generally as réferénce
numeral 401, of the schematic diagram of Figure 4(a). The inset 420 is an en[érged
SEM image near the nanostruciured patterned sacrificial layer 408.

Figure 5(a) is a perspective view of a self lift-off nano-ELO GaN structure,
designated gener:aiiy as reference numeral 500, according fo an embodimant of the,
present invention, which comprises a substrate 502, a ‘Ga.N‘tampiate 504, a
nanostructured patterned sacrificial layer 508 and a nano-ELO GaN epitaxial layer
510. The nano-ELO GaN epitaxial layer 510 is preferably bonded to a silicon
substrate (nd‘c shoWn) using epoxy as an adhesive, When the nano-ELO GaN
epitaxial 'iayer 510 1s lified off, it is atta_chad to the bonded silicon subs’sra’ie‘. ‘

Figure 5(b) is a perspective view of a seff [ift-off nano-ELO GaN structure, designated -
" generally as reference numeral 501, according to an embodiment of the presentl
invention, llustrating the lifting-off process at the interface between the nano-ELO
GaN epitaxial layer 510 and the GaN template 504 after immersion in a suitable
chemical solution. The nano-ELO GaN struciure 500 can be immersed in suitable
chemical solutions which can selectively remove the nanostructured patterned



With the removal of the nanostructured patterned sacrificial layer 508, the nano-ELO GaN epitaxial
layer 510 advantageously self-debonds at the interface between the nano-ELO GaN epitaxial layer
510 and the_ GaN template 504 and can then be lifted-off and separated te 502 and
GaN templaﬁ%iql%ﬁéséelf-debonding is aided by the stress field produggg) 3?%%9#§g§epitaxy at the
nanoELO GaN epitaxial layer 510 and weak bondspat the interface. Figure 6(a) is a SEM image,
designated generally as reference numeral 600, of a de-bonded nano-ELO GaN epitaxial layer 610
after a short period of etching (e.g. about 10mins in about 20% HF solution). The nano-ELO GaN
epitaxial layer 610 is de-bonded from a GaN template 604 and a substrate 602. A deborided air gap

612 (approxirgiaty QR b WsaEEskAldbe HEasaeeAidRedrbandernane-ELE &4l epitaxial
layer 610 and the GaN template 604.%%4@ 6?%5 aéﬁ?med-out SEM |ma)9e, designated generally

as reference ﬁ‘ﬁ”‘ﬁ’gf’ga@’@i? P SEWREMAGEERS: MU iR 0 T iR M B0 5 tmage,
designated gériferatiyl BéireferetabeSiunrexaiizeliaythie tePGutfa et NasecHloR! Gabepitaxial layer

after immersiggdin@RoULA %, O setetiamiosRAbesbliayelas. The area bounded by the dashed
rectangle 702 indicates the lift-off region of the GaN epitaxial layer at the debonded interface. In this
instance, the etching speed is estimated at about 10pm/mins and the etching starts at the edge, where
the HF reacts with tH¥éthdhedeticiied pheteriests i dratipared secsisimhdpraieSesn e increased if
pure HF or hig@&r-lﬁgocama&@m?klﬁr iepsedinstradtafed iy Figpsade(R) ﬁ%swt%ai@ﬁbgenera"y as
reference numeral 704, is an r image. of Figuge 7(a igures show atomic
force microsg%f/veﬁfl\:ﬁ? Bg‘r?{e/%]e'\?)v %%%lae ] EJ(ér?si%%cﬁi%qeov%er?\?v @Szélzan%ﬁgeergp%%%ec i\?%fgl Bt'the surface
morphology oFeRePadBsrRERRE SR TRE BN hRasiRpERjR SAvId £t BamRle fhrdd%atterned
sacrificial layesifdepsedianerede inyh8edaatciokhsgoedeidieg weacepithe disfetenef a nanorod is

approximatel&@@rggwgﬁ&&%%&pg% %RQW%@WBB%%%@W@%EQ are of 13 substantially the same

dimensions as the nanopores e nanostructured patterned sacrificial layer. This indicates that the
de-bonding starts at the interface of the nanoELO GaN epitaxial layer and the GaN template, as
illustrated previouslyFigukddifed 5.aTBEMaNasi wEipesion draditiipfbsusfacmed vaniagedlsly offer a

rough surfacewhichmay Improye tee gkt SxLachion siTisenay:or @alt Rased gpigsikeironic devices.
Figure 9 is photoluminescence (PL m?a%%g%#maﬁﬁé designated generally as reference numeral 900,

of a lifted-off Ao BENNEfARsH SOIHEEM iR b NERiiedRs AR, a
nano-ELO GaNlepitaximindgairohsaffpictsins0:3M an0.5 avbirberiisd Aottesilcbaitgapsfer substrate

a”Pt' fo_IIclJ\;ved Byoli 'ﬁfﬂﬁﬁ%@%%ﬁ@%@ F%@F\éﬁ?ﬂ%%r@?ﬁ}% %éﬁhb‘-ﬁé@#ﬁiﬁﬁn%@L@?ﬁ'ELo GaN
epitaxial layer_js detached from the sapphire substrate. The PL mapping profile illustrates the
uniformity of'tﬁa 3%%&%@5@@@ '%EF é?}é,i%rﬂ %e.ﬁﬁgoﬁ?%ﬁﬁ%g §LnsHalE g%“%eak intensity
is found to haiwesalsasigialbioeresalykecrfgranct tortiesahtnb-SIRBIG adgphbRial layer before lift off.

Figures 10(a) and (b) are perspective views of a nano-EL-O GaN structure, designated generally as
reference numerals F_1000 ay) 1001 ret§co?cﬂv%¥ according o an [ alternative embodiment of the

| oth

present invention, cof%%rr?sn%a & Sivdrate 156 ’dgpég}{fxggm%efgll%n %Bezﬁeg%’gr?r%yo%%rﬂec?ﬁ?gaepatterned
sacrificial layevnGod, 1heEheteaiésnesial nayersLD TR eriisaiebiayahaisdnauarfingiivell 1012,.
ang)a pluralitggdplotanic @?leﬁoéef@n 'd&blrﬂ)tdnﬂh@reﬁ@ar@obaﬁgﬁw Wt@a%wﬁba@hgﬁ@hin% Figure
10b) is a per Ve view Nano- N structure in whic etchant (e.g. HF. solution) enters
the plurality of p &ﬁﬁ%%?oﬁ%%?ﬁ%ﬁgﬁ%ﬁf?gga&séﬁt ét%xé%lvt\)(?ﬁé% g%. %%ﬁg%a '.fg{g?gf? 1010a to define

an optical cavilyi® st a5 harfithing enerddpiasinpiayaisebor00ninifsieedibe dielEng the lateral

size of the opéipaiscavity: £d36, mr@én@mmibmﬁmﬁ@mme@m@&@ﬂm&aamémﬁdhickness of the
patterned sagjficia ert] imensi t i Vi 6 be controlled
by the thickné%,%%f%%%%%ﬁi%%%ﬂ%%ﬁ%@%%?&ﬂ%& i ABHEPLERNSd T

used, instead of 20% HF. Figure 7(b), designated generally as reference numeral

704, is an enlarged image of Figure 7(a).

Figures 8(a) and (b) show atomic force microscopy (AFM) plan view 800 and
perspective visw 802 images respectivaly of the surface morphology of the debonded
nano-ELO GaN epitaxial layer towards the nanostructured pétterned sacrificial layer.
Dense nanorod arrays 804 are obsérved on the surface. The diameter of & nanorod
is approximately 60nm, and the height is approximately 100nm, which are of



The photonic holes advantageously provide in-plane modal confinement for the optical cavity 1016 due
to distributed Bragg reflection, and the undercut 1018 advantageously provides the vertical optical

confinemen q}%ﬁ‘ljgﬁ%t%mal reflection. 14 Compared to using existing CQp '%H%§§}91§gcial layers or

PEC lift off metho e material for the patterned sacrificial layer in example em ments can be
chosen based on exhibiting an optimized quality which can provide the desired device performance,
for example, better output power for laser devices. - "Alternatively, an optical cavity may be
fabricated in the form of an undercut disk using the method in accordance with an embodiment of the
present invention, where the wet etch of the patterned sacrificial layer underneath the starts from the

edge of the digk e st aOeendom sduliahog ey mAUAISGaAG diveichiag. In the
above example embodiments, better cor‘grol can be achieved dl’ﬁ% zn\% rPetter tching selectivity, and
t i

simplicity of SRSBIRRIdRET ThisiJubea!es H5 ARe (6P aPs pe ipee '8¢ % LiHESH nano-ELO
GaN structurél, desalnatitakie el igrastne ferbh tenplaise e divsDatethoraviousie Bpeietiely, according to
another a'terﬁﬁéi\{%%é?@&m&nbﬁfﬁh@ ?ﬁ%ﬁ@h%‘é@nﬁmrﬁgﬁﬁgdquﬁe&dﬂwﬁe %&!@che’;} GaN template
1104, a nanostructured patterned sagcrificial layer 1108, an n -ELO GaN epitaxial layer 1110. In
this alternatiwlgmﬂlﬁ’iH%Hﬁoé’?tﬁ%epﬁggén?ﬂlﬁs\%ﬁ oR e R n%gt%]%‘}]uﬁ%ﬁ%gat?gﬁﬁégg@%}ﬁiciaI layer
1108 is in thaldginesof networks of stripe lines, resulting in the formation of diffraction gratings on the
surface of the lifted-off nano-<ELO structure. In such an embodiment, the diffraction gratings can

provide advantages.in micro-optical systems. igur a)is 5S [ ' f the
nano-ELO GaN ep%ég(tljé? Ia;'f’ePBﬂ%%’ B}ﬁ%af’ S qﬁﬁég@%§%ﬁﬁ§8§sﬁ§@§%% %%rég\%%)emplate 1104.
Figure 11(b) rsferepesueenan@Plied of iiedrihfaced&aGayiepiaxayare2ad thallfds been lifted
off from the suheikate bifZand GalNineppiate hifd-=L0O Taidapmonsitasedhef passilsltizéo scale up to

arger waler 9262 e Bouled pd s hedoiical ine gliereptgmpagiments. the

wafer is etche renches to form mesas. With reference to Figure 12(a), in_one embodiment,

each mesa 128270 thesaféftenso kR EdeREH BN Y5 X esHibelf BovewitAYeference to
Figure 1(d). Baesttanthes esgddidbico tefinththeapmhiaboutSCHpNMHEOGnmamses p252 are formed by

using Induceﬁl&{?&ggeg_@ mfgﬁnﬂg '8? the nano-ELO GaN epitaxial layer on the silicon trarisfer
substrate. The PL peak intensity is found to have substantially increased compared
1o the nano-ELO GaN epitaxial layer before lift off.

Figures 10(a) and (b) are perspective views of a nano-ELO GaN structure,
designated generally as reference numerals 1000 and 1001 réspac:’tiveiy,'aégording
io another alternative embodiment of the present invention, comprising a subsirate
1GCZ, a GaN template 1004, a nanostructured patterned sacrificial layer 1008, nano-
ELO GaN epitaxial layers 1010z, b that sandwich a quantum well 1012, and a
plurafity of photonic holes (e.g..1014) that are formed e.g. by patterning and dry

- etching. Figure 10b) is a perspective visw of a nanc-ELC GaN siructure in which an
stchant (e.g. HF solution) enters the plurality of photonic holes and partially releases
the nano-ELO GaN epitaxial layer 10?03 fo deﬁhe an optical cavity 1018 in the nano-
ELO GaN epitaxial layers 1010a, b. in this embodiment, the lateral size of the opt'l_cai )
cavity 1016 can be controlied by controlling the etching time and the thickness of the
pa{terned sacrificial layer 1008, and the vertical dimension of the optical cavity 1016
can be contralied by the thickness of the nano-ELO GaN epitaxial layers 1010z, b.-

The photonic holes advantageously provide in-plane modal confinement for
the optical cavity 1016 due to distributed Bragg reflection, and the undercut 1018
advantageously provides the vertical optical confinement by total internal reﬂection.



15 etching in one embodiment. For example, the width of the trench can be from about 2pm to about
100pm and the depth of the trench can be from the sample surface to -the sacrificial layer depending
on the sample thickness, for example, it can be about 8pm). The actual lift-off time can thus be greatly
reduced to a‘g&ff)%?%lﬁ%lln one example. Therefore, as device size in e. 5 CHETRY W transistor
industry continues to reduce, and thus more devicgg can be formed on each single wafer, and in
particular if larger wafers are used in the future, the etching rate and the etching scale will not affected
by the wafer size It was observed that the etching starts at the edge of each mesa 1252, i.e. from the
trenches e.g. 1254, where the HF reacts with the 8i02. The etching continues towards the center of

each mesa 1%&%@% Ug]%eé)@é‘ilq@&rﬁglq&gg@g%%th §/$ teral e %ralfj)e re gn da g‘non -undercut

regions were observed. Using in situ optical microscopy, was estimated to be

about 15pm/miFSElifRR G aATERRSLE AR isiAk 506 dnSrsRie AmbRAEIRNE GRS, AIRsehe about
300pmx300 phasee sanvwadbibiingd cormplietekdiftedioff wittin 20 piouies.the dEigureadaéh) and (c) are

schematic crassaaedanalsiageame olchselulffHnRnRiELQ, Gall sucture, designated generall as

reference numerals 1200 and 1201 respectively, according to such an' embodiment of the present
invention. The self lift-off nano-ELO GaN structures 120011201 comprise a substrate 1202, a GaN
template 1204, a nafbigtratirahe dapatptin dasdigrifielabiajanrit268 sntha famoeELO Baddcapitaxial mesas

1210 that are handgddaa %@%%Hb@é@ﬁ@a%%éwﬁiaa EREXiteh? A3 AAGR RLIRT-Off. Each
mesa 1210 may co cor{1 rise, a structyre as, e cr| OLT[bove with reference to FZ?ure 1 d) Figure

12(a) is a cross-secti onaﬁ/feet\(;‘v St e r?gﬁS ?JCQ BhlIERYRIERRE TS SiRsietom Mifoff from the
substrate 1202¢gACEAR @e%ﬂ#a@edﬂmawmb@qm(bwg@ ipfitadly- segtibpalattemwing thredndmo-ELO GaN
epitaxial mesasAR0 after lifting-off from the substrate 1202 and GaN template 1204. An example
practical application of the method according to embodiments of the present invention will now be
described. With reference to Figure 1d), after formation of a n-GaN epitaxial layer (compare 110 in
Figure 19d), an InGAN#@OUe | gyam %éﬂltf@fﬁfﬁ’éﬁ*@)nbﬁﬁﬁbfi@ﬁem -Ganbtagehidatbwes by a p-GaN

layer. Next, adgchetentactingisaecivgtueiisidppasitechapshaaded to a transfer substrate using an
epoxy. The resulting structure is then subjected to the lift-off process according to embodiments of the
present invention. 16 g‘;ure 13a) is a cross-sectional schematic diagram of a vertical GaN LED
device, designated GeHEFaIN SR RTErEN EhRRTararivsoGeuRe IFtssH . e e lDiSelxample

comprises a cappanrérassiedistpstatel) 302 feritver epaséibordingliayer Oh&%ép@cb@éikf contact 1305,
a mior ayer 3 sCAN Y SRR UNGANHONGVELITIE A n el yer 1312

n-metal contact 1314 is disposed on the n-GaN layer 1312 Aterials fof the back-contact

1305 can inclFHESERR 51169%0? Iﬁﬁ%aefﬂpéaﬁl/l\l%lIﬁ@”%ﬁi@%@f@ﬁﬁ?@ﬁﬁrﬁ@ﬁﬂ@?@? 386 can include,
but are not linfité, terfisAhaooFLAY Biblyepiaxial IHigute 11816 shiowsdhaRikiernieairdtanescence

(EL) emissionyaegsusad s aicaled SXamnle doiisRacooiiiia 0F9u Rt 3@  the
form of networks of stripe iines, resulting in the formation of diffraction grafings on the
surface of the lifted-off nano-ELO structure. in such an embodiment, the diffraction
gratings can provide advantages in micro-optieai systems.‘

Figure 11(a) is a cross-sectional view of the nano-ELO GaN epitaxial layer
1110 prior to iifting-off from the substrate 1102 and GaN template 1104. Figure 11(b}
is a cross-sectional view of the nano-ELO GaN epitaxial layer 1210 that has been
iiffed off from the substrate 1102 and GaN {femplate 1104.

To demonstrate the possibility to scale up to larger Wafer size (e.g. future 3"
wafer) and reduce the fotal lift-off fime in different embodiments, the wafer is stched
in deep trenches to form mesas. With reference to Figure 12(a), in one embodiment,
sach mesa 1252 on the wafer 1250 comprises a structure as e.g‘. -d‘escribed above
with reference to Figure 1(d). The trenches e.g. 1254 to define the e.g. about
BO_OymxBOOQm mesas 1252 are formed by using Induced Coup!ed Plasma (ICP)



Figure 14 is a flow-chart, designated generally as reference numeral 1400, illustrating a method of at
least partially releasing an epitaxial layer of a material from a substrate, according to an embodiment
of the present invention. At step 1402, a patterned sacrificial layer is formed on the substrate such that
the substraté'ia Eé?{Ps?ﬁiﬁ éxposed and partially covered by the sacrificial |£§J/§‘,&%"£{’é‘}5"%ﬁ%4, the
epitaxial layer is grown on the patterned sacrificiak fayer by nano-epitaxial lateral overgrowth such that
" the epitaxial layer is formed above an intermediate layer comprising the patterned sacrificial layer and
said material. At step 1406, the patterned sacrificial layer is selectively etched such that the epitaxial
layer is at least partially released from the substrate. Embodiments of the present invention

provide a methaghoftinoenib.GipRYIEY: NisidBI0aRed AR Xaldauais, Whidh iSadvaptaoeously

simple in design, enables accurate control, inexpensive and can be scaled ugb%o a larger wafer size

and used in BHEHGRSEES SRR SIH58 Y R dRG MG 16 AR O B PRTER R S8ERESi A ention also
advantageoubsly suafitiat heypr delprtidingod Glivrupatiple miirdeeepifay ersimpipaittctride@adliepilayers, with
a high crystaéghaﬁli%@r&tl@meéﬁ%ﬂen@&w fed peH Al nanacepxialaromhini his &an enable the
fabrication of hié’gxl_Ffﬁﬂfncfy ande_rllzi;%h,gowero toelgé:trggg incl%diné%ﬁi ht rglttin% iodes, laser
diodes, or HigFPERErOMIAEHAIG RS ETE [LERMTY ofa TrLERe" 17 S T HEHtHod according
to embodimeistsasigte prdstinisinversicis\ieds a0 he (ewtet fift-ofcl rong el waialirigd based
ﬁptoe|?0;r]?ni§éﬂ@lj!é$% i%?gékgmta_%mt@mf glé@eeia %@ﬂ?gﬁ%ﬁ@@&%&é@é%&&ﬂl@ é@ﬁhmgéungng_ onto a
eat sink for better heat dissipation.an tter_crystal quality for i ower usage, mbodiments
of the presen%ﬁ#eevﬁﬁgﬁttﬁg%c%%b teﬁ%\'r‘ﬁlgee ht ?Nﬁ(\%ﬁ%q?)essen%&drdtgﬁg“ggeetﬁ%lg%é%agr% eagjtgﬁbstrate,
advantageoustige abbfiely TsessiiBatidte. toope hecyensties e CAdPAckRIBE D thEsREtE of lifting-off
Group I1I-V Nigdabaseskentiaxial daierssaceasing ie erahiedistenisrohibaapresentisuention, are (i)

| R E SR e,

patterned sagtificial layer material
solution) and?(lhggsn%ﬂngogt?&gatﬁr%%%%%terne sacrificial layer € of a

nano-ELO GMRIB MRty g by situripliced iicesieay r&in SR drdpdrtaieas SaERfsal layer. It
will be appreeiated dnpa persemakitteditrib ectirathaboutniamuszadations asyl/aemodifigations may be

be app ot e _ _ _ . i f
mad (0 the esRE INETINA8.EHANDBE T ARAITAIISAY O RRRK I o AR o scoe o

the invention as b The embodiments are, therefore, to be considered in all respects
to be illustratRe BRHIFOt restrictive.  For example, the invention is not limited to the material
systems described in the above example embodiments. The present invention can apply more

generally to materiaig;thal 4o, pe-aroyn Az edsactificiabidss b oane-aritaxiat lateral

overgrowth such that an egltamal layer is formed above an intermediate Igﬁler co?négéisin the patterned
r

sacrificial laySPAMF the TR TRICHIY SSUERTING SRITIRINE paTRIANES SKRTRIEIS) h that the
epitaxial layel 20 atréeastipatyiatiyoetdosdd fresh tmessubstimtat lof shenpresabiodiraeds, e mechanical
force at the in{gFfResEARREeXPIOERC:ISRPALAEIMe-BRI EMaY o doamingwithNane:gelumn
structures fortg%_ﬁgtgngm%%a%%é rtu_edtured patterned sacrificial layer 1268 and a nano-£LO

GaN epitaxial mesas 1210 that are bonded o a silicon substrate 1214 using epoxy

1212 as an adhesive, for iift-off. Each mesa 1210 may comprise a siructure as e.g.

described above with reference to F‘lgtife. 9 (d)‘. Figure 12{a) is a cross-sectional view

of the nano-ELO GaN epitaxial mesas 1210 prior to lifing-off from the substrate 1202

and GaN template 1204. Figure 12({b) is a cross-sectional view of the nano-ELO GaN

epliaxial mesas 1210 after lifting-off from the substrate 1202 and GaN fempiate 1204,

An example practical application of the method according fo embodiments of
the present invention will now be describad. With reference io Figﬁre 1d), after
formation of a n-GaN epitaxial layer (compare 110 in Figure 18d), an inGaN MQWs
tayer is next formed on top of the n-GaN layer, followed by a p-GaN layer. Next, a -
back cdntact/mirror structure is deposited, and bonded to a transfer substrate using
an epoxy. The 'resu!ting structure is then subjected to the lift-off process according to
embodiments of the present invention,



18 CLAIMS 1.A method of at‘ least partially releasing an epita)dal tayer of a material from a substrate,

the method comprising the steps oft'’

the substrate

15 %%t!lgllggs?xposed and partially covered by the sacrificial la

er

layer on the ?)véltternea sacrificial layer by nano-epitaxial - lateral overgro ﬁyﬁgﬁﬂlﬁgf}?ﬁ%
layer is formed above an intermediate layer compriggng the patterned sacrificial layer and said

' selectively etching the patterned sacrificial layer such that the epitaxial layer
'debonds from the substrate for lift-off. , 2. The method as claimed in claim 1, wherein the sUbstrate
comprises a template layer for promoting the nano-epitaxial overgrowth.

material; and

Figure 13a) is a cross-sectional schematic diagram of a vertical GaN LED
device, designated generally as reference numeral 1300, after lift-off. The device in
this example comprises a copper (iransfer) substrate 1302, a siiver epoxy bonding
tayer 1304, a back-contact 1305, a mirror layer 1306, a p-GaN layer 1308, an inGaN
MQWs tayer 1310, and a n-GaN layer 1312, An n-metal contact 1314 is disposed on
the n-GaN layer 1312 (after lift-off). Materials for the back-contact 1305 can include,
but are not fimited to & Ni/Au bilayer. Materials for the mirrar layer 1306 can inciude,
but are not imited to Ti/Al, or Ti/Ag bilayers.

Figuiie 1%), shows the Biue electro luminescence (EL) emission measured
from a fabricated example device according to Figure 13a).

Figure‘ 14 is a flow-chart, designated generally as 'refarenée km;zméraf 1400,
fllustrating a method of at least partially releasing an epiiaxial layer of a material from

‘a substraie, according {0 an embodiment of the present invention. At step 1402, a

patterned sacrificial Iayér is formed on the substrate- such that the substrate is
partially exposed and pariially covered by the sacrificial layer. At step 1404, the
epitaxial layer is grown on thga patiernéd sacrificial iayer by nanc-epitaxial iateral
overgrowth such that the epitaxial layer is formed above an intermediate layer
comprising the patterned sacrificial layer and said matetial. At step 1408, the
pattemed sacrificial layer is selectively etched such that the epitaxial layer is at ieast
pariially released from the substrate. o -

Embodiménts of the present invention provide a method of lifting-off Group Hil-

V Nitride based epitaxial tayers, which is advantageously simple in design, enables

accurate conirol, inexpensive and can be scaled up to a larger wafer size and used in
batch processing. The method according to embodiments of the present invention
also .a'dvan‘zageously enable the production of Group -V nitride epi{ayeré, in
particular GaN epilayers, with & high crysta) quaiity and low defict density as a result

of nano-epitaxial growth. This can enable the fabrication of high-efficiency and high

power optoelectronic including light emitting diodes, laser diodes, or High Electron
Maobility Transistors (HEMTs) on a large scale.

forming a patterned sacrificial layer on the substrate such that
rowing the epitaxial

epitaxial



3. The method as claimed in claim 2, wherein the patterned sacrificial layer ia selectively etched such
that the epitaxial layer debonds from the template layer for lift-off. 4. The method as claimed in claim

3, wherein the epitaxial layer debonds at an interface between the templ t&lg hAndRano-structures
, - }ﬁ‘% (8090435 77
of said matelidl formad on the template layer as part of the nano-epﬂama% growth of the epitaxial layer.

5. The method as claimed in any one of claims 219 4, wherein the template layer and epitaxial layer
comprises a Group llly nitride; or a Groupnitride ternary or quatemary alloy. 6. The method as claimed,
in claim 5, wherein the Group IlI-V nitride comprises one or more of a group consisting of aluminum
nitride (AIN), gallium nitride (GaN), indium nitride (InN), aluminum gallium nitride (AlGaN) and indium

gallium nitride (InGaNhefhdtNsERRHIRA BeAIBIRREINSDY e (R RiRCRIAgicIaIMS, aesein the
camhe, CLomen o Ao Crap P\ iR SR ERE R SRR e 70" PR N
diodes and laser diodes, on a large scale for mounting onto a heat sink for better
heat dissipation and better crystal quality for high power usage. '

Embodiments of the present invention also provide a method which does not
damage the separated subsirate, advantageously enabling the substrate to be
recycled.

Characieristics of the method of fifling-off Group -V Nitride based epitaxial
layers, according to embodiments of the present invention, are (f) patierned sacﬁfi‘ciai
layer materials that can be selectively removed by wet chemicale {e.g HF solutior)
and (i) a nanostructured patterned sacrificial layer ’enabting the seff de-bonding qf a
nano-ELO Group -V Nitride layer at the interface after removal of a patterned
sacrificial layer.

It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the preserit invention as sho_wn in the
embodiments without deparﬁng from a spirit or scope of the invention as broédiy
described. The embodiments are, theréfore, ta be considered in all respecis io be
fliustrative and not restrictive. "

For example, tﬁe invention is not fimited to the material systems described in
the above example embodimerits. The present invention can apply more generally fo
materials that can be grown on a patterned sacrificial layer by nano-epitaxial lateral
overgrowth such that an epitaxial layer is formed above an intermediate layer
comprising the pafternad éacriﬂciai_iayer and the material; and selectively eiching the
paﬁemed sacrificial tayer such that the apitaxial layer is at least partially releasec_i ‘
from the substrate. In some embodiments, the mechanical force at the interface can
be exploited to separate the epitaxial layer ieaving with nano-column structures for
litt-off from the substrate. '



8. The method as claimed in any of the claims 2 to 6, wherein the template layarig;iompeddysa
method comprising one or more of a group consisting of metal-organic ChQ{a@a}e@moAMﬁion
(MOCVD), molecular beam epitaxy (MBE) or hydride vapour phase epitaxy (HVPE). 9. The method as
claimed in any of the preceding claims, wherein the patterned sacrificial layer is formed by a method
comprising one or more of a group consisting offplasma enhanced chemical vapor deposition
(PECVD), sputieringsor spin-on glass. 10.The method as claimed in any of the preceding claims,
wherein the patterned sacrificial layer comprises one or more of a group consisting of silicon dioxide

(5102), silicon,itrige (Sishizy G:ianny ol 40 2biakiks e Bnathedrasmlaimed in any of the
preceding clalms,, W erein tl e(gJattern ﬁ]%%%gg'al layer is patterned by a method comPtising one or
more of a grouP EBRSSIRG B Ranoprin

|th0ﬁrar}> r%ﬁl:se o apttgdl %d alumlnum oxide (AAO) as
an etch mask, electPBANSRAHRAGY 'I"‘r B R ShtSrerenca tho ra 3%Fhe method as claimed in
“any of the precexialty exansas! WH@P@?H“M@%EH@&BW&W%TQ%?overgrowth is formed by a method
comprising one or ootz griegatdrsistingoPIRIRER GRFEFE dRemEdIRPaE8EEEbosition’ (MOCVD),

molecular beanaigpitaueys diBELar hydiic eptiayi oy pHa Semsgitarys( ey edds Biter method as claimed
in any of the pregeding dlaing-whessinthepattemedisatsfitiahtayer comprises a plurality of pores,

dots or strips. 14. The mef 9@%%%@r%ﬁ%@fsiﬁ&a@éﬁ@@&ﬂirﬂ@ﬁt&a%&wiu&thg&eompnsmg prior to
etching the pat&egne%%ocr |C|&Ag}é§ [ {pEming trenches in the substrate to define mesa structures on
the substrate where y etchi Ing of the patterned sacrificial layer in the regions of the mesa structures is

‘facilitated. 15. The method as claimed.in any of the D c%dbng laims Whereln Qe step of forming the

patterned sacrificial 5/ @FBEf AT SER ARG wﬁ'af?ern ase o

on eglre optlcpa? characterlstlcs of the
lift-off epltaX|aI gefor promoting the rano-epiaxial overgrowt

3. The method as ciaimed in claim 2,’ wherein the patterned ‘sacrificial layer is
selectively etohed such that the epitaxial fayer debonds frqm the {emplate layer for
fift-off. ' ' ' ‘

4 The method as claimed in clalm 3, wherein the epitaxial layer debonds at an
interface between the template layer and nano-structures of said material formed on
the tamplate layer as part of the ﬁanonepitaxial growth of the epitagial layer.

5. The methcsd as ciasmed tn any one of claims 2 to'4, Wherein the templaie laver
and epitaxizl layer comprises a Group II!~V n;tnde or & qup m-v nitride temary or

quatermary afioy.

8. The method as c!asmeci in c;!atm 5, whersin ihe Group v nktride compr:ses
“ane or more of a grou;:: cotwisting of a&ummum nitrids (A N), gallium nitride (GaN),
indium mtnde (lnN) " aluminum gallium mtnda (AiGaN) and indium gaflium nitride
{Er@aN}

'7’;- The method as claimed rn any of the precedmg claims, wherein the substrate
Ecmpnses one or moreof a group oonsxstmg of silicon (S1), silicon carbide (SlC) and
sapphire, -
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.' 20 18. The method as Claimed in claim 15, wherein the pattern is selected tpdingteasecmsniigce
roughness of the lift- off epitaxial layer. 17. The method as claimed in claimed&vsilerainie pattern is
selected to prowde a diffraction grating on a surface of the lift-off epitaxial layer, 18. A device
comprising an epitaxial layer at least partlally released using a method as claimed in any one of the
preceding claims. 19. The device as claimed in ¢faim 18, comprising an LED structure, a Laser Diode
or a High Electron Mobility Translator. 20. A method of at least partially releasing an epitaxial layer of
a.material from & subisératendhes mathadneon s Rgithe stepaafen tHoRnNgApatierned sacrificial
layer on the sutxsﬁteet@Mht&t@&%&@ﬁ@t@dﬁ%@hﬁ@%@tﬁn&ﬁ@t&t@t'&éﬁ%fed by the
sacrificial- Iayer,menggglmqmt%&%gﬁ(@hd@%r %QiéQEaP%E%”SSta%M'&B‘ 8@ er %}é nano-epitaxial

ia

lateral overgrowth such that pthe e al layer is formed above an intermie t}é 1ayer comprising the
patterned sacrlflc?‘lpefﬁariler o\ Hid'm aterial;  forming one or more holes in the epitaxial layer for

entry of an etching agent to contact the patterned sacrificial layer; and
. 8. The method as claimed in any of the preceding claims, wherein the paﬁerned

sacrificial fayer is formed by a methed comprising one or more of & group ConSlstmg '
. of plasma enhanced chamtca[ vapor deposman (F’EGVD) sputtanng or spm—on‘
' glass.
10. The msthod as claimed in any‘ of the preceding ciaims, wherein the patiemed
sacrif“tcia! layer comprises ong of mare of a group consisting of sflicon dioxide (Sidg),
silicon nitride (SisNy), and iitaniim oxide (TiO). '

11. The method as claimed in any- of the preceding claims, wherein the patisrmed
sacrificial layer is patiemed by a method odm;irjsing one or mtn‘e of a group
congisting of nanoimprint lithography (NIL), use of anodized aluminum oxide- (AADY
as an letch mask.' ‘slectron beam lithography and interference lithography.

12. The method as claimed in-any of the preceding claims, whersin the nano-
epitaxial lateral overgrowth is formed by a method comprising one or more of a group
consisting of metal-organic chemical vapor de;aosition‘ {MOCVD), molecular beam
epitaxy (MBE) t:r hydride vapour phase epitaxy (HVPE),

13. The method ‘as c_!aiimed in any of Hhe preceding claims, wherein the patierned
sacrificial igyer comprises a plurality of pores, dots or stﬁp#-

14. The method as claimed in any of the préceding claiims, further cémpristhg, prior
io efehing the pafterned sacrificial layer, forming trenches’in the substrate fo define
mesa siruciures on the substrate, wharaby etching of the patterned sadrifi ctai Iayer ir
the reglons of the mesa struc:tures is fauailtated

5. Thé method as claimed in any - of the pracédirig claims, wherein the siep of
forming the paiterned sacrificial layer comprises selectlng a pattern based on des:red
optical characteristics ct‘ the Fﬁ-off epitaxial layer,
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_selectively etching the patterned sacrificial layer with the ching agent such tRAH&RAMAEyer is at
least partially released from the,substrate. 21. The method as claimed in S oH2wheréitdife
patterned sacrificial layer is selectively etched such that the epitaxial layer is undercut or such that a
‘cavity is formed underneath the epitaxiai Iayer.2 2.The method as claimed in claims 20 or 21, wherein
the holes are formed as,photonic hgles, {91 royiding a2 oRlenl.cayity in e epitaxial ayer.

. ‘surface roughness of the lift- off epitexial layer.’

7. The method as claimed in claim 15 wherein the pattern is selected to provide
a diffraction grating on a surface of the lift-off epitaxial layer.

18. A device comprising an epitaxial layer at least pariially released using a
method as claimed in any one of the preced'mg claims,

18, - The device as claimed in élaim 18, comprising anl LED structurs, a Laser '
Diode or a High Electron Mobillty Transistor. '

20. . A method of at least partially réieasing an apitaxial layer of a materdal from a
subsirate, the method comprising the steps oft : - ' ‘ :

;Forrning a patterned sacrificial layer on the substrate such that the substrate is
partiaiiy ‘expossd and partially covered by the sacrificial layer; ’

h growing the epifaxial [gyer on the pattermied sacrificial layer by nano-epitaxial
lateral overgrowth such that the e;ﬁiﬁaxial layer is formed above an intermediate layer
comprising the pattemed sacrificial layer and said material; ' ’

- forming one or more holes in the epitaxial layer for enfry of an efching agent to
contact the patternad sacrificial layer; and , ,
selectively etching the patterned sacrificial layer with the- eiching agent such
that Lﬁhe: epi*{axiéi layer is at Isast partiaf}y released from the substrate. ‘

21, The method as claimed in claim 20, whergin the pattermed sacrificial layer is
selectively efched such that the epitaxial layer is undercut or such that 2 cavity is
 formed underneath the epitaxial layer. ' '

i 22. . The method as claimed in ciéims 20 or‘21, wherein the holes are formed as
photonic holes for providing an opiical cavity iy the aepitaxial layer, "
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