1 METHOD OF AT LEAST PARTI ALLY RELEASI NG AN EPI TAXI AL LAYER FI ELD OF

| NVENTI ON The invention broadly relates to a nethod of at |east

parti al | ywoeb®asprsg an epitaxial |ayer. BACKGROUND PCILiSGRoago@iB3s of
epitaxi'al layers is a process used in the sem conductor industry or other
nano-technol ogy related industries. Fdr exanple, seniconductor materials
can be in the formof epitaxial layer materials suitable for a range of
potential applications including ultraviolet to visible optoel ectronics
(e.g. LEDs and | asers) and high tenperature electronics (e.g. transistors).

Anongst suc } I - Ty sep,eanduct or
materials | %Eﬁggﬁgﬁgﬁm#ﬁﬁ?ﬁ%ﬂk?kY%ﬂ%ﬁthﬁ#%F{Iﬂ\g@l_( %R and i ndi um
nitride (InN) and their related ternary and quaternary alloys such as

al um num g@l_llq pr\}%ﬂrﬂéhﬁAl GaN) and indiumagalliumnitride (I1nGN).

Anong G oup e based materials, GN, a direct-bandgap
sem conductor material of wurtzite crystal structure with a wde (3.4 eV)
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f or sol i degitaaiaélayérght i ng, | aser di odes), and hi gh power and high frequency
el ectronic devices (e.g. Hgh Electron Mbility Transistors (HEMI)). Its
sensitivity to ionizing radiation is low, making it a suitable material for
sol ar cel BAGKGROUNI satellites. Furthernore, since GaN transistors can
operate at high tenperatures and high voltages, they nmake ideal power
anplifiers at mcrowave frequencies. @GN has the advantages of being
mechani cal'| y héiftadganfidofcdpitakiablaysrsiis erprocadswsedin thtusermioondustdriigdusirgl t i ng
tenperatu >, hj i Ldihri p ' r ' N2) at the
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condi ti ong,angk I e O 1 R Y=Y O ¢ ' ; I g ' &GN is
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(Si), sil higbntenperature electronics (e.g. transistors). Amongst such semicondiictor

materials, Group -V nitride semiconductor materials include aluminum nitride (AIN),

gallium nitride (GaN), and indium nitride (InN) and their related ternary and

quaternary alioys such as aluminum gallium nitride (AlGaN) and indium gallium

nitride (InGaN).

Among Group -V nitride Abased materials, GaN, a direct-bandgap
- semiconductor material of wurtzite crystal structure with a wide (3.4 eV) band gap, is
currently considered as the prominent semiconductor for applications in
optoelectronics (e.g. LEDs frqm 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)). lfs sensitivity to ionizing radiation is low,
making it a suitable material for solar cell arrays for satellites. Furthermore, since »
GaN transistors can operate at high temperatures and high voltages, they make ideal

power amplifiers at microwave frequencies.

GaN has the advantages of being mechaﬁicallly-hard and chemically inert.
However, due to the high melﬁng temperature and the hig’h equilibrium vapor
pressure of nitrogen (N,) at the growth temperature to synthesize llI-V nitrides, large
bulk single crystals for homoepitaxy are costly to produée in.high temperature, high
pressure conditions and are currently limited to 2 inch wafers. Crystalline GaN is
usually grown epitaxially on substrates of dissimilar materials. Silicon (Si), silicon



carbide (SIC) and sapphire are the nost commonly used substrates, and GaN
films are deposited via nethods such as, but are not |limted to,

met al - or géigi2010415ew¥iical vapor deposition (MOCVD), ol eculPam/siGaensoepids axy
(MBE) or hydride vapour phase epitaxy (HVPE). Despite its w despread use,
the physical characteristics of sapphi4e, such as being electrical
insulating and its relatively poor thermal conductivity, render it

unsui table for device fabrication. In addition, although these substrates
are used for commercial products, there are still |ssues whi ch degrade the
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substr at ey o li o] e ilmthat is
epi t axi al \l%%éﬁps\%n%o%e sz%nﬁlsrhgrts!ﬁ%@f‘?%t e. Alaser beamirradi ates the

epi l ayer through the back5| de of the substrate, which locally heats the
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it is reported that high energy |aser treatnent can al so cause surface
roughness and interdiffusion of al um num and oxygen into GaN and post
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One varl ation of the above nethod corrprl ses the step of applying an

el ectrochem cal potential between the |ayered material/substrate and a
counter electrode to oxidize and dissolve a thin etch |ayer positioned
between the filmand substrate, which frees the |ayered material fromthe

.



Anot her variation of this nmethod is Photoel ectrdchem cal (PEC) Etching,

whi ch nmakes use of a high power UV lanp to selectively excite a sacrificial
| ayer wi tWOreotoms9BaN- on- sapphire epil ayer structure, su®lTiSIG2009t0h@t35
sacrificial layer is electrochemcally etched / dissolved by the

el ectrol yte. Photo-excitation is neededl to 4 generate electron-hole pairs
to participate in the reactions necessary for material renoval.

However, the PEC processes reported to-date result in a rough etched
interface with the formati on of facet islands or whiskers, thus, post

etching ot I.shi S8 1 e sa. the el rolytes usually
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which is an issue with regards to |light extraction. Considering the
refractive indices of GaN (n=2.5) and air, the critical angle for the I|ight
escape cone i sAaberand2@mongk metheg ofhatGaN gipilayari dttuetliré from $haleappiie and
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t hen reabggg; t r . : ' .t hrough
the si doust SembRYpOE T 0 iipdlindhh shE el 8 kb SR TER IR ov'ng
t he |i ght layris godiwhichascanhbe restaseely estoleatl, sembaed aredreoawosed, etheatbyl | ght

reflecti O%lmiﬁgzﬁ%{ ggtap%e%i#ﬂg%??%\gﬁ%gmm substra@é.n-eed therefore exists

to provide a ne S rel easing an epitaxial |ayer that
seeks to address at | east one of the abovenentioned probl ens. SUMWARY

HoThod of Lo ATheFERD ARABAIRnG ARSI AXGAL Aoy (RERLE i Ry e 2
met hod of at least partially releasing an epitaxr al glyer SFeR Fateri al
from a subberaaterialtsysterethabis eomatible with theeepitexiplsgrofvih boBaNngnad whidht er ned
sacrificiah, gy r ~ hat a ' tially
xposed gl pari sy Comayanbl ShenButIching; WHE FERELIPtnt Febits b
epi t axi al uUpiagesacairial Heyepatfoe exrrtpleateNt i £0@l(a$ ageificlay layanoessippaieadr | at er al
over gr owt RansHEMN (B@taliGiaf Riyb @ Bbphify Howebed MdTFItHRPYGaR is far less
optimized. Secondly, the formation of bubbles at the 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 method comprises the step of applying an
electrochemical potential between the layered material/substrate and a counter
electrode to oxidize and dissolve a thin etch layer positioned between the fiim and
substrate, which frees the layered material from the substrate. |

Another variation of this method is Photoelectro'éhémicél (PEC) Etching,
which makes use of a high power UV kamp‘ to selectively excite a sacrificial layer
within the GaN-on-sapphire epilayer structure, such that the sacrificial layer is
electrochemically etched / dissolved by thé'electrolyte. Photo-excitation is needed to



5 intermedi ate | ayer conprising the patterned sacrificial |ayer and said
material; and selectively etching the patterned sacrificial |ayer such that
the epitawDabi@ysn is at | east partially rel eased fromPCREGUNHDI4ES €.

The patterned sacrificial |ayer nay be selectively etched such that the
epitaxial |ayer debonds fromthe tenpléte layer for lift-off. The
epi taxial layer nmay debond at an interface between the tenplate | ayer and
nano-structures of said naterial forrmed on the tenplate |ayer as part of

t he nano-epitaxial growmh of the epitaxial |ayer. The patterned

o Under car Rt ctie I HaTe PUIb et Thate ilphe dbet R B e | Thve,

The subst remie@valray conprise a tenplate |ayer for pronoting the non-epitaxial

over gr owt h. The tenplate | ayer and epitaxial |ayer may conprise a
Goup (U V nnitride; or a Goup IIl-V nitride ternary or quaternary all oy.
The G oup |11 -Mowever, dee rRSC quogessse repertad toele odsult igraupugh)riﬂd:lmdi ng of
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polishing process is needed. And. also, the electrolytes usually HCI or KOH used in
the PEC etching attack the structure layers near the threading dislocations as well,
resulting in a damaged lift-off film on the top surface. in addition, the etching
selectivity between the sacrificial layer and structured layers is poor, which makes it
difficult to fift-off of the electrically driven device structure with doped GaN and active
layers in it. A

Besides the concerns above regardiné removal of substrate from a GaN
epiléyer structure, for LED applications, light tends to be trapped in the high-index
semiconductor by total internal refraction, which is an issue with regards to 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 is neglected, one expects that approximately only 4% of the intemal light
can be extracted from a surface. The light outside the escape cone is reflected into
the substrate and is repeétedly reflected, then reabsorbed by active Iayers’ or
electrode, unless it escapes through the sidewalls. Surface nanopatterning is one of
the methods for improving the light extraction as the nanopatterned surface reduces
internal light refiection and scatters the light outward.

A need therefore exists to provide a method of at least partially releasing an
epitaxial layer that seeks to address at least one of the abovementioned problems.

SUMMARY

According to a first aspect of the present invention, 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
sacrificial layer; growing the epitaxial layer on the patterned sacrificial layer by nano-
epitaxial lateral overgrowth .such that the epitaxial layer is formed abové an



The substrate may conprise one or nore of a group consisting of silicon
(Si), silicon carbide (SiC) and sapphire. The tenpl ate | ayer may be
fornmed bywe 2aosidsebiconpri sing one or nore of a group COMEITSG20NY/000435

nmet al - organi ¢ chem cal vapor deposition (MOCVD), nol ecul ar beam epitaxy
(MBE) or hydride vapour phase epitaxyS( HVPE). The patterned
sacrificial layer may be fornmed by a nmethod conprising one or nore of a
group consi sting of plasm enhanced chem cal vapor deposition (PECVD),
sputtering or spin-oh glass. The patter ned sacrificial Iayer may

corrprlseoeor re of a rou stin con, di.
silicon nft¥ ma@a@féﬁmf’ma Yol ﬂ't % %ﬂ(?’%é'?f'?’ﬂﬂ?r and Sal %8”%2&?? r ned
sacrifi ci sdledtiagigretering hiee patitrestedctiiian layet Boch treaiihé Spitaxiaineyeoris mbre of a

group consr sti of .nanoj pr i nt ography (NIL), use of anodized al um num
oxi de ( AAER ggﬁ%”yéelgﬂsw ﬂ?ﬁ%@?ﬁ%ﬁ beam | i t hography and interference

it hography. - The nano epi taxial |ateral overgrowth may be fornmed by a
met hod conpri s onsi stin | -
cheni cal vaporJ”&%r?@@?fqegnsﬁ/%ﬁ\?[))layeﬁdr@gtﬂ arse'ﬁgtglr%'ygﬁ%thgxys%%%ag%ne hydri de
vapour phasexapliategebohds ¥Bh) the Temeplaiatdyer frediftsodfcri ficial | ayer may conpri se
a plurality of pores, dots or ' _

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

layer.

The substrate may comprise a template layer for promoting the non-epitaxial
overgrowth.

The template layer and epitaxial layer may comprise a Group [li-V nitride; or a
Group HlI-V nitride ternary or guaternary alloy.

~ The Group IlI-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 grotrp 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 metai-organic chemical vapor deposition (MOCVD), molecular
beam epitaxy (MBE) or hydride vapour phase epitaxy (HVPE).

The patterned 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.



strips. The nethod may further conprise, prior to etching the
patterned sacrificial layer, formng trenches in the substrate to define
mesa struwounEdsersit he substrate, whereby etching of theCpsGenrnedss
sacrificial layer in the regions of the nmesa structures is facilitated.
The step of fornmng the patterned sacrfficial |ayer may conprise sel ecting
a pattern based on desired optical characteristics of the |ift-off

epi taxi al | ayer. The pattern nmay be selected to increase a surface
roughness of the lift-off epitaxial |ayer. The pattern nmay be
selected to provide a diffraction grating on a surface of the lift-off

epi taxial |ayer. According to a second aspect of the present

i nvention, thefaei gatfanead dedrificidlelyere neymaonpiiseyy ahe epimensi af d ay&up at
oSt P b LR ot Mok 8 P B RSB R (i o T
Mobi lity Transi stor.
The patterned sacrificial layer may be patterned by a method comprising one
or more of a group consisting of nanoimprint lithography (NIL), use of anodized
aluminum oxide (AAQ) 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 chemical vapor deposition
(MOCVD), molecular beam epitaxy (MBE) or hydride vapour phase epitaxy (HVPE).

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 tfrenches in the substrate io define mesa structures on the substrate,
whereby etching of the paiterned sacrificial layer in the regions of the mesa
structures is facilitated.

The step of forming the patterned sacrificial layer may comprise selecling a
pattern based on desired optical 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.



BRI EF DESCRI PTI ON OF THE DRAW NGS Exanpl e enbodi nents of the
invention will be better understood and readily apparent to one of ordinary
skill in wbeosvasof3nom the follow ng witten descri pti onpPCigGeang/ooé43gxanpl e
only, and in conjunction with the drawings, in which: Figures 1(a) - (d)
are schematic cross-sectional diagran¥g illustrating the nanofabrication and
grow h process of a nano-epitaxial |ateral overgrown (nano-ELO GaN

epi taxi al layer, according to an enbodi nent of the present invention.
Figure 2 is a scanning electron mcroscope (SEM inmage of the surface

nor phol ogy of nanostructured Si0 acrificial_ |ayer, fabr,i.c d, using an
AAO | ayer as aﬂheeﬁl%%cermg}l(_corapaﬁ? an gEﬁsS%HC?"Bep-GSTaSW {9985%% i@g@fi?egtron ]
nanost r uckiabilty Taesistéd. ci al | ayer conpri sing nanopores, according to an
enbodi nent of the present invention. Figure 4(a) is a the schematic
cross-sectional diagramof a fabricated nano-epitaxial |ateral overgrown
(nano- ELO &aN epitaxial structure, according to an enbodi nent of the

present i i i i rrLespondi ng SEM i mage of the

schemat i CBE?%%P%%@ gl'%ﬁréé?@%a%@még 5(a) - (b) are perspective views

of a self lift-off nano-ELO GaN structure, according to an enbodi nent of

the present inuvention. Figure 6 s a SEM i - aano- ELO

GaN epi t axi al ﬁ%‘?lembeprdgﬁe@ﬁ@&@ep@ﬁ%@ HSQMI gg?%?‘ﬁfg){m&r&gog%g?gad“g
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) ~ (dj 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 séanning electron microscope (SEM) image of the surface morphology
of a nanostructured SiO, sacrificial layer fabricated using an AAO layer as an etch

mask.

Figure 3is a t_op-View schematic of a nanostructured sacrificial layer comprising

nanopores, according to an embodiment of the present invention.

Figure 4(a) is a the schematic cross-sectional diagram of a fabricated nano-epi_taxiél
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 perspecti\}e 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-ELO GaN epitaxial layer after a
short period of etching.

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



8 Figure 7(a) is an optical mcroscopy inmage of the top surface of a

nano- ELO GaN epitaxial |ayer after inmersing in 20% HF sol ution for 10m ns.
Fi gure 7(w20w/@m3enl arged i mage of Figure 7(a). Figure®C¥(Sapom@mdosd) show
atom c force mcroscopy (AFM plan view and perspective view i mages
respectively of the surface norphol ogy8of the debonded nano- ELO GaN

epi taxial |ayer towards the nanostructured patterned sacrificial |ayer.
Figure 9 is photol um nescence (PL) nmapping inage of a lifted-off nano-ELO
GaN epitaxial layer on a silicon transfer substrate. Fi gures 10(a) and (b)

are persp t|v ews of self lift-off no: ELO tructu ordi ng
to anot he‘raé:%lr'rfe (ﬂ’aﬁ%%??&bm'%ﬁ@péﬁf'm?ﬁ% OE?réesg)r?tSlf 8 |oﬂanq:é€9r %ﬁll(a)
and (b) arepipeiespgstdfesinvhenshgdh 26%seF Bolltidrt foofmmano- ELO GaN structure,
accordi ng another alternative enbodi nent of the present invention, Figures
12(a) and (b) are schematic cross-sectional diagranms of a self lift-off
nanoELO Gafgurerfiotisi e enkacgsalichagg of BigareoI(agr enbodi ment  of the present
i nventi on.

Figures 8(a) and (b) show atomic force microscopy (AFM) plan view and perspective

view images respectively of the surface morphology of the debonded nano-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 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 alternative embodiment of the present invention,

Figures 12(a) and (b) are schematic cross-sectional diagrams of a selff lift-off nano-

ELO GaN structure, according to another embodiment of the present invention.

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 device.

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.



Figure 12(c) is a top view schematic of a wafer conprising trenches,
according to the enbodi nent descri bed above. Figure 13 is a cross-sectional
schenat i cwoizagvamsef a vertical GaN LED devi ce. Figure péTiss2609fobess chart
illustrating a nmethod of at |east partially releasing an epitaxial |ayer of
a material froma substrate, according® o an embodi ment of the present

I nvention. 9 DETAILED DESCRI PTI ON The present invention relates to
a nethod of at least partially releasing an epitaxial |layer fromforeign
substrates via a conbi nati on of nano-epitaxy and wet chem cal etching. For

Il lustrat |d@rm?q)§%t§g§?ydﬁm nitride (GaN), a Goup 111-V nitride

conpound is use regoing description. It wll be appreciated,
however, that this invention can also be applied to other conpounds, such

as, but are not- i . : LI -V nitrg conmpoun and their rel ated
ternary and qugthgr%%&;ﬂqéﬂli 6‘9@% Q%Etéaﬁpijol? ln?%t)%no! qu?td{ga %Warf%gﬁﬁ‘gt%i r
rel ated tepitaxigi layet fpnatfencipnr yutsdidatessivincd edmpinbiidn af eammepitdxyi dreidweD,

[ um LLL , e=l.ndi it L n l uni n [ nitrjde
CAl Gy e iieP M) | Foh M blitebs Bl A ERAE 4 oAU,
conpounds hitddéeompatiad iial usedyint thes fonegdindedestdptidnsent edindecamprscistedh as,
but |, 0, P.. | I : n -1 '
coni condudPuetet YER th@ it cd aiao BEBnpiy P Sines AT Moh'as by o o
1(a) - (dpramst Jotieduto SrovpdE-\seitidermammdundy and theik usiarest temgary hand

fabri ' 0 ess. of epi [.al e ver gr own
(o 210 e hol OWHboPIPOeRBI cBmBBIRCR ool e e oot
i nvent i onQuaternary ajigysincludsi puttasel nphlirRiteplitoe allfaum aitrids (AIN)ajneiiuno hitr@EN
tenpl ate [ . . tr 0 Uit abl e I at erjals
el ude. S0 BARAR Olufh, SHASE (@icrhOans Wl bl ARGE PR LS
silicon (sdyitiont of the Mabosppicetipatiads,byotherpenaterais ksydtads i mctude dii4v t hat

the GaN t gapi& e | @ 0 u e Jimted
Lor motal Sorianfuddt GRA 30 ol Bl Bnitl 80 S B e ARt e e
epi t axy ( ®BE)-lyrsenyennddeiorssisiiraspbutsase ept lirailed toHUPES, CdS.
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 illustrated in Figure 1(a), a thin layer of GaN template 104 is grown on a
substrate 102. Suitable substrate materials include, but are not limitéd to, 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 epitaxy

| (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 include, but are
not limited to, silicon oxide (SiO,), silicon nitride (SisN4), and titanium oxide ('f‘ioz).
The sacrificial layer 106 is preferably deposited on the GaN template 104 via
methods such as, but are not limited to, plasma ehhanced 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 Figure 1(b)) using nanofabrication
. and subsequent etchingsuch that the template layer 104 is partially exposed and-



Thereafter, as shown in Figure 1(b), a sacrificial layer 106 is deposited
on the surface of the GaN tenplate 104. Suitable sacrificial |ayer
mat eri al sworzeluaeisibut are not linmted to, silicon oxi dectSca@p/osissi con
nitride (Si3N4), and titaniumoxide (T102). The sacrificial layer 106 is
preferably deposited on the GaN tenpl dPe 104 via nethods such as, but are
not limted to, plasma enhanced chem cal vapor deposition (PECVD)
sputtering or spin-on glass. Next, as shown in Figure 1(c), a
nanostructured patterned sacrificial layer 108 is forned fromthe
sacrifici ; o, g ) i C and
subsequen ﬁlg%?ﬁ‘é%rgghg)fha alﬁgﬁdt:%rr,% grt éb$a§gtﬂ§q§% Ep‘%%%rg%ﬁdgl ﬁ-‘éﬂgégjﬁosed and
10 parti alcludeover @ bt timitesiata, i fansiraprint ateegrapi) (ISlth abs eof namastizer i cat i on
met hods i B hdidden t ﬁé#éY L), use
of anodi zg]g al umO%H%n 'géé%lgg%&%tm HEQ}F] ég%cé%ﬂ% Eprth%a% gmgi(rgam I A%ogr aphy
and i nt er fitep@igely.| i t hogr aphy. I n one enbodi nent, the sacrificial
| ayer 106 is created by first depositing an alum numfilm (not shown),
approximately 1 pmin thickness, by el ectron beam evaporation on the
sacrificial | alepnelopbedinenh the Sﬁrélﬁl‘aé layehy 96 isTereatgd nyi fivstnderiositing @nns  an
anodi zed oqy,z ess in
B T e B, R e A B e

which the alumnumfilmis M oxal i c

aci d and. SYAPSEz{igann f}"es%ﬁﬁ”@@lﬁb'@yefd Qe (shoreain rfeaerewt (bh). dbe @ungnun W,
phosphor i grRgiaf aﬁwB@Eg&"%Iuﬁﬁﬂiurﬁl& ? a’?!s'tt \ﬁé att\?roes lztalﬂgrz P%’%@Qsoirnes in
as ) etching

the MO | ayer. ase coup e na

condi t | on&hishrihe ﬁ@mlw ém!WéUaﬂQ‘i“Zteldeﬁi@PéW ¥ ﬁ’e‘ﬂrﬁ@ﬁwp@)BMsONahc abid andodi zed
al umi num %s@auérmsubﬁ%@ﬁ (B tFeQﬁnéﬁ%ﬂhfétﬁ)'u% v&ta)xgﬁ?%%ncz% (}&ﬂ;b yer can

t hen be renoved by a suitable chem cal etchant inc packed
nanopor e ¥ @AY 10minkiesdaeniergecthananerases indge PAG \eren t he nanost ruct ur ed
patterned sacrificial |ayer 108 on the surface of the GaN tenpl ate 104.
Figure 2 is a scanning el ectron m croscope i mage, designated

general |y as rEHEpbARd indwetivaly @ggied@ﬂasm?e(lélama@eg ﬁ@mq;ﬂmsa@y diende
nanost r UCkibRMePitO %rapaict Hd RnSRFEd il HAbndMRY aliAine %&@Q cA'Acgclggé dance

wi th an enbodinment of the present invention, using an an

mask. 1 n ftgube sacrifigal ‘ﬁ)@én1Q§orTé1€d$%@e‘?é$r eadthent ke primevedi én%étabfﬁe about
60nm and dLniehIr SEREE L AY¥@LNG in closed pé;dk%!rn%n@pérﬁ dird Qﬁh Heeé’éc?lﬁ??lnggé (¢ of a

nanostructured patterned sacrificial |ayer, design enera

r ef er ence ! PRiERFoRM BEMaNeYFHSIYTST Rgttprane saedisial éﬁﬁér"@ﬁr@@t @Séalﬁa@mﬁf)tﬂlenent of
the preseghN BM@REd oy, The pore radius and interpore distance are
designated by r and d respectively. Patterns (e.g. pores, stripes, dots,
etc) on the nanostructured patterned sacrificial |ayer are advantageously

[ n nanometer SeguR (i ie-d &aRbhg! B8N aRobsRiPe SOER infhokaCes |951%f$t out put

subsequent self Tifting-off an _epitaxial layer and enhan
fromthe 8praraki as raferpage nm@r%gp%@fﬁéa syEess momf@logyaaf@r narpstrmtu@d by
sel ect i NgSD PRKitiefidy %ﬁﬁ&al@@y&%bﬁ&@e@m é&f?alfda‘hl?@r\nﬁ{‘ﬁt&'f bbb&met! o f)th%
lift-off epitaxial |ayer. For exanple, the pattern sel ected can

present invention, using an AAO layer as an etch mask. in Figure 2, the mean pore

'Adlameter and interpore distance are about 60nm and 110nm respectively.

Figure 3 is a top-view schematic of a nanostructured patterned 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 ¢ respectively. Patterns (e.g. pores, stripe;, dots,
etc) on ths nanostructured patterned sacrificial layer are advantageously in
nanometer scale (i.e.".: about less than 1 um) so as to facilitate subsequent selff lifting-
off of an epitaxial layer and enhance light output from the epitaxial layer. The
patterned sacrificial layer is formed by selecting a pattern based on desired optical
characteristics of the lift-off epitaxial layer. For example, the pattern selected can be



1 a network of stripes which forma diffraction grating. Surface roughness
can be another factor in selecting a pattern. Wth reference to

Fi gure 1(w,20m0/050181i nuous GaN epitaxial layer 110 is gr @em/SieRom/000435
nano-epitaxial |ateral overgrown (nano ELO nethod over the nanopatterned
patterned sacrificial |layer 108. The ndno- epitaxial lateral overgrowth is
advant ageously carried out using nethods such as, but are not limted to,
nmet al - organi ¢ chem cal vapor deposition (MOCVD), nol ecul ar beam epitaxy
(MBE) or hydride vapour phase epitaxy (HVPE). Figure 4(a) is a
schemat i ¢,CFQBHS 6F%ir%aﬁllwlﬁ&@%rﬁﬁb°<§rffﬁac &b r&ﬁg%uﬂa&g?@j%ﬂéé@c her al
over grown (nano-E epi taxial structu esl enerally as
referenceaﬂ@h@?féptmwel%@@@@d?aﬁg”to an enbodi ment of the present invention.
The fabricated nano-epitaxial |ateral overgrown (nano-ELO GaN epitaxi al
structure 400 conprises a substrate 402, a GaN tenpl ate 404, a

nanost r uct ur ed Vit tedaraece oadeuri dikale canjiarournBal mgitaxialdayer HIlOiGgveDi t axi al

llayer 410py a nano-eptdH] @até@%vér?rcﬁvﬁ?n?élﬁsﬁl% h{é%ogEMe!r qﬁ@%an&‘f&?t‘eﬂ% ed

generally as reference nuneral he schemati c di agram
Fi gur e. 4( Bjttermpe isas@ficialodayes a98eniThegerrremitanal elatasalr Q\tmmwﬂosisr uct ured

pat t er nedagagiadddeish! cdrﬁé/cﬁﬁut‘lgﬁng methods Eh&P%@ k%taﬁre dﬁat $niiEh SLPeﬁwteb\fe view

of a self l'ift-off nano-ELO GaN Structure, designate ener.a
r ef er enceCf9@RiEr ghesigs) V%Qfo‘?%ﬁoﬁéloﬁ MPC¥Rb opleswar bﬁamWh%pli@lXés(MﬂE)l ®vent i on,

whi ch compydrRsSyapoithidstafagP@ivrE)GaN tenpl ate 504, a nanostructured .
patterned zacrl fe:%m al a?gr )?)(8 (% a nano- ELO GaN epitaxial |ayer 510. The

nano- ELO GaN epi t axi al Iayer 510 is-preferably bonded to a sili con

substrate (not aUR Qgsc%Qﬁ%Mc %?os%”sé%qgﬁa? cﬁgg a E GaN
epi taxi al |ayer 10|sI|ft of it is attac oftot oned5| icon

subst r at eeP'Fﬁ’%r‘@e’?( BYerpEpWA (péﬁ%ﬁé@r) iGAN epitayiah structarel deSIgﬁated)gefnaﬁdwo ELO
GaN str UCE@'F@‘eréﬁ%é'ngﬂl%Fﬁqw%B%‘lr{g}’toaa% érﬁﬁfﬁlﬁl@ﬁ@ofr%h@sfe@ént‘r?ﬂgenn@ﬁC‘ﬁ#ed' ng to

an enbodi prent of the present invention, ustrating the
process atadifatepmasorepitaxiglelainsa Pversowa{bam-B.@x ﬁaélpﬁﬂm@XiahBtrwﬁlyfé r410 and

the GaN tgsm Nbﬁée% 204y dilas 40@1@ G4 tbnxpaatétud@bg% p 3;9;|tt‘é gn. The

nano- ELO GaN structure 500 can be i mersed in $Suit uti ons

whi ch canS3difigiat {ayen 408 aneor BanhEL A4\ epitadal laver 15%& ter ned

Figure 4(b) is 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 nanostructured patterned sacrificial layer 408.

Figure 5(a) is a perspective view of a self fift-off nano-ELO GaN structure,
designated generally as reference numeral 500, according to an ‘embodiment of the
present invention, Wthh comprises a substrate 502, a GaN template 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 (not shown) using epoxy as an adhesive. When the nano-ELO GaN
epitaxial layer 510 is lifted off, it is attached to the bonded silicon substrate.

Figure 5(b) is a perspective view of a self lift-off nano-ELO GaN structure, designated
- generally as reference numeral 501, according 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 immersion in a suitable
chemical solution. The nano-ELO GaN structure 500 can be immersed in suitable

chemical solutions which can selectively remove the nanostructured patterned



12 sacrificial layer 508 | ocated between the GaN tenplate 504 and the

nano- ELO GaN epi taxi al |ayer 510. These chem cals include, but are not
limted two 2nydsefsiuoric acid (HF) and BHF (to etch Si 0PCT&GRM0I0004a5

| ayers), H3PO4 (to etch Si3N4 sacrificial |ayers) and NHAOH and H202 (to
etch TiO2 sacrificial layers), Nth the renpval of the
nanostructured patterned sacrificial |ayer 508, the nano-ELO GaN epitaxi al

| ayer 510 advant ageously sel f-debonds at the interface between the nano-ELO
GaN epitaxial |ayer 510 and the GaN tenplate 504 and can then be |ifted-off

and separated. fromt ubst yate 50 d N { te H04. T

sel f - dgborﬁ??ﬁf&' liaygf ggﬁ?%37%41%8%’??%6?@?%%“Blﬁﬁe%‘gan%ﬁﬁ ?@Omﬁé&\l taxy at
t he nano(ELe@it@aN laysrt5ARi ahedeawnd iEa’lQir@rciilﬂey\a&tlers'b?mdﬁmi@éd tohﬁydhﬂﬂ@drfcaébﬁ:il 500
Figure 6 S i .~desi gnat e en ef erence nunera ,
of %5 de- baHGLEDERG (4 B PE T ARRLRerdl B Bs b i SR S averetl of

et chi ng ( eang.NHObUANd BRON etoh ttbdacAal Hiyes)] uti on). The nano- ELO GaN
epitaxial |ayer 610 is de-bonded froma GaN tenplate 604 and a substrate

602. A debonded air gap 612 (approximately 500nn) is observed at the
interface of thWitldéhdoemedl rénioe Bhtd<Babtvesd paterabd lsaysfitcidh 18ysaradst e GaN

t | at [ 6 N -out SEM i desi t |
TP e B5bboy ol SRR L B IBSecSs AL B
optical niketwssnopy riameds O Gadl giakietiagenEitadid/ thesGale iengiaresouamy edn 700, of
the t .Of -ELO. itaxial, | ter, i I i bout
200 b solit o Pesr OBl kT e el eisoSian BN AR R4 Tt angl o
702 i ndi caetslebbdihg Btaiddd by thgi stresofieit! peodBadll dpiingira-epi t te riahe-
debolngeldci ggﬁc l.tg l. :IHI hi gﬁgl %\?g 6,3 {pgae etbchimrll gal?smrbee(zldliaé(yagsti mat gd at
about 1 QOér]r;dren ns eg)haX'?héyeétcPiaﬁé &aEPPE Sa?t ?\g‘t §: where the HF reacts

with the nanostructured patterned sacrificial layer. The etching rate can
ncentration HF is used, inst of 20%

be increased i f., F_Qradu C ,
i Froure. 7( b0 B TSPl ANass, o e D Bebb ik b réptTF mopra 200,
enl ar ged iaiegee-bbndeédgoam-F@)GaN epitaxialRagar @10 8fter) a ahdrt (de)ios lodwtetimym ¢
force mcrgQsc ( - =1y e ecti vi.eyy 802 i es.
respecti vé?? %g gLfth@:nlé\({lﬁ ?’gggo%or p/ ﬁ%&gaé\n@?rﬁt E’i&ﬁ‘é[}%‘}%@d ﬁgn -'EE'@JT@W
epi t axi al G18yede-bomgedifsort lzeGaid tavsibiate@0dramd patbstatedd2sAckebbhdddadir ey er .
Dense nan t.h rface. The di.anet of a
nanorod i %ﬁg %%Qﬁﬁé%eg%o%ﬁm%b%%ﬁ %5‘% i’a%{é?%ogﬁﬁrd&l?wglvni m whi ch
are of 13aNibsitaxid isykt §10 ard her@aN iempisie G04. Bigureltibniamopomes-at SEVe
nanost r uct rifigi Iy | S.Lpdicate hat the
de- bondi ndméggr#gbé? treg %%D;g%ﬁ%ra % gegé'%h?; ﬁ%ﬁe@é&kfbb%”@gﬁfeg&)i al layer and
the GaN tenplate, as illustrated previously in Figure 5. The nanostructures
on the |ift-of fe : : ffer [0 surface ich may
“prove the 11 qiiite P g B SRR RIGNE by Mot eBrbBad ¥l
devi ces. numeral 700, of the top surface of a nano-ELO GaN epitaxial layer after immersing in

about 20% HF solution for about 10mins. 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 10um/mins and the etching

starté. at the edge, where the HF reacts with the nanostructured patterned sacrificial

layer. The etching rate can be increased if pure HF or higher concentration HF is

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 view 802 images respectively of the surface morphology of the debonded
nano-ELO GaN epitaxial layer towards the nanostructured pétterned sacrificiél layer.
Dense nanorod arrays 804 are obsérved on the surface. The diameter of a nanorod
is approximately 60nm, and the height is approximately 100nm, which are of



Figure 9 is photol um nescence (PL) mapping i mage, designated generally as
reference nuneral 900, of a lifted-off nano-ELO GaN epitaxial |ayer on a
silicon twansfisdsubstrate. in this instance, a nano- ELECEGSN2e¢09100&%5 al

| ayer of sanple size 0.3cmx 0.5cmis bonded to the silicon transfer
substrate and followed by lift-off fod3about 5 hours. After 5 hours of

i mersion in HF solution, the nano-ELO GaN epitaxial |ayer is detached from
t he sapphire substrate. The PL mapping profile illustrates the uniformty

of the nano-ELO GaN epitaxial layer on the silicon transfer substrate. The

PL peak |nten5|t s found to have substantial L.y increas conpared to the
nanb. L0 SRR Seegaiens8ry As T4 arogpiet of e Ao G eE BRER and ()
arfe per spesdrifivial l}ay@‘\i\ghn@ﬁn@aﬂaﬁﬂﬁ&@ daalbbrsﬁﬁgusihm et thdgﬁegaﬁ@‘dh@eﬁm -ally as
ref erence S an r ively. ordin 0. anot he
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1008, nano L |tax ers 010 ant um we
T012, . andrBnoaY ARGy e tie, ey R deiey. Bh (Y e HENERHE e o
by patter ﬂé\ngasand dry etching. Figure 10b) is a perspective view of a
nano- ELO. GaN structure in which an etchant (e.g. HF solution) enters the

plurality of.photonic holes and partially rel eases the nano- ELO GaN
epi t axi al I ayeFugh%lgas bbotdmfniwmcama)(rﬁ’ti_l) mdppcr@\/lh'tage,lcﬂlésﬁgriated gmneraillyczELO GaN

epi t axi al ers 1010 e.lateral size
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di mension _qf th tical V, 16 can.be control | he hi kness of
t he nano- E%S*k%ﬁ @%l 5 a‘?ﬁrﬁ‘le% *89%?& IGQy st subStiate anflﬁfgllogr%eoc{ Al f& ﬁg

advant ageausdtys fouvs. defterns phaune afddedergionfin HGHFTEmﬁuthDJ’ thmeamq&EL@aGaNaw ty
1016 due to. d| tributed Bra reflectio 018

advant age88§ %ﬂ?\‘ﬁﬂ 'aeget? e%egf’m a1 ° Sﬁr% U%E%%t?l #ﬁﬁe lt%%fjp égﬂml °nt er nal
ref | ecti onflustrdtds Gapaifcechity of tied nagwoe&lL@tGarrg epitedal rtmyaansmsmlsmtorctrarhsférayer s or
PEC lift off t hods,,, t he terial .for.the att ci.al yer in
exanpl e eﬁﬂ%%{éﬁee% l?:laﬁ)eﬁlé['n% %Sétéﬁs B%Egé" ﬁv ?H‘?sﬁ?'ﬁﬁ% '%ﬁéaoss r?ﬁ‘ f’g!(':?%qual ity
whi ch can ipthe\nade-BLIG Gablsspitediadleyerdefqe fift offmance, for exanpl e, better

out put power for |aser devices. Al ternatively, an optical cavity may

be fabricated in the formof an undercut disk using the nethod in
accordance with an enbodi rrent of the.present invention, where the wet etch

Of e, PRt Sl el BAEL ) Bl BN LoMRESLASRLE B RIS ETRgecoe of
et chi ng. designatedj rgehhmllataswefeemmep’nmaalbdl@ﬁmgOmeesmctlwmtacmbrdm"@n be
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process. erspec R Se]
i ft-off ra0p-E£GANGaMpidie t:lOml,ranamshgumemttgmr@chﬂclaisbayeeﬂ@@&maeo-nurrer al s

1100 and pegti.vel ord t e di ment
of the prﬁ‘%éﬁﬁ&@ﬁ?’f% Iay%rénf)(ﬁb%i ng{hggé?%g%\tﬁ'?gt%%ﬁ%g& m@aﬁ@‘?e H?a e 1104,
a nanostr Lpnlralltyedaf gmotmmedlesa(erg ﬂDd:4)aha’l ayee forh@085.gahyl patteramg- Etgod@aN

epi t axi al r 110 o n

i Ir[:venti on, t% ﬁléﬁ%% Ph)nF é% g%én'?ép%e saﬁgg)of BECF&N g{m&n%'g%?c‘% % n the

f orm of n@t&mnk(sa afHE solufien) entezs the p!smlxtylaignhptmntd"imiémammmrbailyoﬁiedsés‘ raction

Tt 09S Qe hi-SH0|G9T Bt Tl b b8 HerRaB B BLIHCIER, elhahich an

enbodi rnanthe PAE- gs can provi a es in
m cr o- opt iE& Galsdpdtamial layers 10103, b. in this embodiment, the \atera\ size of the optical .

cavity 1016 can be controlled by controlling the etching time and the thickness of the
patterned sacrificial layer 1008, and the vertical dimension of the optical cavity 1016
can be controlied 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.



Figure 11(a) is a cross-sectional view of the nano-ELO GaN epitaxial |ayer
1110 prior to lifting-off fromthe substrate 1102 and GaN tenpl ate 1104.

Fi gure 1IWb)0iosan3er oss-secti onal view of the nano- ELO @aNsSepiwardas | ayer
1210 that has been lifted off fromthe substrate 1102 and GaN tenpl ate
1104. To denonstrate the possibi4ity to scale up to larger wafer
size (e.qg. future 3" wafer) and reduce the total |ift-off tinme in different
enbodi nents, the wafer is etched in deep trenches to formnesas. Wth
reference to Figure 12(a), in one enbodi nent, each nesa 1252 on the wafer
1250 conprises_a structure.as e.g. described above with reference to Figure
TCay. e ORERaAII LHEY B4R e iuri SRl S B A B o506 dhmes s
1r2rt5)2dare f maieed ﬂoythfsg)atgarmitdua@gicﬁm?beﬁw Btmﬁm&ah%enlfé cBh @aib@@sérm one
enbodi ment,_ Fqor exanmpl.e, the width of 1he trench can rom apout, 2pmto
about 100pl?ﬁ85§d°q hﬁ'éﬁ'g'é'ﬂg rgrbpp{l“rﬂgepr%%lfy WQWF‘b“ear\‘ PEMdn s SR d8YiFRice to

t he sacri fperfoahahay ér edappiedbetter@utdul powartpt laséiicvicaess, for exanple, it
can be about 8pm. The actual lift-off time can thus be greatly reduced to
about 20m ns in one exanple. Therefore, as device size in e.g. the LED and
transi stor i ndusltenyativelpt amweticdl cavigd e ,beafabriddiets iMiefofte \6f GaSurRFUP e
formed on sinal e fer, and in ticular. if larger wafers are used in
t he futurec,ﬂgfﬂgﬁ%@%nfnﬁg%fjd? @cg%rgap%ee%glﬁ G Hgpacirnent ‘?%itﬂ? pﬁ?ﬁenhfnl"@%{,oé‘d by the
waf er si zewhdre tesvebbiarofde phtiermel esaetifickdl ayes uadémeath thbat@tgroftheach
nmesa 1252, _i. e ro trenches e.q. .1254,. where the HE reacts wth the
Si 02. The %Cigce h?fn%'eccg%ﬁ ?ﬁ%&&%wgdge%héorg@at@w £ S8 0¥ RRLETIND BB Gt i cal
fringes areichingri ght contrast between the undercut regi on and non-under cut
regi ons were observed. Using in situ optical mcroscopy, the lateral etch
rate was estimated to be about 15pmimn for lifting off an about 300pnx300

pm mesa area i nndhe abrenpkamplansmibduimartio ubet®) Gonk30&arpbe residvaRaud eind
conpl et el Ye. Figures 12(b) and (c) are

[ f within 2 .Ut es.
schemati c c4"ogsettstgg%@E"ﬁ%%‘ﬁgtﬁ{&ggg%d%m8¥'°'§ f & PPFISE: of f nano- ELO GaN
structure, designated generally as reference nunerals 1200 and 1201
respectively, r di to.s an_enbodi nent of the present | tion. The
ool iy Solt oaaged el A 8?@@%&’80’/%‘%‘1{%5&%#'8??%?@0%@?%‘% 1202,
a GaN t enpiteuctird, 2B4ignated sgevstally Gisurséatenet henered SHCOr aid ¢16d rdspyétvely208 and
a nano- EL -enj t axi.al hat . a bonded .t o silicon substrate
1214 usi ngd C?g@kﬁﬂfﬁék%sr aﬁ%ﬁ%g%eéé E@gwrfe&} Of ﬁ"ﬁEVS??ng '@é?@ﬁorﬁ'e%oéppfﬁm Fray
conpri se esubstratet 08, asSaN demdleser il Dtk aboostrusiutdd pattenencacrifieiaFiagere 1(d).
Fi gure 12( I S S= [ Vi ew of no-.ELO.GaN epi.t axial nesas
1210 pri orﬁ%Oca)’ ?p?@ﬂg&?%ﬁﬁa&@@#@%qug?p(jﬁ(gelag@ﬁ agﬁ@a&ﬂepﬁﬁgpﬁn&o 204.
Fi gure 12(thg rrsseat inveskors dio¢ inanastruciured ehitéined raniddl Cay@aN 10pi it diitikd nmesas
1210 afterg Lifting-off - from.the tr.ate . an N.t enpl.ate 1204.
An exanpl efc’{odr1 fgi}t‘%}gg&g%%{"ﬁ%}g%%ﬁ %@%H@Eh&%ﬁélogcoggﬁ?ﬁ'ﬁnﬁat@%&ﬂi Ments of
t he pr esersuriany ehtheoliftedtdfl narmAEL@ siesture. de duchiah remisddimentc ¢het difffzicgions € 1d) ,
after for i : i I K r, (¢ are 110 in Figure 19d), an
| nGaN l\/[:l/\iénaar %@érc%gﬁ%\}g(et grﬁ%g%gﬁ*n'%i%%g%&a{ %P’eS?eﬁ%saN | ayer, followed by a
p- GaN | ayer. Next, a back contact/mrror structure is deposited, and bonded

to a transfer r Usj . Th ulti tructure i s then
subj ected to t ﬁﬁegﬁ%fﬁt(%f 'g Sépp%c?g% S&g"g’ég‘r"ﬁYvnﬁ tbg%gﬂ%ﬁi‘l% SSRYEXEL BYBF esent
i nvent i on.1110@rior to lifting-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

lifted off from the substrate 1102 and GaN template 1104.

To demonstrate the possibility to scale up to larger wafer size (é.g. future 3”
wafer) and reduce the total lifi-off time in different embodiments, the wafer is etched
in deep trenches to form mesas. With reference to Figure 12(a), in one embodiment,
each mesa 1252 on the wafer 1250 comprises a structure as e.g‘. Advescribed above
with reference to Figure 1(d). The trenches e.g. 1254 to define the e.g. about
300pmx300um mesas 1252 are formed by using Induced Coupled Plasma (ICP)



Figure 13a) is a cross-sectional schematic diagramof a vertical GN LED
devi ce, designated generally as reference nuneral 1300, after lift-off. The
devi ce i woRow/sxBpl e conprises a copper (transfer) sulPSTIS&R@INBBRS a
silver epoxy bonding | ayer 1304, a back-contact 1305, a mrror |ayer 1306,

a p-GN | ayer 1308, an InGaN MM¢ | aydf 1310, and a n-GaN |l ayer 1312. An
n-metal contact 1314 is disposed on the n-GaN | ayer 1312 (after lift-off).
Material s for the back-contact 1305 can include, but are not limted to a
Ni /Au bilayer. Materials for the mrror layer 1306 can include, but are not

limted to JTi/Al, ay ¢ r | ue
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enabl e t hgnxf ﬁ ggatl on of high-efficiency and hi gh power optoel ectronic

i ncl udi ng emtting diodes, |aser diodes, or H gh Electron Mbility
Transi stors (HENrI's) on a |l arge scal e. 17 The net hod according to
enbodi nment s of i QV, I I f oup
[11-V nitride b U?ecfo{%ﬁﬁgﬁ% {’rag%%%ﬁﬁggﬁ%@gé%&%n#s&%réﬁs g Se‘ﬁ l@l (?(’:Ies and
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recycl ed. ra | i 4f f _ [11-V
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i nvent i onGait epn(ax)al pmsaerlaéa tb@tcarefhoodaqi tq a\sdicomstiestiaie 421 hasingenoke

sel ectively Re L 16 ap &
nanostructérée pat ehrg%'g éogg'r i ? ﬁ"fe%?g?rz ena &%bﬁy}?easeﬁ?t&%egsb Adi ng of
a nano- ELOe&riveg abbye Withireferanse|tayregura (d) hieighnet ‘eﬂ(a)ale@ epsesedtionmvisw of a
patterned of ﬁ'%rﬂgn'ogéL% Glaﬁly&{itaxial mesas 1210 prior to lifting-off from the substrate 1202

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

epitaxial mesas 1210 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 Figtlre 1d), after
formation of a n-GaN epitaxial layer (compare 110 in Figure 19d), an InGaN MQWs
layer is next formed on top of the n-GaN layer, followed by a p-GaN layer. Next, a -
back contact/mirror structure is deposited, and bonded 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,



It will be appreciated by a person skilled in the art that nunerous
variations and/or nodifications nay be made to the present invention as
shown i n wheosvisediinent s wi t hout departing froma spiri PCOSGa0ME0435 t he

i nvention as broadly described. The enbodi nents are, therefore, to be
considered in all respects to be i lust®ative and not restrictive.

For exanple, the invention is not limted to the material systens descri bed
in the above exanpl e enbodi nents. The present invention can apply nore
generally to materials that can be grown on a patterned sacrificial |ayer
by nano-epitaxial |ateral overgrowh such that an epitaxial |ayer is forned
above an internediate | ayer conprising the patterned sacrificial |ayer and
the material; drigureel3=gtis aetrpsesediiong sdhenmadic tdiagnad of acwerticali @aN [LaBer such

that th ' lyalk: ' ' | bstrate.
et e Sl alolehsatl f RasoBat el s SRR TANREE RS [ 2,
t 0 separ atthistéxampd cemprides| ageppdr dtigmnaier) wubsira@rn802,cd silver €pox)c bomdisg f or
lift-off f ‘ i f tiall
el casi ng S eabRS ARGt 1285, St Rt 105 L eR Bler 08 “F Il 105 ¥
conpri si nd1QW¢s leyerp316f and a n-Galdtayien §3 2. fat n-eretad dostact 1314d$ dispbsadeon on t he
bstrat . ' L al |
covered by ¢ e 1312 HRE IR, WhatBRL il bEGBELRESk: 3306 BAY WcloeY | ¢ e
pat t er ned hare notdinzited tapavi/Ay bifryan Maietialx farlthe aireardayepv8pg canvittiwiech t hat

t he epi ta@@%ﬁ fﬁ‘@,ﬁ%“{eaﬁg ?ivﬂ?grnﬂ%\;tﬁ‘g%i nternedi ate | ayer conprising the

patterned sa cla ayer terial; and sel ectively etching
the patterned sacrificial |ayer such that the epitaxial layer is at |east

partiall'y rel eagggef [ hBRs HOHiITAERtro luminescence (EL) emission measured

from a fabricated example device according to Figure 13a).

Figure’ 14 is a flow-chart, desighated generally as 'referenbe numeral 1400,
illustrating a method of at least pértially releasing an epiiaxial layer of a material from
‘a substrate, according to 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 partially covered by the sacrificial layer. At step 1404, the
epitaxial layer is grown on the patternéd sacrificial layer by nano-epitaxial lateral
overgrowth such that the epifaxial 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. -

Embodifnénts of the present invention provide a method of lifting-off Group 1l
-V Nitride based epitaxial layers, which is advantageously simple in design, enables
aqcurate control, 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 -advantageously enable the production of Group IlIi-V nitride epiiayeré, in
particular GaN épilayers, with a high crystal quality and low defect 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 EIectro’AnJ
Mobility Transistors (HEMTSs) on a large scale.



2. The nethod as clainmed in claiml1, wherein the patterned sacrificial

| ayer is selectively etched such that the epitaxial |ayer debonds fromthe
t enpl at e wayero/dsor31l i ft-off. 3. The nethod as cl ai med PATESIGAVN0B43her ei n
the epitaxial |ayer debonds at an interface between the tenplate | ayer and
nano-structures of said material forngf on the tenplate |ayer as part of
the nano-epitaxial gromh of the epitaxial layer. 4. The nethod as clai ned
in claiml, wherein the patterned sacrificial l|ayer is selectively etched
such that the epitaxial layer is undercut or such that a cavity is forned

underneath t epi taxial |ayer. e d l.al ned i e of the
precedi ng cl al '?‘ef}()r?érae‘i‘:ﬂmﬁ'?(%{"sﬁ%‘g’f’ ?‘%@t{g@% %rggergc 'E\éér@ﬂgtcgnﬁga%%rggf or

pr onot i ngudddetontiffto’ phioailHtV oitedey bavtd optoglechric mEvived, s lighaiemitdingn any
one of th recedin | ai s rein , ' [.al |ayer
conpr 1 seo eS8 4Pr SlgReT s o7 HaBieR, falefor tASTHARL Bl HHeal ScRBL AT

quat er nar lyealdissipatiory andibettaretystad qaslite fatinighdodwer ckagan 6, wherei n the G oup
[11-V nitride conprises one or nore of. a group consisting of al um.num
nitride (AIN), galliumnitride (GN), indiumnitride (InN), alum num

gal I i um ni t ri dEmpAtiGeN)s afrtte ipneienhinganticnuatsn poviddea (iethi@adNyhich d@es Bt The

met hod as_cl ai med in f r ' i . i S rate
conpri Sesd%rH%gegﬁh%Dsreggr%eag sa%%ﬁaé@cgﬁ\gﬁt r?gg@f %qhﬁgghg(%bﬁ}&g i1 ?gn

car bi de (@ic@ledind sapphire.

Characteristics of the method of lifting-off Group [I-V Nitride based epitaxial
layers, according to embodiments of the present invention, are (i) patterned sacrificial
layer materials that can be selectively removed by wet chemicals (e.g. HF solution)
and (ii) a nanostructured patterned sacrificial layer enabling the self de-bonding of a
nano-ELO Group IlI-V Nitride layer at the interface after removal of a patterhed

sacrificial layer.

1t will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the preseht invention as shown in the
embodiments without depar’iing from a spirit or scope of the invention’.as broadly
described. The embodiments are, theréfore, to be considered in all respects to be

illustrative and not restrictive.

For example, the invention is not limited to the material systems described in
the above example embodimenits. The present invention can apply more generally to
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 patterned éacrificiai fayer and the material; and selectively eiching the
patterned sacrificial layer such that the epitaxial layer is at least partially released
from the substrate. In some embodiments, the mechanical force at the interface can
be exploited to separate the epitaxial layer leaving with nano-column structures for
lift-off from the substrate. 7



9. The nethod as clainmed in any of the preceding clains, wherein the
tenplate layer is formed by a nethod conprising one or nore of a group
consi sti nyoabiomse .l - or gani ¢ chem cal vapor deposition (ROTSGROIsO4ET Ul ar
beam epi taxy (MBE) or hydride vapour phase epitaxy (HVPE). 10. The net hod
as clainmed in any of the preceding cldfms, wherein the patterned
sacrificial layer is fornmed by a nethod conprising one or nore of a group
consi sting of plasma enhanced chem cal vapor deposition (PECVD), sputtering
or spin-on glass. 11. The nethod as clained in any of the preceding

cl ai s, mQﬁf h@;the patterned sacrificial |ayer conprises one or nore of a
group consisting of silicon dioxide (Si02), silicon nitride (Si3N4), and
titanium oxide (1-102). 12. The nmethod as clained in any of the preceding

I | . hod
I L
(NI'L), useubstratedios med:l”lcml comprisingdiké diepg BAO) as an etch nmask, el ectron beam
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of the precedin noepi t axr al tera overgrowh is
formed by partiady hwsedmpdlpsartrajjyou\ear@i byrﬁnleesaolﬁflcwlﬁﬁyeup consi sting of

tal - i t
(VEE) or “yar PIAE 6%, o0 IARRRR ho PRpblr B SRY D nehGUBERE Y |
any of théatpnaécwgn@gvﬂc sachmthat ecenitaxialtiayer patormed abowaanr inféroiediatd ayer
conpri ses @H@ IHF\@C eeéﬁat@rn%’d’é&%ﬂc@l%;%h%d §5'Ej'n9é:tenallaﬁ1d The nethod as clai med

in any o onprising, prior to etching the
patter ned sac s%léc’tOIBb/I etb!amg the beﬁternﬂgsaqnéﬂehlesen such ligat Sl spitaxdad latyer tef i ne

20 at least partially released from the substrate.

2. The method as claimed in claim 1, wherein the patterned sacrificial layer is
selectively etched such that the ebitaxial layer debonds from the template layer for
lift-off.

3.  The method as claimed in claim 2, wherein the epitaxial layer debonds 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.

4. The method as claimed in claim 1, wherein the patterned sacrificial layer is
selectively etched such that the epitaxial layer is undercut or such that a cavity is
formed underneath the epitaxial layer. '

5. The method as claimed in any one of the preceding claims, wherein the
substrate comprises a template layer for promoting the non-epitaxial overgrowth.

. 8.  The method as claimed in any one of the preceding claims, wherein the .
template layer and epitaxial layer comprises a Group -V nitride; or a Group liI-V
nitride ternary or quaternary alloy.

7.  The method as claimed in claim 8, wherein the Group -V nitride comprises
one or more of.a group consistin-g of aluminum nftride (AIN), gallium nitride (GaN),
indium nitride (lnN),'aluminum gallium nitride (AlGaN) and indium gallium nitride
(InGaN). '



mesa structures on the substrate, whereby etching of the patterned
sacrificial layer in the regions of the nmesa structures is facilitated.

16. The meohoo/m@Esi3el ai med in any of the precedi ng cl ai neCTsiGRoMIN4BHe St ep
of formng the patterned sacrificial |ayer conprises selecting a pattern
based on desired optical characteristi of the lift-off epitaxial |ayer.
17. The nmethod as clainmed in claim 16, wherein the pattern is selected to
i ncrease a surface roughness of the lift- off epitaxial layer. 18. The
met hod as clainmed in claim16, wherein the pattern is selected to provide a
diffraction grating on a surface of the lift-off epitaxial layer. 19. A
device conprising an epitaxial layer at |east partially rel eased using a
met hod as &l aiTirednéthodiay daimedfin Bhy op tlecpceding crims. whe2éin thbeubsvitee as

cl ai med i rl\‘;bog,%lq%:s% 4% of RIRL bd BB eohERkiR Ef“s‘ﬂ?c%‘?Si),asilkc%%ecfaré?&é’?'gc?Emé‘ H gh

El ectron ansi st or .
sapphire.

9. The method as claimed in any of the preceding claims, wherein the template
layer is formed by a method comprising one or more of a group consisting of metal-
“organic chemical vapor deposition (MOCVD), moiecular beam epitaxy (MBE) or
hydride vapour phase epitaxy (HVPE).

10. 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
of - plasma enhanced chemical vapor deposition (PECVD), sputtering or spin-on
glass. ' '

11. 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 (Si0y),
silicon nitride (SisNy), and titanium oxide (TiOy).

12. The method as claimed in any of the preceding claims, wherein the pa;tterned
sacrificial layer is patterned by a method comprising one or more of a group
consisting of nanoimprint lithograpghy (NIL), use of anodized aluminum oxide (AAQ)
as an eich mask, electron beam lithography and interference lithography.

13. The method as claimed in any of the preceding claimé, wherein the nano-
epitaxial [ateral overgrowth is formed by a method comprising one or more of a group
consisting of metal-organic chemical vapor deposition)(MOCVD), molecular beam

epitaxy (MBE) or hydride vapour phase epitaxy (HYPE).

14. The method as claimed in any of the preceding claims, wherein the patterned
sacrificial layer comprises a plurality of pores, dots or strips.

15. The method as claimed in any of the preceding claims, further cdmprising‘, prior
to etching the patterned sacrificial layer, forming trenches in the substrate to define
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mesa structures on the substrate, whereby etching of the patterned sacrificial fayer in

the regions of the mesa structures is facilitated.

16. The method as claimed in any of the preceding claims, wherein the step of
forming the patterned sacrificial layer comprises selecting a pattern based on desired
optical characteristics of the lift-off epitaxial layer.

17. The method as claimed in claim 16, wherein the pattern is selected to increase
a surface roughness of the lift- off epitaxial layer.

18. ~ The method as claimed in claim 16, wherein the pattern is selected t6 provide

a diffraction grating on a surface of the lift-off epitaxial layer.

19. A device comprising an epitaxial layer at least partially released &sing a
method as claimed in any one of the preceding claims.

20. The device .as claimed in claim 19, comprising an LED structure, a Laser
Diode or a High Electron Mobility Transistor. .



