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GaN SAPPHI RE FOR FORM NG LASER M RROR FACETS 5 This invention relates to
the fabri on of GaN-based | aser devices. In particular, the invention
rel ates t@lﬂfﬁﬂ(m’m f forming mrror facets in such | aser devices.
Backgr ou ention 10 Laser diodes based on netallic nitrides,
such as GaN amisget her G oup 111V sem -conductors are of great commerci al

interes es have a wi de range of uses and potential uses for
vi si bl e ||m nl appl METHOESORSCLEAVIRG GaN/SABPHIRESI ty data storage
syst ens. such | aser diodes operate in the blue region of the

optical spe¥Pdm 15 ThespORRFORMINGTASER MmeRI#Acisw'cat ed by
depositing, on a sapphire substrate, a number of [ayers of GaN- based

sem -conductors. C-plane and Aplane are the primary orientations enpl oyed
for the sapphire substrates in the manufacture of such diodes. In order to

generate anﬁé&ﬁH&‘@ rtpe!dam SSI on in a sem -conductor device 20 such as a

| aser diod ptical facets are required to enclose and reflect
the lighg on the f a

r esonat otr) bet wee-rll-htg(rjll ‘%@Eﬁ r‘elat%zﬁgos eH tbgt‘é gi'(%ﬁ bf]?gnaﬂ %r?ss I[a;i"rs éPgé\g% Ir} t he
end of the Ipastisularathd nveiition felatesdo @ method m:fafbrmlngrmﬂctwdadﬁe‘tsain pueh tdseng
or, as is preferred, by cleaving the 25 sapphire substrate and GaN | ayers.
I'n order to%¥I8cl eaved facets in | aser di odes, snmooth and vertical cleave
pl anes are required in the region where the optlcal nodes are cont ai ned.
This region is usually limted to the epitaxial |layers. To form facets that
are both smpoth and verti cal cross the epitaxial |ayers, the crystal
structure o I fod OPhe epitaxial |ayers nust have vertical 30
pl anes. 2 ldeally, the cleavage occurs along the cr stal planes of the

GaN | ay@Qs | eavi rﬁ@%ﬁg@gﬁsfbéé@@§ntm§§a“53r@tr5@3p§H@? 881GaN apdotherferap lllon of
i ght propag,agé Pcé d(g(?r tﬂ'éedggréﬁ Infthbioi Itlﬁfe % e@.@ dlédéscﬁ%)édﬁésd by

cutting the ba sapp re su str e sli whi ch
does not havangehef me; arg potential nses foneisitala JighTand Lbbapplmg:tloas gsivezlbdd y

effected by_.a dicin a r .a scribe to rm el ongat.ed gr.oqves in. the
capphi re subgingt SeeREdaRBrA I obSe 1gPEST LR ASBRUOHES CPEmIa L
points. It iiSe BRie R@N bftheldptiksl spadkiiiie. I n order to achieve cleaving, it
is 10 generally necessary to thin the sapphire substrate down to about 100

pm (fromgabout 35@@@9%5&9&0&9}3&% t?b%é"@%r}@aléd B¢ dBpssifih Warsﬁﬁtdhﬁe' n a

better product if the cl eavage ane o e sapphire subs rate ches the

cl eavage (cmybstaate, plmm&er&fqamseéﬁal\&pesed sm?eductbcﬁ oteplane Bhdg\thﬁ
Cor Cat s gny - Pl freE e et &byt forn8 sepBnfe sbSifedes iR 418 of ¢ ne

GaN | ayers. nidveufactysd afsm)dramedeg_f the GaN | ayers are generally not well
aligned with the crystal planes of the sapphire. As noted above, upon

cl eavi ng, the fadebrddr tbyenerdistamncinductive dmissioh ipragemi-ygordugdoedeved h t he
facet of the GaN | ayers. In order to overcone these problens, additional,

ti me- coAQuniSHEh 8¢ Sefﬂeﬁene@a'rtqf %C@H@eﬂtwaﬁqwﬁ«;d fnenelase apd seflecthi ng
of the faceyss ihit S S SPBnge 'Wﬁ bptéfegfanWtBrfBFrﬁ f@%BﬁQtoFfom such

cl eaved facets the appli Ion ectrvity coatings has been
used. Al so, betvyemthaia\getaet hods have been utilised, such as reactive ion
etching (RIE) and reactive ion beametching (R BE). These net hods have been
used to snoot h t Adekadadats (or mirrors) are formed at the end of the laser cavity. The

facets are typically created by dry etching or, as is preferred, by cleaving the

25 sapphire substrate and GaN layers. In order to form cleaved facets in laser
diodes, smooth and vertical cleave planes are required in the region where the
optical modes are contained. This region is usually limited to the epitaxial layers.
To form facets that are both smooth and vertical across the epitaxial layers, the
crystal structure of the substrate and the epitaxial layers must have vertical

30 planes.



"25 without having to resort to nechanical polishing. However, these etching
processes have proven to be time-consumng and difficult to perform Due to
greater ease of manufacture and the formation of anisotropic facets,
cleaved laser mrrors are preferred to the dry etched facets. Additionally,
cl eaved facets do not require any dry etching for mrror formation. 30
Laser diodes relying on cleaved or etchedGaN air facets are quite

sensitive to external optical feedback. One significant problem of formng
light 3 refl ecﬂqieﬁlkyythea@eav,ag%oews.adﬂoqmcmta{/alanﬁamm GehNayats 400

Fur i hor. decy e SR elq 8P bl peAERARUAF (il JrELAGT HPARE Phadir B

chemical |y & tHeeldsénser facets and cl eaved facets). It has been found that
facet surface roughness of about 20 nm5 can reduce the reflection of the

| aser node by an Gémauy}fthérawaMngde aceompaehé@bglcuttmethedmckm oﬁﬂn@e on
GaAs/ | nP substrat es are | argely fabrjcated by cleavi n

t he easedof S@PREIE /Y %traiﬁdthaﬁés \XEQ’IS'%WWRB@O&SM"@?VB lu)[a}’ffﬁ

1=:10 ﬁ@ﬂﬁﬂ@
I[aser ]r)esongﬂt]%rrebﬁz\lj his dlﬁo@eggdr%he?%“yzgf?\é 86 EX%&% Tl cuP{ thsgh ﬁg%t y
cl eave GaN- M@htexpgrmssndine sapiire wlmltﬂer ihesrdugtmlméhesmgrdwesalgm‘l

pl ane of th hllre nera}ly does not coincide with the cl eavage pl ane
of the GaN I C%@%PWB Y, this invention is directed towards an

| mpr oved rrethod f. cl aV|n Cia ﬁ a s trate such as sapphire. 15
Sunmary of the. i 18R GRSALL ERAVR SHPRRIEE |1 ofterd aehieys e iBht | on,
there i r f f

havi ng 208 %?P?%?'f“é%%@“} 1§ thinRE SBPIRY sBSH AR i) E’r’ﬁ'%%&u}%’n“@*ﬁ"rﬁfv' °

surface of tabout 858408t um). sAlsa, aleaiage 2l be chsigr agdtraeult ol & bettagprodeishif
rooves,intao.a second surtace of trate gr ooves

bei ng T al TOABRVSNE Pl e SEPRNLR U5 PEE Patcbds 4B SRaVARE (o TBleDLy ng

sai d subst r lghed 6k tﬁ@l@hmayewSHoW@%&d&f@@saﬂtm@m %%vabqag with € dieihgi cal
pl anes; wherein said cutting is effected bé(ra | aser am from an ext er nal

| aser sour c8aWPlesaEibes itispep diffjeibioameict @r atianbthesclpavagesplane of the
sapphi r ?5' S sBﬁbHr& ‘éhﬁéﬂré{te%ﬂ‘f fHat 8f]the GaN layers. The crystal planes of the GaN

layers are generally not well aligned with the crystal planes of the sapphire. As
noted above, upon cleaving, the facet of the substrate may not be properly
aligned with the facet of the GaN layers. In order to overcome these problems,
additional, time-consuming steps often need to be taken which may include

20 polishing of the facets.

In order to improve the quality of mirrors formed from such cleaved facets,
the application of high reflectivity coatings has been used. Also, dry etching
methods have been utilised, such as reactive ion etching (RIE) and reactive ion
beam etching (RIBE). These methods have been used to smooth the facets

25 without having to resort to mechanical polishing. However, these etching
processes have proven to be time-consuming and difficult to perform.

Due to greater ease of manufacture and the formation of anisotropic
facets, cleaved laser mirrors are preferred to the dry etched facets. Additionally,
cleaved facets do not require any dry etching for mirror formation.

30 Laser diodes relying on cleaved or etched GaN/air facets are quite
sensitive to external optical feedback. One significant problem of forming light



"4 The vertical planes of the substrate are preferably sel ected fromone or
nore of the mplanes (1100) and the a-planes (1120). The a-planes (1120)
are particularly preferred. The thickness of the substrate is generally

| ess than about 400 Nmor, 5 preferably, between about 350 pm and about 400
Nm The |inear grooves are typically cut to a depth of from about 40 pmto
about 100 Nm It is particularly preferréﬁ that the grooves are cut to a

dept h of between about 50 pm and about 80 pm The deBth of the linear
grooves mayraflecivht fageisds thy l%r@fra@waumzemstabl (ot 468 sunpafhisdeasissto a

poam 1 ScanaBiie iy a3 b BRRe e Mhismr 87 Rk breabelly o8 5,  «

scanned oveintéfack @ugbress (Whibkis typicse o dpasteeaically etoheddhser facetsrdridoul at ed
to affect the depth of the grooves. The | aser beam nmay be focused on the

second sur f ﬁ'@éV%I’ fagets)s db§@$ heen foung that facet sudace r@-igﬁﬂ%&oi@bﬁlﬂ 20n80 Nm
at 1le2 Sjenééﬁ Yedl{ Gha\réf Emp&"{ﬁé Ié’gerwcf%éeﬁf%h d}ag%f ﬁﬁagﬁﬁ { gL abl y about

1.4W Typically, repetitiron rate o aser beam | rom about 2 kHz

0,200t 9 P B 5, RSP AU BBl AT

second sur f fabeicafect H»,ecleabmgrmemoag aningnorthereasé df lctm/mgwalongelne ellhel p

e Al e T D o ™
desired depgihoofh féc%%r%la@@%@ﬁ%@or]% v%&fe’?ﬁgcgﬂ b}e%q' Fﬁéult(ﬂg hat

upper) surtace of the substrate (as rrentlo ove) erre
a pl ur a0 t yneathyGitabe &aiN-RBséd gpilayens @nf&ﬂppbﬂe@mbﬁtt&t@ahﬂﬂause teeibst r at e.

The plurality of GaN ba | ayers may incl ude N ers. These
o based | bafaosBngcotiBe sathEe BEMelly RS not colbid® Wik e cledksod: o

t echni ques. Eﬂb%@ﬁ@@al\l fyyérsspem fication, unless the cont ext reqw res

ot herw se, ? he word "conprise" or variations such as "conprises" or

"conprising”, w hbchringly, tREaAERRM |§Qhr'e6’£§d/toW&?dé BAliMPrARhethadf &t ed

el ement, integer or step, or group of
cleaving GaN layers on a substrate such as sapphire.

15

Summary of the invention

According to a first aspect of this invention, there is provided a method of
fabricating a cleaved facet of a laser device having a substrate and at least one
GaN-based layer formed upon a first surface of the substrate, said method

20 including the following steps:

o cutting linear grooves into a second surface of the substrate, said
grooves being in alignment with vertical planes of said substrate;
and

. cleaving said substrate and said at least one GaN-based layer

25 along said vertical planes;

wherein said cutting is effected by a laser beam from an external laser

source.

The substrate is generally formed of sapphire. C-plane sapphire is
particularly preferred.



"5 elenents, integers or steps, but not the exclusion of any other elenent,
I nteger or step, or group of elenents, integers or steps. Any discussion of
docunents, acts, materials, devices, articles or the |ike, which has been
included in the present specification, is solely for the purpose of 5
providing a context for the present invention. It is not to be taken as an
adm ssion that any or all of these mat t er's formpart of the prior art base
or were common general know edge in the field relevant to the present
invention as it dheyedicahptanes affiee subsirate\araqrefesably selectedhiramodne ar s

inder ot ood, M8 o §E-bARes (VO REMe 4 BRG0P THE Moot | T700Are e

descri bed wphhicukirgrgreterdd the fol l owi ng drawi ngs and exanpl es. Bri ef
description of the drawings Fig 1 (a) is an optical mcrograph of sapphire

facets formed acThedhieBnéss of the substrate isdyereball)i leestharf abdwet 408 mcbrof thi s
I nventi on. Fle% %a(;)ﬁb) Is an AFM m crograph of Region A of the sapphire facet
erably,

shown i P Fi §F betyean gbput 35Q Ampandl aberbdPAPM. of Regi on B of the
sapphire facet shown in Fig 1 (a). 20 Figs 2(6}{q and 2(b) are&raphs showi ng
the nicro-PL spedhedineabaioones are byicalytGubtap dapth ek iropuabautdisumrtoa | aser

Tnvent i on. BPOR MEth AR Rell BréishEd AU MRlhef ot AR P P e
surface of bbtvespathoutestumdsaricalbsutd0 pmser structures fornmed according to
a preferred 25 enbodi nent of the nmethod of this invention. Fig 3(c) is a

graph show ng RaTha depétof theflinear grdcesrmaybercontrolie® byaasgng hurrereudst r at e
of a laser structure formed according to aaé){eferred enbodi nent of the

met hod Bt RIACEsHPaReMEHers indugng thg g)temg'ty dhapaserihaamdhespard S uhich

froma cl eaypdiak80H88mAak sBanned over the grooves and the number of times the laser
beam is scanned over said grooves. Other process parameters can also be
manipulated to affect the depth of the grooves.

The laser beam may be focused on the second surface of the substrate
15 within a radius of from 20 um to 30 ym at 1/e? density. The average power of the
laser beam is preferably about 1.4W. Typically, the repetition rate of the laser
beam is from about 2 kHz to about 5 kHz. It is preferred that the pulse width of

the laser beam is from about 5 ns to about 30 ns.

The laser beam may be scanned over the second surface of the substrate
20 any number of times in order to help achieve grooves of the desired depth. It
has been found that 2 to 12 scans at a velocity of about 1 mm/sec is generally
suitable to achieve the desired depth.

At least one GaN-based layer is formed on the first (ie. upper) surface of
the substrate (as mentioned above). It is preferred that a plurality of GaN-based
25 layers are formed on the sapphire substrate. The plurality of GaN-based layers
may include GaN/InGaN/AlGaN layers. These GaN-based layers may be
formed using epitaxial lateral overgrowth (ELOG) techniques.

Throughout this specification, unless the context requires otherwise, the
word “comprise” or variations such as “comprises” or “comprising”, will be
30 understood to imply the inclusion of a stated element, integer or step, or group of



" sapphire substrate of a laser structure fornmed according to a preferred
enbodi nent of the nethod of this invention. Fig 4(a) is a graph show ng
Ranman spectra froma cl eaved ELOG region 5 4 pm above the sapphire
substrate in the x(..)x geonetry, in a laser structure forned according to
a preferred enbodi nent of the nethod of this invention. Fig 4(b) is a graph
showi ng Ranman spectra froma cl eaved EL regi on 4 pm above the sapphire
substrate in the x(zz)x geonetry, in a laser structure forned according to

a prﬁf eL r edelentis Hetagess of ﬁf@pﬁebub@ptdhemp&ISiQﬁ\/@frﬂnyowthenelem?tmotqgfrs a
W \Y i 8 N \Y;

2uop o soBERBREPOTREEH doeHR RERRGFURES 270 U 2 Tor g

ey 15”3 o aon” AR SRR Yol Rertd k35 SRR, BhvibBbrar KR T A8 ©

above the sappih iids 561 inchided in the redent sedifioamdr, s sblelyafor 85 puploseaifur e
15 forned according to a preferred enbodi nent of the nmethod of this

i nventi ch. PiQyidipgp Gontextdorthe presentigvestiam 1§ foeetita betgken asiahved ELOG

| aer st r ucRuft G 2k anGp Al cf (P IRLES tof Bt S el st Bacd or Wi o
t hi s i nvent commdn gerierébinowledge apthectiéld relevagt apthe greserntaswentiontasind
method of -t BRSIECRSIAR W6 ReT dale SteAqr g 06 us BRREAH. W the scanned
e hunber ot scRebial v Brasest onih Sy baftor FencpmaROR. .

di stincfg regﬁ&na?ﬂ(a %Qfe@ed%rhg%f ilﬁ%ﬁ?enﬁ@@mf‘b@db?,cﬁoé gfri ‘rﬁég%ﬁc@foon

whi ch appealrs dark e to burning he 25 structure un power) .
Regi on B i sthe follewingddnamisigmandh exsimnplest he f acet appers to be non jagged.
Fig 1 (b) is an AFM m crograph of Region A of the sapphire facet shown in
Fig 1(a). This Region A shows a r.ms roughness of 240 nm Fig 1 (c) is an
AFM m crograph of Region B of the sapphire facet shown in 30 Fig 1 (a).

Thi s Regi onBBettieswiption ofitlse drawigbsess of 19 nm 7 The graphs of Figs
2(a) and 2(b) show the mcro-PL spectra fromlaser structure grown on ELO
GaN. The spect r aFiget(a) issanogtcalahicragraph effsapplicte facets fogmeAaacording ¢o af

He-Cd | gser. The graphs, of Fi 3 ngd.3(h) show Ranan spectra fromthe
surface'df BrEeLy ﬁﬁM'@ﬁB&?’?@?é&%&‘&ar‘)ﬁﬁ" f'%Y%R'Pnpol ari saltoi on condi ti ons.
The graphs of Figs an d). show Raman spect fromthe | aser cut
Toei OnPh The: cPRLTbY s SEAEM MicBeRR GRGuBA o e sammnibdacatdiont fn
Figures 4(aFigtaj(e) are as described above. 10 Exanple

Fig 1(c) is an AFM micrograph of Region B of the sapphire facet shown in
Fig 1(a).

20 Figs 2(a) and 2(b) are graphs showing the micro-PL spectra from the
cross-sectional cleaved positions of a laser structure formed according to a
preferred embodiment of the method of this invention.

Figs 3(a) and 3(b) are graphs showing Raman spectra from the surface of
the sapphire substrates of laser structures formed according to a preferred

25 embodiment of the method of this invention.

Fig 3(c) is a graph showing Raman spectra from a laser-cut region of a
sapphire substrate of a laser structure formed according to a preferred
embodiment of the method of this invention.



" Expéeri nmental Method Experinents have been conducted on bare sapphire
substrates, GaN sapphire and ELOG structures on sapphire. ESI M crovia
Drill Mb200 systemwas used in this study, with a Qswitch third harnonic
of Nd: YAG pul se 15 | aser operating at 355 nm Laser |light was focused onto
the sanple surface within a radi us of 25$6pm (at 1/e2 density). Laser
average power and repetition rate in this study were 1.4 Wand 3 kHz,
respectively. Pulse width was about 20 ns. In ESI |aser processing system
the | aser opticsFig 3(d¢isagnaph shewing Ramancpestraifrase arsleaved region ekar r ai |

cross-ax s Paui Edhstuc Bt ARt B et Bt BN B3 el canner .
Movenment of efribeditentsfithentethbd efthis im@atiRt ors i s coordi nated by the
el ectronic control system Both the scanners and |inear notors nove

continuously to FRIU(@Yfs 4 brasiperbkingRafanalpketra i biteSRMEEOT Rogifler 25

to study the effects of laser cutting depth an cleaved surface roughness) a
| aser bdam 4N abave e sarphicasyhsirade it theex(f-bf gewpatrydntaplaser struglureat a

veroci 1, Of choBH 86k ATEleil brBar o5 SRR GY SR aRRo, 2
Rt backe!de. aBRN 6 PR HPART SRR ARN SRR 4 BB O R

can be cont 4qinh aobwy theeshigshirasulssiiate inmthel x(zE)K gutmatey, Iaadag@ssthut@re duri ng
this processing so that the | aser 8 beam does not create friction,
spatial shi farmed agogrding &» a Rretesred empepdingntiaf e syatiaed obtis Kveation.m s.
roughness were optimsed to gbtain a snooth facet. Cutting c-plane sapphire
to 50- 16D Nmis Eigrdctisemgranh Sh@@"ﬂﬁﬂ?@“@ﬂé&@ﬂﬁ@ﬁ% ﬁé%eaé’zﬁgﬁli-q?@ IESE not
have to be ' ; b i G ' f phire
are reduced.émggggﬁ\é?;ﬁ&?%?brg o eaé\?'traaQ?h@ﬁs&éﬁ%éé}ﬁeh’elh%iéﬁpBfrg%j?tgﬁé;e, t he
angul ar m sfdrimgdnasdordiag e gl prefdried] embodimeeritraf the method sf thid inveatiogat e
along the G plane of the GaN. Therefore, |asers can be easily fabricated
usi ng these faceFig 4(daiea graploshowithgi RamahspeetradronapstedvddoE beGoregiaral | y
flat when exam negeun er Ziess optical m Cros))‘;gé)gcirag tical 10 spectroscopy
s

measur ement $2 W8 8be¥e fhegarphire substrate in thee( _ , iBé}'@SW strucires n of
from 305 NMgrnddBRcoldifig ?ﬂ%ﬁ?@?gﬁé&%b@@ﬁﬂew th&RERHod of fHis H%QE&H’P”H rex

atom c force m croscopy up, operating I1n a contact node with a

SiN tip. The cl eﬁg&kﬁg?&ﬁﬁaﬂl‘%ﬁoﬁ%r%ﬁgis@%@tr@ﬁ;}oﬁ;}???dlé&}% EESY r‘éag%n

S
roomterrper ature man scatteri ng usin 4.5 i ne of tﬁe argon ion
| aser. The $2am abede theybapphite slibsirats irdtheh(aziylgaomeetiyy-ImTa499®r strugire

2‘328;223 ”Ehfq;r AR ls %ﬁs{#@%ﬁr\@%aﬁe@wﬁ@%&&ﬁﬁé ﬁ%%v%ﬁgﬁiéﬁéa far
i 1.0 Cr i Ra .

e cl eaved r egi It Ttad 4.8 PRB6A 18R RoraRl of adgser Sra oA odtanuS AER: o

The 3230 m farmeddccardiag @l al preterradosmbediinert of the rwthad bbthis mwveotoh i PL

Teas ur enent &gy g 1LANSal g VAR SPRMR000 A QoiBRIRREY BRlsdl ALt ached to

a CCD detector. . es were exci r perpendi cular or parall el
to the facefeRpdijendatePidhe darerfeam wiasngkide sneithg numper of sears eenduaed was
det ect ed i nwagerphe Bptidal PhietdgPa bR BhORE TRb distin radibsd) (A aht BYTte Faret! t her

an x(zz)x ~).. Or , X X (Ex)_confiquration. roRa neasuyements were

cart1 ed out ReblsREA OB S cHE rediBn ateh Bhosfte dAsk IS REBRERE L8 r 1 ace | n

t he | as2f f sirectuspandemiygh ipewsrhgRagidmB rcda wleawgd segioafin whicttth®dasethpl e.

Resul ts and%@')ér%u[ézj Oﬁbrﬁj%sqggg crystallizes in wrtzite crystal symmetry and
o ( % e acé

falls into cée group. Sapphire belongs to space group
R3c(D3d) . The crysi@®) isah WM crograph of Region A of the sapphire facet shown in

Fig 1(a). This Region A shows a r.m.s roughness of 240 nm.

Fig 1(c) is an AFM micrograph of Region B of the sapphire facet shown in
30 Fig 1(a). This Region B shows a r.m.s. roughness of 19 nm.



"9 of sapphire can be described as 02- anions in approxi mately
hexagonal - cl osedpacked arrangenent, with Al 3+ cations occupyi ng two-thirds
of the octahedral voids. The c-axis of the GaN is perpendicular to the
C-pl ane of the sapphire substrate. Therefore, for GaN grown on C pl ane
(0001 ) of sapphire, the in plane 5 orientations of the filmwas found to
be GaN ~1120~ ~ ~ sapphire ~1 100. The m'smatch i s about 14% between the

wurtzite basal plane unit cell and a smaller hexagonal cell within the
sapphire unit ceilhe graghs atFigsr2(akand 3{b)shayy tresmisiiotespraita frpmdaser
sapphi re i s s §lwiY 0RO GND ThE spBEHS wetaRBEdiBd HE rdorm@bnperdture
agreenent with the " GaN ori nt?td on found experinentally. 10 For formng
cl eaved facHB§9i3£q A med?fﬁd% }d 18886t h and vertical cleave planes are

ueual 1y 11 mi toa (BOGRaPHRE! Bkl B ST SR ReAEHR o Wp PR S ' °

snoot h ahd asappbite substiste underaslifferent polariagtiorsconditions.yst al structure of

the substrate and the epil aver st h ertical planes. In addition, the
vertical 15 cl ea&Be@raﬂ&Oﬁé@@ qrzg)ea'i‘%%{fﬁes\‘@%éammeqﬂﬁ frmsdhe gﬁlsﬁﬁ@w‘

(c-pl ane) segyibn bad theeldaledlbgioharespectvally aolthy sapphive subsidates verti cal

cl eave planes. Due to atomc line up during growth, each of the sapphire
a-pl anes is 30 awigurés d(a)thelEptrecaptieseribedidtmvef ore, either mplane ~1 100
of sapphire or the mplane of GaN nust be used as one of the cl eave pl anes.
Force cl eaving along the mplane of 20 sapphire is possible, but this plane
has slightly hi r|1er bond strength than the aplane. It is desirable to make
a good eaé#ﬁﬁ&a%i ng the sapphire a-plane. These cl eave planes are not the
pl anes with the akest b strength. The {1 102 planes (r-planes) are
general |y regar dﬁ‘P&E’W?{é‘%Zﬂ’éﬁféPged cl eavage pl anes for sapphire. However,
t hese pl anes are_not .perpendi cular to 25 the substrate surface and

t herefore do not E?‘B?H‘?@B&HWEF B%?'%onﬂﬂléaggﬁﬁrﬁerrg SERRNE SP_E}?t_E%t&Sto br eak

al ong a- pl amN/sapphitdase E&kﬁ?%ﬁu@ftﬁeé?bﬁ%‘épbﬁiré”&@l%icm brilM3200 he
r-planes. This nmeans that it is very easy to couple fromone cl eave pl ane

t o anot her, system was Usadde this stustys wibraQ-witettthindr harmonigwhiyd G dulseri ng

seri bi nip anlfesh opefBl e Ml Gesst ran Uee RR U iR SahbBYuiRY 12n o
the GaN andwstappairadius lof 28qmm phtetied deisity)r ©eest avérage poweragdoepetiion
cl eavage- pl anes, the sapphire 10 substrate general Ilg%ﬁr;eeds to be | apped

or thinned R Eisstydy werealddV ank3 kbizqeppestively c P pidlth vas ahaut 20e s
have to be pglished down to 50 - 80 ~m before they are sawn or cleaved. Due
torigidity, thinned or polished sapphire substrates mght lead to
cracking. 5 1nst gagspiadcRPRbbsh a@témhméglasépg%m%ﬁé&gahasr&éus%gtt bNng
procedure of the present invention was used. H power uv exclmer |aser
beam wa20 al iages theamdfromcthedaisenratl he tHeaskmpled svhidh isheeld apghe neachies wosk e.
The focused s&ot Ei ze of thﬁzﬁbeam was %5 EB] The beam was akl owed to nove
rapidly eit RHFAGE BY,yac4udo-Ths CrosEXI4BPREPPAM RASHINST COPBRIS & WLt r at e
and the cut kigy@sUndsdithere Moverfent oRtHsERhePunthifeaPBidgeInbRysis aver .
The intense beamwas allowed to run three/four times along the same

di rection t ordioateddly theeeleciranie goawpk systgms Bath the:scannearaiagddinegematers t he

frequent no n J ral. e e t d

rechant cal |} enartioBFREb oBhleda e shAGRi T, Ao oL Y Satnplmarger
sapphi r25 deepstlayrthé ?ﬁéetsgmﬂli\éémmd ngadgptﬁaimﬁeavm sbfaterightlessca ualrser and
15 active regions. After backside cutting, the structures were easi
cl eaved al oﬁgaﬂhwaaégaraw eV%ra%les@w{@@%(fef@h@ﬂt %‘%i%“ﬁ‘f@(ﬁt Boyelaaibpf 1
direction). fJhfeel €aved facets thus obtained were vertical and smooth.

Facet roughness neasured by AFMtechni que shows marked variation of r.ms.
wi th | aser power [N I 2t ith the
nunber of tines f ﬁ(“a%ﬁjﬁg{sﬂg ’Bheéagﬁpé%gggﬁﬁ%?egn&fﬁ§gmi§?@§?§¥£€rtﬁa&t 8
sapphi r e t oadplsted to therddsireteplaieajiy antdpexalisisGaso shatbzckside sEppbire basal

desi gnaj ed as fr.equenc | aser ,cuiting (n = 2, 3, 0o, 4). In order to
obt & - Soopleneisheld stadiyadheadtlair e st BeatiwithuRtombaredsfReper and
deeper, ser igsied 1 BRSIRFRNM The'\Rliting 3pbEE TBA-be Ebrittolet ¥y maeranica waf ers
were cut deeper along different orientations and the 25 remaining structure
was cl eavedadjusément ecxtsnaivepane wasrtaken dycing dlyis processing seaithatthe laservari ed
to cut the sapphire wafers fromthe backside. AFM (atom c force m croscopy)
measurenments were carried out on the cut and cl eaved regi ons of the
sapphire substrates. Figure 1 shows optical and AFM m cro-graphs of the
sapphire facets cut 30 under certain conditions and then cleaved to form
vertical facets. The figures show two distinct regions. The |aser cut

S v B - -



" Structures Laser cut sapphire O eaved sapphire C eaved GaN facet facet

| aser facet 19-26 nm Sapphire (0001 ) 90 - 260 nm (r a" = 22 nm Laser
structure 54-70nm 16-26nm 13- 19nm on ELOG and sapphire (0001 ) (r a~ = 21
nm (r a~ = 15 nm Table | shows AFM roughness (5 x 5 p, mscan) of the
cut/cl eaved sapphire at different positigns. The roughness neasurenents
were carried out on the |aser cut regi ond as well as on the cleaved regi ons
of sapphire, 10 Measurenents were taken on three different regions of the
cl eaved sappaamedgesceat Geatefretierapaljal shithos vibratighnlkaserpawer, cuttingi s

condi ti ons. onttberireddfs. Rldtesd e bmead b FRriioh faGl ..,
Very T oughdue. t SUBIThe AR SSbabie P afp i B Ficiendisf bnbls GRAVEHG ' °

oxygen cont gifideastipphireltRice riotMave t6 BedhiPed asmuel, inany Problapzeniltbthe 700
nm The region of our interest is the cleaved sapphire region, where we

have pr dduce@ckingyofsapphiterase seducsd. sappmdly fand slasvethat adséitha t hout

m sori ent at | ri % 12 i
procedure 0?18'%01@%63@?’2@8 r I%rﬁ%hﬁgﬁéﬁégt @\Agﬁdhgg)l%gw Fﬁ%ﬁ%rﬁklg%gg ted
|aseL di odepsipagah tejalwggh?\Wptame_@ﬂthﬁGa(lﬁ.ownnebefemoMs'etrecarh b easasi 'y(c:Iase,CI t he
roughness o the c] eave acets | t three regions was esti nmated under
oot sed cIARIICAISEh SIS st figtss ARHTS BIOGUSSEHACNG TR TIes SRPOPTELER! nont s
on GaN | ase I Qi ) in the range
48 - 57 nm gﬁﬁ%ﬂgqggﬁﬁ?‘re cI@gglE@B?Eg!%ﬁ%ﬁ%h@ﬁsﬁgdﬁgbﬁﬁﬁe &GN cl eaved
r egi on. 1(Buc bpectraschpyinted suremehisyersacaried wut fiono thgghfagetsnafl lasemtara withf

surface roughpess,in interface of cleaved sapphire and GaN | aser facets
and due to %’@ﬁi@ﬁf’"ﬁb@@ﬁ%ﬁ%'ﬁ‘m'of the cleaving 10 forces. There was no

cracks fornmati on_and 0 ation to the active r %I n of the | aser diodes
by this method. THFFUERRE KROGSEPhY Bas matscsig (ot SPometrix 249mic ortawer o
prepared f omi@RktsH) (mygftg.ér?rap%ratﬁigﬂm!émntbm fodeiviiefla R tRPPThed to a

| aser structure gr own on using optimzed laser cut conditions. Thin
| aser bars lepved faceiewere sharacteriseshpyl spatillyreseived rRomitemperaiiira hese t hin

Feq on B Rt SR 2388 e afle of e RIEHRR3G. Ao AR T g
f rom bur ni ngasdisperesd thrbagk tieay ¥drs409i0ariplel meapetironeatsheoystemaattsthedso of
| ess than 40 nm _ The facet roughness in the cleaved region of ELOG and

| aser st ruc@lAdidRiyoges sopled Lo Cﬂﬁiﬁcﬂﬂﬁi Jhejagcyraeysiuringthg &2aman results
reported Sonfe%rsg‘?@eﬁt%%é(seg.z' aﬁ?”wifﬁ {a 14Eral sﬁ@é’trél%%lhﬁo%fﬁfﬁ &h. CFF‘]rfofsg-r ent
structures are different. Sapphire cleaved Tacets are quite snooth. Facets
formed by | seetionaliRanman omieasargrhémte Waremerkacineddm thedcledwaiegiprishas wellt  of
the |a structure sho roughngss yarj ation endi ng, on, t substrate
e or ool n”Bb A5 b Taset U S PUALBERE 158" A SE REN i 2P B B8 A
| aser. 25 st 056 HE @ndEXBtieon SELH@@ f@ﬁPE&ﬁ_éé‘sdr@n'{eﬁ@Usiﬁbrs‘t@rﬁdﬁré REfEhaWN
sapphire. This is probably associated with %évw h anisotropy of |aser

i

structure aR@0@misie-Baman-BE sehup [atfaehed ta aiG{gDsletedtanr Ehe samplrsiwstare

light on th i e ried out
on’t he o1 cagXa RaREfh begfiidicgor pEESIANENG L BRI Ao FIs SRS, e
Thg opt i cal geowety! iTée stattehed ﬁgMaNh@sldEIeG@N swemlibackﬂ:'aﬂetiﬁgigeeineglyPL

and Ra scattering techni ques. There are n t t erm natjons, visible at
The surdhceoWDien GRITSpRNOde GRE 40 SRRy M IE oh SRIGHFHION. Mo cate
the absencerginagrhRasGRIMANS WerbUaieh Bt AbAb 9606 1) UifeciBn it tieBliEh oThe
presence of pure edge dislocations cannot be“assessed wth AFM anal ysi s

si nce they thectopasuttacetio the siev éacetispamiiogdh@iwisp aod windowregibes of tes

secti onal ckglg)\gd 8‘%@%“ ons are shown in Figure 2. The 325 nmline of a
He-Cd | aser §a as the source of excitation. As seen in the spectra,
t he roomterrperaéure PL ferthe ,LELO region is dom nated by the band-edge
transitions at 36%SHHS AMEDIRRUSHE@N of yel | ow | uni nescence (YL) bands in the
filmshows the high quality of the ELO structures. The band edge PL,from
the ovedQrown anSaMheryaializss inygiriteansial sypeskysandialisinto @&, P 7mhe red
shift of the observed PL 10 fromthe ELO GaN conpared to the w ndow GaN
contirms t h&pass a5 SAPPRIrA belpnasi 8:8pace TiRUR FOR(VED -| The CsieBIBICtyTRe
band-to-band transition in LEO GaN shows i nprovenent of GaN quality under a
strain-free and relaxed environnment. In the PL spectra, the peak at 369 nm
can al so be related to near-band-edge excitonic transitions associated with
donors. The bands are much broader at 15 roomtenperature and cannot be
wel | resolved. These bands are weak in the ELO region and stronger in the
coherently grown region. The | aser em ssion by optical punping fromthe

o o o o - o,



" 14 buffer region. W have estimated the strain tensor conponents
quantitatively in the overgrown and the w ndow regions. The rel axati on of
the strain in the ELO region is associated with | ess dislocation density in
the film The dom nant features in all spectra, are the A~(TO and the
E2(TO phonon band near 533 5 and 568 cm ', which are narrow in the ELO
region and represents high crystalline qugality of the GaN. Using A~-(TO and
E2(TO node Peak positions, the local strain distribution was neasured. The
pol ari sat i onf sagpiitovan be desorilzed as Q5h avionsic mppeaMimataly hexagtnaelated- i n

ELO GaN can _be related to ch in the geonetry associated W t

crystal | ogr BRRIEd eRpaeeSntRARRE) SulerRarctaving ud oy 2 Bt Pribece!
crystal | ogr ggiasC Thel é-bi8 dfthe GhNPis petpbRGicONP I IC-pigte Bt sddphirgask and
| eads to a total reduction of threading dislocations in the fil'm The w ng

tilt of c-agulstralearierefnee, fonGeN giowscen énplanei(A90 BLabsagpbientheria pianeavi ng
results § n apeiine 8P Vet endanl o E oDl 53 stobidTE PO R 15°
rear on-sugoblvoad SBRUFH b e e Wit e, RO Lol (o A it

corr espondi Rexadwia eell withirethepsapphire uhit dailb THesmali@ncelesfudlitatomistdn thize

quality of cleaved facets, neasurenenfs on entire facets of the |aser
struct ure wepsalddane sapphire isrrifned0; awaydiany the lprgenwanphirerinitcalhn pol ar

des, . { j t f th t
Dhonon modegdEment i ¥ GanBikrdatorPloghdBApRfffehtalie | " O "GN | nean
Scl1ve AGET o0}y pRSof 6k f et LiksClBBR 4 O RE UbRAL,
facet qual i planeSiarelraquived infthelregioh wheraithe diptitali rhotie tsceftained2 STHisibsequent

variation in the, valu f .in, plane strain tensgr conponents. Fr t he
2nal ysi s of redivl s Gyl drated ©rBepttarhByeE-t Fe R ek bt ofr DBl a
stress was §giddth hﬁ%%rtﬁzaﬂﬁ?r@?@th@eb@%ﬂ%%%%?tﬁc@@%l dBGERASBFtHE? to 0. 29

GPa at 8 pm above the intertace. W the ELO regi on above the
mask, the ssubstrateenddbe aepilayerf mesthavavkerticalptanes [ additiore thewettioabgi on
above 30, _GaN (abov om t he, i nt

s 18 SRR AR BubCun B e e fien® ThuRSAIaBRg (Frbafel Sl He

cl addi ng | aygh pat ed
N th A Koo IR0k Bl TR anee arf i ustd be et dReCEITaIAL Bp B58RME TT
of mode sholge upeiuiival drowtiofedcheofthe dupphiteaqilandéise30°@wa foin thedbaNhe

cl eaved facet can be judged fromthe Raman intensity and line width of the
al oy phonoasplanesddesefore,withesw-ptansi §d6A;} absapphireon theenipiane of Gal be
associated with wing tilt, V\ﬂ'ch | eads to 5 pol arjisation br akdonn. b&ethe
back scatt e4%4P§ 135004 Bhipe HeayoplgresakioEce £igavieg dlormbie MPlaPehed by
the selggti i %) } j f I ast
W th th%pAﬁﬁ%gNt)eﬁ%n%dr%Shg%’mﬁggéipﬁafﬂgaﬁgwtﬁelﬁegé%%(ﬁkon ch%r‘\q t 2 ot her
hand, the Aplane) Itpsdesinakiaro makeba gooddleavindhusing2¢ sapphirex @ypfane. fihese
configurations alised in.the back scatterin eQ r erpendicular to
the ¢ axi s.cﬁéé’g,p ANSSHE 'ﬁdhﬁfmesd‘-"ﬁ’é&%‘aﬁék%t%%ﬁﬁﬁ re used as the
z-axis and x-axis, r 58 ctively. The observation of very weak intensity of
the forbidden nodbg i h g} R'anes suplaneghaiecgoneraly egasdedt as the prefedsadi gnnent

i uct uat i ongieedayaPlors TBF Sabdu HPaEe! thoshBEet 2PEnafirRERokLEMy
geonet r35 majhg Qidsttate Buifhee Bhaakerétorae dif ngtdbanigoaldi raitrare] Taki sapphirteean
Though it is very difficult to align the GaN ¢l eaved pl anes al ong the

g 1€
pol ari zat i oReJeisRette Preakalongcsplangs, uiihese plrNesarRidosRsINaNgUATRCSIN

| ; . . . e . ¢
Phe o caved ErEebiafes. THROTEAs BRRORYERY Radf BFode o Bhb St fidte U
weak and cofd anothet,rendothers gaggedfacety wersformiedadiurimglf sewihg andécldeieg e o

conpared the cleaved facets GN saﬁghi re with the dry etched facets

produced by Gahisiuetyes grovaupn dbick #a9mm spephiretlpraddifionTsawing. seHeiggand

produc by / , i ng -

Lo o SRR T Y R ARSoPhe BN e et
cleaves planes. To prevent the coupling between cleavage-planes, the sapphire



25 The primary conclusion fromfabricating etched facets is that different
pl asma conditions (tenperature, gas conposition, plasm density and

accel eration voltage) need to be applied to control the roughness and sl ope
of these facets. Also after the formation of etched facets, the devices are
required to be separated by sonme nore back-end processing. 30 It wll be
appreci ated by persons skilled in the ari9that numerous variations and/ or
nodi fications may be nmade to the invention as shown in these specific

enbodi nent ssubstraie generlyinesgsie e lapeed pr thinned befosp & ivtleaned; Mhenid®n as
16 broadly cri . Jhe.present . embodi nent e her ef gre, o4 0. be

consi der ed ?ﬁég‘m Rﬁ%&%ﬁqﬁg'%a%usqﬁtﬁaﬁ%ﬁnag‘ﬁ @’%ﬁaﬁﬂ}ﬁd é%"g'{' ?‘? gpi"v (Sum 17 Cains
The clai ms geforéthiyy 4rai savirWeakhodd.2DReds righlityoViinndd oﬁpaﬁﬁﬂé@%éﬁphire
fabricating a cleaved facet of a | aser device, said device having a
substrat e asubsitatesmightdaad israskingd | ayer formed upon a first 5 surface of
the substrate, said nethod including the follow ng steps: «cutting |inear

grooves § nto a skesteatl siiapping arfpalisbBinguthst backsideslaser cutting rodesiung of the
al i gnment wi th vFrt i cfal g/l anes of .aﬁi d substrate; Iand cl eavi ng.saicﬂ
substrate aRFogar HVERIoRREE Usrd- SRR PRUEY WRKIMELEasPOREATAYES 9919 al

pl anes; whesgrd focised drithel bxEki side bf frt Sibphireasubatrate. PERETddueBd IpotBizer nal
| aser source. 2. A nmethod according to claim1, wherein the substrate is

for mﬁd of sablheibheam wasR5 meEmﬁ)ae?mc\@a@aH@ﬁe@tccmvmrapidlmheig@,erralem%

i i - ire. 4. A i
2y one of - BgoTer 1 $29) Sirsaiier ef fid sAPREPBSIals b 16 Patigg 0k S88ONIS om one
Sccorditty « A CENRLARE By e ARRIRL oY BoBBY.*BE iietes beatichas pltylEd )

6. A net hodthres/ssttinged alohgitheRant ditédtiofitto Zohtrobthevdiftieg Bepihcofidipplitess of
the substrate is | ess than about 400 pm 7. A nethod according to claim®6,

wher ei n t helnthiscRiosedues. theyfreguertrnavempst and pepelsatipneiiie kesm sanded about

400 Nm 8. ol ' | '
200 N 2, MRRATASRSARIIERE A Biodtbiiyd MR Shdrtaopves
accordi ng tthecdapphire)dedpedavm té 5 Lgn adthest any daniagedo dhel &ysieh stricfure@amdbout

50 pmto about 80 pm . . )
15  active regions. After backside cutting, the structures were easily cleaved along

the desired cleaved planes (either along (1100) or (1120) direction). The

cleaved facets thus obtained were vertical and smooth. Facet roughness
measured by AFM technique shows marked variation of r.m.s. with laser power.
In addition, the roughness also shows variation with the number of times the

20 laser beam is scanned on the backside of the sapphire to make it penetrate
deeper towards GaN structure. This is designated as frequency of laser cutting
(n=1, 2, 3, or 4). In order to obtain smooth facets and optimise conditions to cut
the sapphire deeper and deeper, series of measurements were performed.
Initially, sapphire wafers were cut deeper along different orientations and the

25 remaining structure was cleaved. The laser beam power and frequency of laser
cutting was varied to cut the sapphire wafers from the backside. AFM (atomic
force microscopy) measurements were carried out on the cut and cleaved
regions of the sapphire substrates.

Figure 1 shows optical and AFM micro-graphs of the sapphire facets cut
30 under certain conditions and then cleaved to form vertical facets. The figures
show two distinct regions. The laser cut region is dark (blackened due to

burning of structure under high power). The regions may be covered by carbon



© 18 10. A nethod according to claim8 or claim9, wherein the depth of said
grooves is controlled by process paraneters including the intensity of the
| aser beam the speed at which the | aser beamis scanned over the grooves
and the nunber of tines the | aser beamis scanned over said 5 grooves. 11.
A met hod according to claim10, wherein the |aser beam was focused on the
second surface of the substrate within a'tadius of from about 20 Nmto
about 30 pmat 1/e2 density. 12. A nethod according to claim10 or claim
11, wher ei nand @xygen.agbe siaavediregion ishsighhaed cee e seeragioady without 13. A
met hod accoy.di f clains 10 to 12, wherein the repetition rate
of the Iaseiagggg%égssgpérﬁg%ggggut 2 kHz to about 5 kHz. 14. A nethod
according to any one of clainms 10 to 13, wherein the pulse width of the
| aser beamis fromabout 5 ns to about 30 ns. 15 15. A nethod according to
any of clains 10Tt 14, wherein the | aser beamis scanned over the second
surface of the s te from2 to about 12 tinmes at a velocity of about 1
nm sec. 16. A nethod according to any one of clains 1 to 15, wherein the at
| east o GaN-based | ayer includes a plurality of GaN-based |layers. 20 17.
A net hod according to cl %m 16, wherein tE\é Q\J‘aurallt of GaN-based Tayers
i ncl ude GaNl | nGaN Al GaN FH§RF-&N-S1EPUIGRNGEES ko df &e@cﬁ%ﬂﬁ to claim16 or claim
17, wherein the GaN- bas ' ' '
over gr om hS{réttOfgs t echni ser deyd j clea

ﬂ%ﬁr %th;fap?hkr@ @Yéaﬁ/%d'b%‘ﬁ#@ﬂi ‘gea@éﬁ &N

formed according to the netho 5 any one of clal to
A A AUe. A AE . Ar. Ay. A A CACA Ay, A Ay? AL A AYAAT
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St ot N ST, $EY & wr mhe” aJ ca] ca] ca] ca] ca] ca] ca]c™a] ca] c
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WV] ca] ca] ca) EkPE3pod] ca] ca] ca] caV] ca] ca

sapphire (0001)

(rav=21nm) (ray=15nm)

Table I shows AFM roughness (5 x 5 um scan) of the cut/cleaved
sapphire at different positions. The roughness measurements were carried out
on the laser cut regions as well as on the cleaved regions of sapphire.

10 Measurements were taken on three different regions of the cleaved sapphire
facet and the average r.m.s. roughness (r,,) in this region was estimated to be in
the range 20 — 250 nm under different conditions. Under optimised conditions,
the cleaved sapphire shows an r.m.s. roughness of 20 nm (5 x 5 um scan). The
dark laser cut regions are very rough due to burning of sapphire and deposition

15 of carbon and oxygen contaminants, where r.m.s. roughness varied in the range
150 — 700 nm. The region of our interest is the cleaved sapphire region, where
we have produced very smooth facets of sapphire have been produced without
misorientation. Series of experiments were carried out to test this procedure on
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sapphire and GaN laser facets and due to a slight misalignment of the cleaving
10 forces. There was no cracks formation and propagation to the active region of
the laser diodes by this method. Thin stripes of laser bars with width 280 — 500

um were prepared for optical measurements.

Finally, this method was applied to a laser structure grown on ELOG

using optimized laser cut conditions. Thin laser bars were cleaved from a 2 inch

15  wafer and the widths of these thin stripes were varied from 300 — 800 um. The
roughness of the laser cut region of sapphire was about 120 nm due to surface
contaminants resulting from burning. However, the cleaved region of sapphire
shows roughness of less than 40 nm. The facet roughness in the cleaved region
of ELOG and laser structure was less than 20 nm, which is one of the best

20 results reported so far for cleaved laser mirrors. The results on three different
structures are different. Sapphire cleaved facets are quite smooth. Facets
formed by laser cutting of sapphire from backside and cleaving the rest of the
laser structure shows roughness variation depending on the substrate and
growth conditions. The facets are quite smooth and vertical on the laser

25  structure grown on ELOG compared to laser structure grown on sapphire. This
is probably associated with growth anisotropy of laser structure and orientation
of the laser cutting procedure.

To shed some light on these aspects, optical spectroscopy measurements
were carried out on the cleaved facets formed by laser cutting of sapphire from
30 backside. The optical properties of the cleaved ELO GaN were investigated
using PL and Raman scattering techniques. There are no step terminations
visible at the surface on the coalescence area and the AFM micro-graphs
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5 used as the source of excitation. As seen in the spectra, the room temperature
PL from the ELO region is dominated by the band-edge transitions at 364 nm.
The absence of yellow luminescence (YL) bands in the film shows the high
quality of the ELO structures. The band edge PL from the overgrown and the
window region shows a peak-shift of 2.0 nm. The red shift of the observed PL
10 from the ELO GaN compared to the window GaN confirms that biaxial strain is
relaxed. The observed line width of the band-to-band transition in LEO GaN
shows improvement of GaN quality under a strain-free and relaxed environment.
In the PL spectra, the peak at 369 nm can also be related to near-band-edge
excitonic transitions associated with donors. The bands are much broader at
15 room temperature and cannot be well resolved. These bands are weak in the
ELO region and stronger in the coherently grown region. The laser emission by
optical pumping from the laser structure grown on ELOG was observed near 400
nm. The active layer was GaN/InGaN multi-quantum wells with Al,Ga,xN

cladding layers and the cleaved mirror facet formed was vertical and smooth.

20 Cross-sectional Raman measurements were conducted at different
positions of the cleaved facets. In each case, different polarisation configurations
were used. Figure 3 shows the Raman spectra of cleaved sapphire region.
Strong A4g and E1g modes of sapphire were observed near 418, 578 and 750
cm™. Sapphire modes near 379 and 645 cm™ are observed in the cross section

25 geometry and shows intensity enhancement in the cleaved region compared to
the laser cut regions. Figure 4 shows the Raman spectra of individual ELO GaN
stripes from the cross-sectional view under different polarisation conditions. We
found that all the phonons are allowed by selection rules. The A«(TO), E«(TO),
and E»(TO) phonons of GaN were observed near 533, 559, and 568 cm”’,

30 respectively. The E4(LO) mode of GaN from the cleaved region was observed
near 741 cm™. We have observed a peak shift of 2.0 cm™ and a 30% change in
line width of the Ex(TO) phonon in the ELO region, compared with the GaN
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5 and 568 cm’', which are narrow in the ELO region and represents high
crystalline quality of the GaN. Using A4(TO) and E2(TO) mode peak positions,
the local strain distribution was measured. The polarisation breakdown and
observation of much weaker forbidden modes in ELO GaN can be related to
change in the geometry associated with crystallographic tilting. The dislocation
10  bundling gives rise to crystallographic tilting (0.2—1.0°) in the overgrown region

on the mask and leads to a total reduction of threading dislocations in the film.

The wing tilt of c-axis towards the (1120) direction during ELOG growth and

cleaving induced tilt (misalignment of the epilayer a-planes with sapphire m-
planes) results in appearance of forbidden modes in cross-sectional polarised

15 measurements. The observation of forbidden Raman modes just above the
mask region suggests that the local changes in the microstructures can produce
corresponding change in the spectra.

To map the Raman results with the quality of cleaved facets,

measurements on entire facets of the laser structure were carried out. Raman

20 intensity and line width of the polar modes, represent the crystal quality of the
facets. Apart from the strong phonon modes of GaN structure, AliGa.xN were
also observed. The GaN/InGaN active layer cannot be mapped due to the limit
of spatial resolution. However, observation of sharp polar modes and their
intensity reflect the facet quality. Similarly, the local strain distribution shows

25 subsequent variation in the value of in plane strain tensor components. From
the analysis of spectra recorded from 4 pm above the interface, the biaxial stress
was found to be 0.46 GPa in the ELO region and decreases up to 0.29 GPa at 8
um above the interface. We found that in the ELO region above the mask, the
strain relaxes much faster. Measurements from the facet region above ELO

30 GaN (above 12 um from the interface) and close to surface shows different
behaviour due to change in material composition due to cladding layers. The
modes near 637, 671, and 832 cm™ can be associated with Al,Ga..N TO and
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In the back scattering geometry along the [0001] axis, the £, phonon is
allowed by the selection rules in both z(xx)z and z(xy)z configurations, in

contrast with the A4(LO) phonon, allowed in the parallel geometry only. On the
other hand, the A1(TO) phonon can be observed in the x(zz)x and x(yy)x

10  configurations, realised in the back scattering geometry perpendicular to the c-
axis. Here, [0001] and [1120] directions of the GaN were used as the z-axis and

x-axis, respectively. The observation of very weak intensity of the forbidden
modes in a particular geometry reveals that the misalignment between the
cleavage planes is very small. In addition, compositional fluctuations, strain

156 induced disorder, wing tilt, and cross-section geometry may result in the break
down of polarization selection rules. Though it is very difficult fo align the GaN
cleaved planes along the polarization geometry, the recording conditions permit
us to rotate the plane of polarization. Choosing appropriate geometry and
orientations of the cleaved ELOG layer, the intensity of the forbidden modes is

20 very weak and confirms the presence of vertical cleaved facets. We have also
compared the cleaved facets GaN/sapphire with the dry etched facets produced
by inductively coupled plasma (ICP) etching. Typical facets produced by
Clo/BCl; based ICP etching have a slope of 5° — 9° and are relatively rough
compared to the cleaved facets.

25 The primary conclusion from fabricating etched facets is that different
plasma conditions (temperature, gas composition, plasma density and
acceleration voltage) need to be applied to control the roughness and slope of
these facets. Also after the formation of etched facets, the devices are required
to be separated by some more back-end processing.

30 It will be appreciated by persons skilled in the art that numerous variations
and/or modifications may be made to the invention as shown in these specific

embodiments without departing from the spirit or scope of the invention as
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Claims

The claims defining this invention are as follows:

1. A method of fabricating a cleaved facet of a laser device, said device
having a substrate and at least one GaN-based layer formed upon a first
5 surface of the substrate, said method including the following steps:

o cutting linear grooves into a second surface of the substrate, said
grooves being in alignment with vertical planes of said substrate;
and

. cleaving said substrate and said at least one GaN-based layer
10 along said vertical planes;

wherein said cutting is effected by a laser beam from an external laser

source.
2. A method according to claim 1, wherein the substrate is formed of
sapphire.
15 3. A method according to claim 2, wherein the sapphire substrate is formed

of ¢c-plane sapphire.

4, A method according to any one of claims 1 to 3, wherein_the vertical

planes are selected from one or more of the m-planes (1100) and the a-

planes (1120).
20 5. A method according to claim 4, wherein the vertical planes are the a-
planes (1120).
6. A method according to any one of claims 2 to 5, wherein the thickness of

the substrate is less than about 400 um.

7. A method according to claim 6, wherein the thickness of the substrate is
25 between about 350 ym and about 400 pm.
8. A method according to claim 6 or claim 7, wherein the grooves are cut to

a depth of from about 40 um to about 100 um.

9. A method according to claim 8, wherein the grooves are cut to a depth of
from about 50 um to about 80 um.
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11. A method according to claim 10, wherein the laser beam was focused on
the second surface of the substrate within a radius of from about 20 pm to
about 30 um at 1/e? density.

12. A method according to claim 10 or claim 11, wherein the average power
10 of the laser beam is about 1.4W.

13. A method according to any one of claims 10 to 12, wherein the repetition
rate of the laser beam is from about 2 kHz to about 5 kHz.

14. A method according to any one of claims 10 to 13, wherein the pulse

width of the laser beam is from about 5 ns to about 30 ns.

15 15. A method according to any of claims 10 to 14, wherein the laser beam is
scanned over the second surface of the substrate from 2 to about 12
times at a velocity of about 1 mm/sec.

16. A method according to any one of claims 1 to 15, wherein the at least one

GaN-based layer includes a plurality of GaN-based layers.

20 17. A method according to claim 16, wherein the plurality of GaN-based
layers include GaN/InGaN/AlGaN layers.

18. A method according to claim 16 or claim 17, wherein the GaN-based
layers are formed using epitaxial lateral overgrowth (ELOG) techniques.

19. A laser device having cleaved facets formed according to the method of
25 any one of claims 1 to 18.



