1 METHOD OF CLEAVING GaN/SAPPHIRE FOR FORMING LASER MIRROR FACETS Technical
Field 5 This invention relates to the fabrication of GaN-based laser devices. In particular, the invention
relates to a method of forming mirror facets in such laser devices. Background to the invention 10
Laser diodes based on metallic nitrides, such as GaN and other Group llI- V semi-conductors are of
great commercial interest. These diodes have a wide range of uses and potential uses for visible light
and UV applications as well as for high density data storage systems. Typically, such laser diodes

operate in the blue region of the mﬁﬁéﬂ%&%}léﬂ\ﬁ %Qﬁﬁéﬂiﬁﬁi‘sﬁﬁﬁ typically fabricated by

depositing, on a sapphire substrate, a number of layers of GaN-based semi-conductors. C-plane and
A- plane are the primary orientatipesreptyRVEN P LIAS BRIV RO FiARSESTS the manufacture of such
diodes. In order to generate an inductive emission in a semi-conductor device 20 such as a laser
diode, a pair of optical facets are required to enclose and reflect the light on the two sides of the light
emitting area and to form a resonator between the facets. These facets (or mirrors) are formed at the
end of the laselegviigal héeléhcets are typically created by dry etching or, as is preferred, by cleaving
the 25 sagphire substrate and GaN layers. In order to form cleaved facets in laser diodes, smooth and

vertical cl8ave planed BigiRv@itea rielaiesdgithninersatiensytieaNrorreddrsebARNIRES: THis region is
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epitaxial layers, the crystal structure of the substrate and the epitaxial layers must have vertical 30
p|anes_ deVICGS.

Background to the invention

10 Laser diodes based on metallic nitrides, such as GaN and other Group lI-
V semi-conductors are of great commercial interest. These diodes have a wide
range of uses and potential uses for visible light and UV applications as well as
for high density data storage systems. Typically, such laser diodes operate in

the blue region of the optical spectrum.

15 These laser diodes are typically fabricated by depositing, on a sapphire
substrate, a number of layers of GaN-based semi-conductors. C-plane and A-
plane are the primary orientations employed for the sapphire substrates in the

manufacture of such diodes.

In order to generate an inductive emission in a semi-conductor device
20 such as a laser diode, a pair of optical facets are required to enclose and reflect
the light on the two sides of the light emitting area and to form a resonator

between the facets.

These facets (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.



2 ldeally, the cleavage occurs along the crystal planes of the GaN layers leaving smooth facets that
are perpendicular to the direction of light propagation in the laser. Generally, the cleaving is
accomplished by cutting the back side of the 5 sapphire substrate (that is, the side which does not
have the GaN layers formed thereon). This cutting is generally effected by a dicing saw or a scribe to
form elongated grooves in the sapphire substrate. The2roughs of these grooves then become
cleavage points. It is not easy to cleave sapphire. In order to achieve cleaving, it is 10 generally
necessary to thin the Iskegtiirthsubistrede) € ocous abayg 109 ony fraliplabesio B 4BaNTayAlsO,

cleavage will t?e easier and result in a better product if the cleava lane of the sapphire substrate
ratches the cIoAU RIS Rl S T B 8 SRS e
with a dicing savherlasgbe) it is often difficult to match (or align) the cleavage plane of the 15 sapphire

substrate with that of the GaN layers. The crystal planes of the GaN layers are generally not well

aligned with the cryst@@ﬂ@f@bofhﬁ@@p’ﬁﬂ@r& AcCoDRIshed Wy, cpdneidw hrskisdmeétios the
substrate may Dol e Bropstlya flignes With (g dacrh e {BySVS- QR TQPC%YE rmedhese

problems, additional, time-consuming steps often need to be taken which may include 20 polishing of
the facets. In SRESE@NIMPSCtiBNgLIS B BErIlYREestatkBr@ficnersaw el $at88 taherBpplication

of high ref'ecti\@w@ﬁéa%%&e@el%%ﬁ%’é%gp Fife dD6EIRRENT TRETOdSHAYFIREER QFBW& fHEh as

reactive ion etching (RIE) and reactive ion" beam etching (RIBE). These methods have been used to
smooth the fad@§TBARGYEBSRRINES resort to mechanical polishing. However, these etching
processes have proven to be time-consuming and difficult to perform. Due to greater ease of

| . . gre re
manufacture and the foRMRIdiAsY ARiSERYFI SRR - cIBRIIPTISAGRIRGR L IGRVINGdHE to the dry
etched fagets. qultli@naBcessary to thin the sapphire substrate down to about 100 um (from

about 350-400 um). Also, cleavage will be easier and result in a better product if
the cleavage plane of the sapphire substrate matches the cleavage (crystal)
planes of the GaN layers. However, before cutting the grooves (eg. with a dicing
saw or scribe) it is often difficult to match (or align) the cleavage plane of the

15  sapphire substrate with that of 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



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 3 reflectivity facets is the low refractive index of GaN (at 400 nm). This leads to a
significantly reduced mirror reflectance which can be further decreased by any interface roughness
(which is typical of dry chemically etched laser facets agd cleaved facets). It has been found that facet
surface roughness of about 20 nm 5 can reduce the reflection of the laser mode by an order of
magnitude. Coeiectivihaldasts deviedsywmeftaadivéSadeird? Gadsiizitds QurentargEhis fietadsatie d by
cleaving methods, quing 0405 a5 of dleaying sloag e el defiped avsial planes (1.40] and
[1-10]). This resgﬁls Iy H@Hy anisotropic and SO0t TACEts T tRE asel feaonator cavity 2A wever, it
can be very diffiteittaoel nghtig sdcava chad| thpmad afpigy ehe onicsdip@ickel zstentzx biscande the
cleavage plane,of the ire generally daes not coincid witlr the cleayage _plang of.t aN layers.
Accordingy. trer el AT PR R SIS GoBA e L 20
substrate Suchcas sagpbérd¢hd sefenimanyf dhéhiadeventde By crdirdetooh Mivagaispaet of this invention,
there is provided a method of fabricating a cleaved facet of a laser device having a substrate with a

thickness of betweer{:@swﬁtémwhmﬂﬁ moﬂ@%m@aﬁﬁﬁm’é’ M%tf@éast&sgéagg&bar\l-baged
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linear grooves into a second surface of the substraté, said grooves being I alignment with vertical

planes of said @efRadeysidiptanesdVd Ricang bid el Sisc@sdsdmhigh-prigey epiand 25 and

smooth facets for the laser resonator cavity. However, it can be very difficult to

10 neatly cleave GaN-based epilayers on sapphire substrates because the
cleavage plane of the sapphire generally does not coincide with the cleavage
plane of the GaN layers.

Accordingly, this invention is directed towards an improved method 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 with a thickness
of between 350 um and 400 um formed of C-plane sapphire and at least one

20 GaN-based layer formed upon a first surface of the substrate, said method
including the following steps:

. cutting linear grooves into a second surface of the substrate, said
grooves being in alignment with vertical planes of said substrate,
wherein the vertical planes are selected from the a-planes (1 150);
25 and

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

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

source.



cleaving said substrate and said at least one GaN-based layer along said vertical planes; wherein
said cutting is effected by a laser beam from an external laser source. 4 The linear grooves are
typically cut to a depth of from 40 m to 100 m. It is particularly preferred that the grooves are cut to a
depth of between 50 m and 80 m. 5 The depth of the linear grooves may be controlled by varying
numerous process parameters including the intensity of the laser beam, the speed at which the laser
beam is scanned 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. 10
The laser beam may be focused on the second surface of the substrate within a radius of from 20 m

to 30 m at 1/e2 densifyhd [iGcRYQJRAS B9 WRS ﬁfﬁﬁﬁllﬂféﬁf Reamdpthrefaraiy4anamt th 406 liRically, the
repetition rate of the laser beam is from 2 kHz to 5 kHz. It is preferred that the pulse width of the laser

beam is from BSRAGIWFY PrefeiEadBabEIrRYeEFNS 6/27RiR LRBIESI R &Y the

substrate anyghdrEe[A{.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 East one Gaheluigsttl blytieisifietmedoavésantiigtife coppretiesuisipoarginghtheevbstrate (as
mentioned above). It is preferred that luraljity of. GaN-based layers are formed on the,s ire
batrate. Tl A A D L SR SR oE R ReeL L N sererpueh
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this specificatilgn, unless thencont%xtr gggirer% g&ggrw(ﬁ o trherOZCSe sV\éor% r'gr% T erriss%'a?]ra g(r)i%tigns such as
"comprises” 0 %%%ﬁ’lgl(l:’]%il ﬁﬁﬂoog 9 ' P P
manipulated to affect the depth of the grooves.

10 The laser beam may be focused on the second surface of the substrate
within a radius of from 20 um to 30 um 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 2 kHz to 5 kHz. It is preferred that the pulse width of the laser
beam is from 5 ns to 30 ns.

15 The laser beam may be scanned over the second surface of the substrate
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
20 the substrate (as mentioned above). It is preferred that a plurality of GaN-based
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
25 word “comprise” or variations such as “comprises” or “comprising”, will be

understood to imply the inclusion of a stated element, integer or step, or group of



understood to imply the inclusion of a stated element, integer or step, or group of 5 elements, integers
or steps, but not the exclusion of any other element, integer or step, or group of elements, integers or
steps. Any discussion of documents, acts, materials, devices, articles or the like, 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 admission that anysor all of these matters form part of the prior art
base or were common general knowledge in the field relevant to the present invention as it existed
before the priogj 0 | i icai he.pr nveni y be
more clearly uéﬁrﬂé’tﬁ?osdﬁ ﬁ%&%@gﬁ%ﬁ# é?gpgﬂéigﬁ%%%glr%@)f J’?E%i v%ﬁtﬁ&%hﬁghﬂgﬁggd with
reference to tioé SbEPWINQ@ AN RigRleme rigamirgsrsaestRRription of the drawings Fig 1(a) is an
optical micrograph of sapphire facets formed according to a 15 preferred embodiment of the method

of this invention. Fig TBY RISFUHAN B FBGHPRNGS: MAtsfide S8R pltsleholitlikey 1(a).
Fig 1(c) is an AFHHRIOWESh PERESOMBIS Hresarnir foalenowadr v A9 Fige 2@) and

2(b) are graphs showing the micro-PL spectra from the _ cross-sectional cleaved positions of a laser

structure Rrm&INARR GV EXperdhe PERBLIRYSHiISNhY FRRbIP BHRKPR &SRR Figs 3(a) and
3(b) are graphghpyeing Rhamanyspesiraftaeshmauers forh hersepplirsris st pteseodlassre

structures formed according to a preferred 25 embodiment of the method of this invention. Fig 3(c) is a

graph showind®REMAR gestaral forvdadesrie ipeipd slevanidoring aissaatinyeatiQsedsitucture
formed accordigsted seies etk primgimastsifdheneinacotiiisalbyriivh.

In order that the present invention may be more clearly understood, the
10  prior art and preferred forms of the invention will be described with reference to

the following drawings and examples.

Brief description of the drawings

Fig 1(a) is an optical micrograph of sapphire facets formed according to a
15  preferred embodiment of the method of this invention.

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



6 Fig 3(d) is a graph showing Raman spectra from a cleaved region of a sapphire substrate of a laser
structure formed according to a preferred embodiment of the method of this invention. Fig 4(a) is a
graph showing Raman spectra from a cleaved ELOG region 54 m above the sapphire substrate in
the x(..)x geometry, in a laser structure formed according to a preferred embodiment of the method of
this invention. Fig 4(b) is a graph showing Raman specéa from a cleaved ELOG region 4 m above the
sapphire substrate in the x(zz)x geometry, in a laser structure formed according to a preferred
embodiment of the meip@{d)fithes gneehtsimawlii d-Bathian speptap irshowiclg dvach aegipecfa from a

cleaved ELOG regipn 8 m above the sapphire substrate in the x(.. ometry, in a laser structure
formed accordlsr%%)(g gepsr‘,g e?rrea(ileeﬁl:?oﬁa%érn E[)Lﬁﬁljerem@mqoed]‘oq(iﬁclgsr%ﬁxr\]%% iGhP @eﬁfﬁa‘; is a graph
showing Ramanyumditreefrood thelewethddbiiGisagwemtibhd.m above the sapphire substrate in the x(..)x
geometry, in a laser structure 15 formed according to a preferred embodiment of the method of this

invention. Fig 4(e) is gigrafm %a\mr@héh@w@g&wmwa@r@dmm @L@@VQQ@#Q@ regiBbve the
sapphire %Jbs&{aﬁﬁa"%'a%(%%&&&%%t%b%ﬁa@ﬂ ﬁ%%.?{?g@?m%ﬂﬁ%oﬁjﬁ%%ﬁ&ﬂ%red
doft ical micrograp

embodiment of the method of this Invention. Fig 1(a) Is an opt of a laser cut and
cleaved sapphifémastacROfaiMgde adetqtfirngdeaprdined ehihsdmeshediahiiséMeatisithis invention

in which the laser power was 1.4 W, the scanned velocity was 1 mm/sec, the repetition rate of the

laser beam was 3 kHZ 'SrfH{khéSRiATBRNQWINg Bama&iPaTie Forme Slﬁﬁ:‘éq QY591 9Rows two

distinct regions, (AraB & de iapmircRetonAdsratRs R weianeich anaserstasiidue to
burning of the 25 structure under high power). Re%ion, B is a cleaved region in which the facet

appears to be mm%@@&@@@géﬂ)%oéﬂf%ﬁ)ﬁ SRR CRE SREANACHRE K4S SMROHAEt shown in

Fig 1(6‘)-1Td"3 Reg|onlﬁgsﬁl&\svlssaargrpa%hrgngvrilﬁg %2%1;%19 sppnébtra from a cleaved ELOG region

8 um above the sapphire substrate in the x(..)x geometry, in a laser structure
formed according to a preferred embodiment of the method of this invention.

Fig 4(d) is a graph showing Raman spectra from a cleaved ELOG region

12 um above the sapphire substrate in the x(..)x geometry, in a laser structure
15  formed according to a preferred embodiment of the method of this invention.

Fig 4(e) is a graph showing Raman spectra from a cleaved ELOG region

12 um above the sapphire substrate in the x(zz)x geometry, in a laser structure
formed according to a preferred embodiment of the method of this invention.

Fig 1(a) is an optical micrograph of a laser cut and cleaved sapphire facet
20 formed according to a preferred embodiment of the method of this invention in
which the laser power was 1.4 W, the scanned velocity was 1 mm/sec, the
repetition rate of the laser beam was 3 kHz and the number of scans conducted
was 4. The optical micrograph shows two distinct regions (A and B) of the facet.
Region A is a laser-cut region which appears dark (due to burning of the
25  structure under high power). Region B is a cleaved region in which the facet
appears to be non-jagged.

Fig 1(b) is an AFM micrograph 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.



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. 7 The graphs of Figs 2(a) and 2(b) show the micro-PL spectra
from laser structure grown on ELO GaN. The spectra were recorded at room temperature using 325
nm line of He-Cd laser. The graphs of Figs 3(a) and 3(b) show Raman spectra from the surface of 5 a
sapphire substrate under different polarisation conditiors. The graphs of Figs 3(c) and 3(d) show
Raman spectra from the laser cut region and the cleaved region, respectively, of the sapphire

substrate. Figures 4(a)e gi(@plesebbidest#)ehdl@fbe sHdnwEkennpier &klespeettalfidettader

Experiments hays eRNGONAGIPE 0D PRIR SARRDES RS RIRS e GRYRRRP RIS RS uctures
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1.4 W and.3 kHz, respectively. Pulse width was about 20 ns. In ES].]Jaser processing system, the laser
ontivs dndhts B SR eSS G e T AR R PR E i, which e noid on (e
machine work  surfaceHay gragiides Fitgs BRosamd B (asehbaarapesiispeseantisstré inser cfages and
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on the sample. In ordeiRed® stHilyotaes et Htvsaisaatingodepth on cleaved surface roughness, a
laser beam was scanned over sample surface for about 2 to 12 times at a velocity of 1 mm/sec.

10 Example
Experimental Method

Experiments have been conducted on bare sapphire substrates,
GaN/sapphire and ELOG structures on sapphire. ESI Microvia Drill M5200
system was used in this study, with a Q-switch third harmonic of Nd:YAG pulse

15 laser operating at 355 nm. Laser light was focused onto the sample surface
within a radius of 25 pm (at 1/e? density). Laser average power and repetition
rate in this study were 1.4 W and 3 kHz, respectively. Pulse width was about 20

ns.

In ESI laser processing system, the laser optics directs and focuses the
20 laser beam from the laser rail to the sample, which is held on the machine work
surface by vacuum. The cross-axis laser-beam positioner consists of linear
stages and scanners. Movement of the scanner and linear stage motors is co-
ordinated by the electronic control system. Both the scanners and linear motors
move continuously to achieve the specified XY pattern on the sample. In order
25 to study the effects of laser cutting depth on cleaved surface roughness, a laser
beam was scanned over sample surface for about 2 to 12 times at a velocity of 1

mm/sec.

For laser cutting, the sample was placed on a sample holder plate that is
adjusted to the desired planarity and parallelism so that backside sapphire basal
30 plane is held exactly perpendicular to the laser beam with uniform exposure
applied to the surface. The cutting speed can be controlled by mechanical
adjustment. Extensive care was taken during this processing so that the laser



For laser cutting, the sample was placed on a sample holder plate that is adjusted to the desired
planarity and parallelism so that backside sapphire basal 30 plane is held exactly perpendicular to the
laser beam with uniform exposure applied to the surface. The cutting speed can be controlled by
mechanical adjustment. Extensive care was taken during this processing so that the laser 8 beam
does not create friction, spatial shift or vibration. Laser gower, cutting speed, and area r.m.s.
roughness were optimised to obtain a smooth facet. Cutting c-plane sapphire to 50-100 m is sufficient
for reliable clebeam ddesachpmate tinteomosphatia thibeahiibedias. Miagermpameprobténgs with the 5
cracking of sapphire are reduced. Secondly, for a cleave that starts in the 50-80 m range, the angular
d i T3 T

misalignment RGO At tid ralfiE WSS Wt AP SR AR AL & piaet) aN.
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operating In a contact mode with a SIN tip. The cleaved facets were characterised by spatially

resolved room3@rPetatiangs, F&s@rﬁmy&@tt@ﬂﬁr@ig@mgrslia.aaﬂﬁglih@ anehéngriiastione 1eees Mble
scattered "ghtpWﬁ?aglcﬂéeé traugty IR S s AN IRIR SRABRS NENBAIQ Y RIS RLafipched to a

liquid nitrogen cooled CCD detector. The accuracy dug;ci’the Raman measurements was 0.2 cm-1
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the cleaved regigns s el AR ASRAHRdASEIdH FemeRS AL ISHRRSLEopRE B7%iam line of a He-Cd
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The surface topography was imaged using the Topometrix atomic force
microscopy (AFM) set up, operating in a contact mode with a SiN tip. The
cleaved facets were characterised by spatially resolved room-temperature

15 Raman scattering using 514.5 nm line of the argon ion laser. The scattered light
was dispersed through the JY-T64000 triple monochromator system attached to
a liquid nitrogen cooled CCD detector. The accuracy during the Raman
measurements was 0.2 cm™ with a lateral spectral resolution of 1.0 um. Cross-
sectional Raman measurements were performed on the cleaved regions as well

20 as on the laser cut regions of the facets. The 325 nm line of a He-Cd laser was
used as an excitation source for PL measurements using standard Renishaw
2000 micro-Raman-PL set up attached to a CCD detector. The samples were
excited either perpendicular or paratiel to the facet depending on the scattering
geometry. The scattered light was detected in several back scattering geometry,

25  which correspond to either an x(zz)x (A1) or x(yz)x (E4) configuration. Micro-
Raman measurements were carried out along (0001) direction from the buffer to
the top surface in the laser facet spanning the wing and window regions of the
ELOG sample.

Results and Discussion

30 GaN crystallizes in wurtzite crystal symmetry and falls into C,, (P6,mc)

space group. Sapphire belongs to space group R3c(D%d). The crystal structure



geometry. The scattered light was detected in several back scattering geometry, 25 which correspond
to either an x(zz)x (Ai) or x(yz)x (El) configuration. Micro- Raman measurements were carried out
along (0001) direction from the buffer to the top surface in the laser facet spanning the wing and
window regions of the ELOG sample. Results and Discussion 30 GaN crystallizes in wurtzite crystal
symmetry and falls into C\,(P63mc) space group. Sapphire belongs to space group R3c(D36d) . The
crystal structure 9 of sapphire can be described as 02- anions in approximately hexagonal-closed-
packed arrangeisaipiphiith dai3 be atisioeduny DY taidhi tis @b phextriatetd raxagisisaldlesedxis of the

GaN i dicular to the C-plane of th hire_substrate. Therefore, for GaN C-pl
(0001 of sappRHRKHERFIERE S oriBHn o e AU PSRN 955 e dpprre.

(1100). The nusidsicitie abaxisIt%hbaebabeis herpantidel baratipagelimbast the G apphiader
hexagonal cell wjthin the hjre unit cell. The smaller cell of Al atoms on the basagl-plane sapphire is
oriontot 30 avSPREAEne TGP Ebpioh A Dh o R ERATUE) B ERR R e B R
experimer5talIyorl&ﬁaﬁdﬁér@nmélﬁﬂﬁ%fgmmt@%rame(?@)OPF%abémeéti?ﬁl @gavenlanes are
required in the region where the optical mode is contained. This region is usually limited to the

epitaxial layersniBongich faédeuhadSsdbbiieesnibetwyticiecrasal atrossunié eglltarihidsyeadcthe

tal struct ' i I I It tical 15
Cleave planes oL e ey e ot A bR T
(a-planes) cantipsaisplaiae sepitileisauicpliace3) Daway tomibeitedes aapphigrewihcethdn of the
sapphire a-plafgégﬁl\?rﬁgrﬁ%f{ﬁ@é‘gﬁ%ﬁglq%@ﬁc@g@ﬁgﬁg}%eg?eﬁglm-plane {1 100} of sapphire or

the m-plane o must be used as one o es. For eaving along the m-plane of

20 sapphige is possibjey gl HsPERES/Bast sHetYn e henesssrisBihtBAR gtieal cleave
planes are required in the region where the optical mode is 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 epilayer must have vertical planes. In addition, the vertical

15 cleave planes must lie in the same plane. In basal-plane (c-plane) sapphire, the
{1 150} planes (a-planes) can be used as vertical cleave planes. Due to atomic
line up during growth, each of the sapphire a-planes is 30° away from the GaN
a-planes. Therefore, either m-plane {ITOO} of sapphire or the m-plane of GaN
must be used as one of the cleave planes. Force cleaving along the m-plane of

20 sapphire is possible, but this plane has slightly higher bond strength than the a-
plane. It is desirable to make a good cleaving using the sapphire a-plane. These

cleave planes are not the planes with the weakest bond strength.

The {ITOZ} planes (r-planes) are generally regarded as the preferred
cleavage planes for sapphire. However, these planes are not perpendicular to
25 the substrate surface and therefore do not form good mirrors. The sapphire can
be forced to break along a-planes, but these planes are close in angular position
to the r-planes. This means that it is very easy to couple from one cleave plane
to another, and thus jagged facets were formed during sawing and cleaving the
GaN structure grown on thick 400 um sapphire. In addition, sawing, scribing and
30 force breaking/cleaving often results in misorientation of the GaN and sapphire

cleaves planes. To prevent the coupling between cleavage-planes, the sapphire



plane. It is desirable to make a good cleaving using the sapphire a-plane. These cleave planes are
not the planes with the weakest bond strength. The 111021 planes (r-planes) are generally regarded
as the preferred cleavage planes for sapphire. However, these planes are not perpendicular to 25 the
substrate surface and therefore do not form good mirrors. The sapphire can be forced to break along
a-planes, but these planes are close in angular positioni@o the r-planes. This means that it is very easy
to couple from one cleave plane to another, and thus jagged facets were formed during sawing and
cleaving the Galisitatetgengraiynnaedsdk H8dape=gphitenmeddukifiore BasvolgasedbiigaB8@B0 force
breaking/cleaving, often results inhmisori ntatjon of the GaN and sa Ecﬂoire le ges é;anes. To prevent
the coupling b e%ﬂ‘glléa%ﬁj‘@%lérﬁeélﬂﬁ%@%p ft elt8 @%@&W&@eg 2R rgeeas iy lapped or
thinned beforebibfe@epugdréxarnlborileanddicoaspphitgditihstinteschar pdishe @ elgpstirdown to 50
- 80 m before they are sawn or cleayed. Due to rigidity, thinned or polished sapphire substrates might
lead to crackinﬂ?%&ﬁ%ﬁ%%&"@%ﬁﬂﬁgt%f:ﬁﬁ HQTg, the backside laser cutting procedure of the present
invention was used. 1 [ e li ide of
the sapph)‘lgr/e substratle. e Véi&és%/%?@(gcgt} gﬁeﬂgﬁm’e@éaﬂrﬁ%@a‘g %E%rér?]}n #ﬁ@jﬁ%‘%}% a %%\‘/{535 to
move rapidly giteseatonye(titioyves (192d) Higttimwer the 8spprérdasdrdoeamandsiatiguedhg of
sapphire 10 w I lied laser, - The i e
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were vertical and smooth. Facet roughness o _ _
three/four times along the same direction to control the cutting depth of sapphire.

In this procedure, the frequent movement and penetration of the beam can be
controlled mechanically (same as shear force feedback) and the beam can cut
the sapphire deep down to 50 um without any damage to the laser structure and

15 active regions. After backside cutting, the structures were easily cleaved along
the desired cleaved planes (either along (ITOO) or (1 150) 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



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 meastditements were performed. Initially, sapphire
wafers were cut deeper along different orientations and the 25 remaining structure was cleaved. The
laser beam poamd argdeaquéne\clddesdragitmes \wagviaaied tarclicise sappdaty wafecsifrom the
backside. AFM atorgri]c forcleﬂr]ni?ros%opy) measurements were carried out on the cut and cleaved
regions of the & %lreegak?stra?esaci—elgure 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 cpysied by carbon 11 and oxygen. The cleaved region is bright and can be seen
clearly without jaggedness of the facet. Table 1 5 Area r.m.s. roughness (5 x 5 pm scan) Structures
Laser cut5apphire Cleaved sapphire Cleaved GaN facet facet laser facet 19-26 nm Sapphire (0001)
90 - 260 nnT=trav==22Tmm Lt aSeTr Stroctofe o&= 7 OTIIT LO=-20TTT o= L I 1 sjim= i

Area r.m.s. roughness (5 x 5 um scan)

1
OO0 A

Structures

Laser cut sapphire Cleaved sapphire Cleaved GaN
facet facet laser facet
19-26 nm
Sapphire (0001) 90 — 260 nm .
(r av = 22 nm)
Laser structure
54 —70 nm 16 — 26 nm 13—19 nm
on ELOG and
(rav=21nm) (r o = 15 nm)

sapphire (0001)

Table | 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 (ra) 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



(rav=21 nm) (rav= 15 nm) sapphire (0001) Table | shows AFM roughness (5 x 5 pm 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 (ray) 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 m scan). The dark laser cut regions
are very roughGiN tayleuromgapicbanzphs eval ch sl €paNitinG 418/ Af Gad ka sedl lagggeliodentaminants,

where r.m.s. roslﬂ%hness varied in th& (&58 - 700 nm. The reaaéﬂncof OU{ mtereshlnsetshse qleaved

range
sapphire region, W(f;[gng e have %roz?ﬁ%ﬁﬁ very Qﬁgggt% 1Rets of sapp e hré(\a/er%uegen prod%ced
without misorithaatieay&bfaety exiperitherdsegoasaras @ slimnttedsinisr mptisdsed ooriditiGeN layer
on sapphire as Yve"tﬁ‘ﬁ GaN/IHG IN/A| %‘%{ﬁ?& d laser diode structures grown on C-plane (0001)

sapphire. In eé)chcgaseq ﬁ1aeDP0L|Jrg frqggns 0 Yo e eaved facets in the three regions was estimated under

optimisedggonditions f iiBASTABRNIAGMAARKEISE SAENMBGASHIEBIPEDPRIGAMN fwer structure

grown on sapphire shows facet roughness in the range 48 - 57 nim on the sapphire cleaved region

and 40 - 47 niAFtIRUCBRPERHVEF EYIGE. BhchPd MiBcPRitaPapaplicieaveec@ignsuih 4Osmall
amount of surface, TaHBRNeRS L e ISR @bRea Rt SaRRRHS AR CRIbIRRFEdACs R @nd due to a

slight misalignment of the cleaving 10 forces. There was no cracks formation and propagation to the
active region dhipledBsesiatiasepmieiibtree Muakiessdvthadetastasadhol@arne?so - 500 pm

were preparedsigs QRHCA RSN RIBEPtEcEIBalNa TS P OfHWAS RBREAE- JRSRE SRINIHE 9rown
on ELOG using optimized laser cut conditions. Thin laser bars were cleaved from a 2 inch
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



15 wafer and the widths of these thin stripes were varied from 300 - 800 pm. 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 reddlts on three different structures are different.
Sapphire cleaved facets are quite smooth. Facets formed by laser cutting of sapphire from backside
and cleaving tihediesteothibeabaeacstai crevsicowsp omegh niessacingois] cabhiemd ng thistheggrstrate and

growth conditi%s. The facets are %uitg sm ofh and vertical on the laser 28 str C/BH{F/I rown on ELOG
& presence of pire edge dislocations cannt())t S aggesse dwtﬁ \% alysis
compared to laser Structure’grown on sapphire.” This “Is probably associated with gro ahisotropy of

laser structuresamckedtientatiomanflénddassobudtinbherotechel. Tpestiea fsomeHgbtass theskoaspects,
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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;GaixN

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 Aig and E;qg 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 E{(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 E»(TO) phonon in the ELO region, compared with the GaN



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 #aser emission by optical pumping from the
laser structure grown on ELOG was observed near 400 nm. The active layer was GaN/InGaN
multi-quantumbuéits vatiohDWbaihaiée esidaigdaliersteaid tbesdeavetponeotsapedrfotatied was vertical
and smooth. 2 Cross-sectionalfﬁ man measurementsywere %c;(réql%cte ﬁl}tdif{erent %?é?‘lé%? of the
e
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(TO) mode ﬁlﬁg V\ﬁrcl)alﬂ trg) 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, Al,Gai.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 um 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,GaixN TO and



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 (0.2-1.00) 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 EL@85 growth and cleaving induced tilt
(misalignment of the epilayer a-planes with sapphire en- planes) results in appearance of forbidden
modes in cross-Cetiiutes jpolhe stadting éasne nMdresa diieacsesvaltionoé fenbidd éhdRgumdity miodes

just above the,mask region suggests that the | cz(s)lé2 hanges in the microstructures can produce
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and 15 O magegijutagchadeiatidayarstiid barseaaBaaPemdeshpwmbiiiiaimethdecleaved

facet. Material quality of the cleaved facet can be judged from the .
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

15 induced disorder, wing tilt, and cross-section geometry may result in the break
down of polarization selection rules. Though it is very difficult to 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/BCl3 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



Raman intensity and line width of the alloy phonons. Appearance of few forbidden modes from the
facets can be associated with wing tilt, which leads to 5 polarisation breakdown. In the back scattering
geometry along the [0001] axis, the E2 phonon is allowed by the selection rules in both z(xx)Z and
z(xy)Z configurations, in contrast with the A1(LO) phonon, allowed in the parallel geometry only. On
the other hand, the A1(TO) phonon can be observed intéhe 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 ther&zail Wesetilsed. ashberearist amibadixients grectivetgfdree tolise n@tisideredeiry weak
intensity of the aﬁ?;ggjdeecr}srgoﬂ?sslp a eazrit}]cdjlﬁaétq%omghr?/ reveals that the misalignment between the
cleavage planes is'Very SR I aad 1on, composﬁlona ﬁ'uctuations, strain 15 induced disorder, wing
tilt, and cross-section geometry may result in the break down of polarization selection rules. Though it
is very difficult to 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 CI2/BCI3 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 16 broadly described. The
present embodiments are, therefore, to be considered in all respects as illustrative and not restrictive.
17 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 with a thickness of between 350 m and 400 m 5
formed of c-plane sapphire and at least one GaN-based fayer formed upon a first surface of the
substrate, said method including the following steps: cutting linear grooves into a second surface of
the substrate, saig grooves being in alignment with vertical planes of said substrate, 10 wherein the

, Taims . . .
vertical planesare the a-planes (1120); and cleaving said substrate and said at least one GaN-based

layer along sajthyeidsigdtpey finsaineaitoruiiatiseiferied by a laser beam from an external
laser source. 15 2. A method according to claim 1, wherein the grooves are cut to a depth of from 40

m to 100 m. 3. A. meth@drathottlsfgdbridating avdhedesuthucgtedemaee dovicea sigtienficsom 50 m to
80 m. 4. A method according to claim 2 or claim 3, wherein the depth aid 20 groqyes is controlled
by process parameter ?Hg?é;a?n %tr P@b %F"ﬂ%‘%}yﬂ%ér% W?%Q §é§eﬁ%ﬁﬂﬁi§§%ﬁh3er beam is
scanned @ver the grofuresecainof b@lanembapphiimasdha laset bearGENstareed puarfeamegrooves. 5.

A meth rdin laim 4, wherein the, laser m f . . .
ethod according t%goarll aﬁké’ysﬁr ellcé oF the su esﬁratvé/?ga%pr%séeiﬁoocpmcludlng the following

steps:

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

10 wherein the vertical planes are the a-planes (1150); and

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

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

source.

15 2. A method according to claim 1, wherein the grooves are cut to a depth of
from 40 um to 100 pm.

3. A method according to claim 2, wherein the grooves are cut to a depth of
from 50 um to 80 um.

4. A method according to claim 2 or claim 3, wherein the depth of said
20 grooves is controlled by process parameters including the intensity of the
laser beam, the speed at which the laser beam is scanned over the
grooves and the number of times the laser beam is scanned over said

grooves.

5. A method according to claim 4, wherein the laser beam was focused on
25 the second surface of the substrate within a radius of from 20 um to 30

um at 1/e? density.

6. A method according to claim 4 or claim 5, wherein the average power of
the laser beam is about 1.4W.

7. A method according to any one of claims 4 to 6, wherein the repetition
30 rate of the laser beam is from 2 kHz to 5 kHz.



25 the second surface of the substrate within a radius of from 20 m to 30 m at 1/e2 density. 6. A
method according to claim 4 or claim 5, wherein the average power of the laser beam is about 1.4W.
7. A method according to any one of claims 4 to 6, wherein the repetition 30 rate of the laser beam is
from 2 kHz to 5 kHz. 18 8. A method according to any one of claims 4 to 7, wherein the pulse width of
the laser beam is from 5 ns to 30 ns. 9. A method according to any of claims 4 to 8, wherein the laser
beam is scanned over the second surface of the substrate from 2 to 12 times at a 5 velocity of about
1 mm/sec. 10. 8. methAdaeitod acctrding tmamyf oadcs &lan®s wherainvther einldaspotse Galthbased
layer includes a pIuraIith%feC%gSl\é-r asgd I@[/\Frs. hA m%ﬁo% according to claim 10, wherein the
plurality of GaN-based layeérs inclu AEENMBE /N&a Fayers. 10 12. A method according to claim

L0 or claim 11 yherelg fhe aN;RasRdnRY6 S SRR Usbe cRiiRriah ieTasgENg (ELOC)
techniques. 13. A laser device having cleaved facets formed according to the method of any one of
claims 1 to 12. scanned over the second surface of the substrate from 2 to 12 times at a

5 velocity of about 1 mm/sec.

10. A method according to any one of claims 1 to 9, wherein the at least one

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

11. A method according to claim 10, wherein the plurality of GaN-based
layers include GaN/InGaN/AlGaN layers.

10 12. A method according to claim 10 or claim 11, wherein the GaN-based

layers are formed using epitaxial lateral overgrowth (ELOG) techniques.

13. A laser device having cleaved facets formed according to the method of

any one of claims 1 to 12.



