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CROSS- REFERENCE TO RELATED APPLI CATI ON(S) BACKGROUND
Field of the Invention [00011 The present invention is
generally directed to articles having a spine) crystal
structure, and includes articles such as boul es,
waf ers, substrates, and active devices incorporating
sanme. In addition, the present invention relates
generally to nethods for formng such articles.
Description of the Related Art [00021 Active
opt oel ectroni c devices, such as light-emtting diodes
(LEDs) and Ilasers, oftentinmes wll utilize
nitride-based sem conductor |ayers for the active
SPFINEEBOULES/WAFERS; AND METHODSHGR §'ABRICATANG SAME
galliumnitride (GaN) materials, which broadly
i ncl udes Ga(Al, | FenhifereStene-Sindberpave been utilized as
a direct transition-tlylen Kektai conduct or nateri al
havi ng a band gap thaRobatyCink nmani pul ated over a
fairly wide range, orHudgeOmy der of about 2 to 6 eV.
[00031 In order to take advantage of the
OPt Oe L R ORFFRRANCAC T RELATRIPAPPLRAHONSfle- based
sem c ; ey generatty are forned as
a single crystal. In this regard, it is generally not
pragmatic to form bBACKGROIMNEBt al | i ne boul es of
nitride- based sem conductor material. Accordingly,

the industry typiqa&hmfhﬂﬂhsauggt to deposit such
materials as a nonocrystalline [ayer, such as by
0003 P TheBreddns SivOMoR is Sdhe@lly dREREIB attRleS hakihSd dphfeerydthl 1S
[ dgsirgg phat thel%%%gtr%te on mﬁich t he nigﬁﬁaéybased

structyreygd JudBleo attioles syl R beren wes0 sbeiratesetdashiRovises
incm{r%&%glﬁzs%ngeﬂ%ﬁhﬁisg ets]ééree%n?ﬁ(}aﬁlitor bl ResHeNSHBY t_o%ﬁetrtl'rhﬁéig Hre.

. est the crystal structur€ in
formigg slwpedicteed active |layer. Wile such nitride-based

Description of the Related Art

[0002] Active optoelectronic devices, such as light-emitting diodes (LEDs) and
lasers, oftentimes will utilize nitride-based semiconductor layers for the active layer
of the device. In this regard, the family of gallium nitride (GaN) materials, which
broadly includes Ga(Al, In)N materials, have been utilized as a direct transition-type
semiconductor material having a band gap that may be manipulated over a fairly wide

range, on the order of about 2 to 6 eV.

[0003] In order to take advantage of the optoelectronic characteristics of such nitride-
based semiconductor materials, they generally are formed as a single crystal. In this
regard, it is generally not pragmatic to form bulk monocrystalline boules of nitride-
based semiconductor material. Accordingly, the industry typically has sought to
deposit such materials as a monocrystalline layer, such as by epitaxial growth, on an

appropriate substrate. It is desired that the substrate on which the nitride-based
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materi als, such as GaN and AIN can exist in several
different crystal states, typically the desired
wa@eyswado4et ructure is wurtzite rather than zi neCbusrde030800
In an effort to closely match the desired wrtzite
crystal structure, the art has utilized
serfi@ondedtyrdayek [si deposited hiFlaampdtibldeydtal strucvdre sta pinl fes® the

cprundu and _specifi.call rie t he sapphir
cestiey el bR B fongoiedectys s e 348G nABEBaskE
matefiyls,isadH RATAPIHIA NWah 868 iPSevelal differehieraed] stdees, thsiydly 1S
deposited. However, sapphire suff?rs from nunmer ous

the desirgp syrial stiugture iy wipigedatherthamaincdlende Inas etiorkip plosely

mat¢h BRVRER IR Re kI sGAGuRENY &€ HastBilitithbrfRERLalRET | Ve
devices. In this regard, 1t is generally desirable to

aluging dn the éormpetarpnbire (rorumdin): @ndspecifirally origitidl ty sapnbir e
¥ H e
subgtgét{éhébea%tt% gﬁ@iag 5@@4}1%@5%@9@&&1%@5&9@ wrﬁt:@ian Rich g}%ﬁagﬁg;

rather 'ng or saw ng, as cleavag y
layqrésidapesitedn biowevanrsaprhire geffers fom npwgroys drpwbaoks. Fore
u UL r.oc JA L:
cxaff MG Ad3Pn SRR S O flnd BaGATHE B8l 1o BBLOR
actig¢ dewiageln thisaggerd, tthegeperajleddsirae tfdisttthe wafeninthigdividual
. . f I S r.al t
die FYEhAE B By B iy PN G B e g
by ghieingiot saving db clkadabemay tbduel mainfaeturidg vostseant] ayi soadlifyon.
th Pr o‘gt?rtugr Srt al | ographic orientation of boul es and
© NP EPEESPREFY “as physical orientation of wafers
during wafer processing (to formactive devices),
[000#h Ue chmst, spindl alakeginlyaif drientdueprapetly, dempnsgititesacleavage
or ,entati.on geney al | gads. .10 iy t hr, hput
pla, 4P RR pEERRE Bt prfiR Or by SEFE RN SBIRHOTR
cleayegreplael of titbadiridabdtize layerp which gernmitspradiicsablesqidnreliable

boul.es, .wafers, s trates,. and optoel ect.ronic

eV R b PR g e R o O S S g wel

as pigdiku dﬁeﬁt@t[onfcﬁm&fewlﬁﬁiﬁgﬁlafesml Rifg [tG@&ﬁﬂal foﬁe@m\cﬂe@g to
one enbodi ment, single c¢rystal  spine ris

havg bes llengp H}:%EFF‘-n’g“Péecf%%ﬁ'FntF%%%“Yg@%fgéﬂ deascaged ang

throwBhpi hRT loRefiélghery having first and second flats. In
certain enbodi nents, the single crystal wafer has a

specific tal) ographic orientation, and the flats
0 3 et Ghe RrsGonRet Rt esbls t PR dferoyed spinel
boul 80Radrs b SiFatkis|dhdloptoalRetkdney de@ EbOigbaTpdthtingtsafiie] 43Geb1Iak
i forg‘n n%mgct ive devices includes providing a single
ImpEo¥pd mefhods fy ormipg 8Menavi ng a front face, a back face,
and 2 WO 2005/ 031046 PCT/ US2004/ 030800

SUMMARY

[0006] According to one embodiment, single crystal spinel wafer is provided,
including a front face and a back face, and an outer periphery having first and second
flats. In certain embodiments, the single crystal wafer has a specific crystallographic

orientation, and the flats are provided to extend along specific plane sets.

[0007] According to another embodiment, a method of forming active devices

includes providing a single crystal spinel wafer having a front face, a back face, and
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an outer periphery having first and second fl ats,
orienting the wafer based on the orientation of the

wo poos3mnel second flats, formng at | east one BCI/USE04/030800
| ayer to overlie the wafer, and cleaving the wafer to
formactive devices. [00081 According to another

an oetmbmilphmymavmg et hmhhecxfndfﬂatsmmi@tmgfhe vaferibaded de she

n [, <111> .
oriefRAdH ARt ool b Toming ae Bty R & quertee
waflrparlde]eaging tisd watentg fareactiosde®idesit 0 waf ers, wherein the

first and second flats indi cate an orientation of a

[000%11 9\%&% ﬁPc% ano er e f)(%qﬁ tgetgo dl%tgléﬁ/s#%l%ﬁf E]gnEI'HE
fonW\hhﬂScb@l@D&juld:l&l&mg raesu l:aexmmattmnaﬁodmagl ﬁanamtye@ondf

SR Do 907 s s e BHE 01 g SRR s s g dts

indicdtan drieatatlon 6 cléaugerdsme obei&l wdferald fehgfylthe fes aid bed

| ow. houI d be noted that unless otherw se
bac‘%%&?loﬁ@ d"4¥ P ke el ements have the same reference
nunbers. [0010] FIG la ill ustrat es an as-grown spi nel
<111> boug ] , ck and tail
renoved e ced—thetrertont—and FI G 1ca
SC gematl C Cross- (f),ectl on of e vvaffg[Jj [001115 Fl G
l°°°Pls gAyEr Sppeets g adyarigess ot SmiedigenS e ¢ BresRgt gentign wil

&ﬁ@@gamor@fhetmﬁawmgmmp@ﬁ app&iikd blafmsGnd Shel cﬁavﬁngsop

an enbodi nent of

Whlmﬂr%hrt“?ﬂyniesc[r@e%flow &sshmﬁ%b%me%a%%%wwsmf@é

llkebﬁﬁgﬁé h&¥e the %e@@fereﬁé@-ﬂﬁnﬂe& opposite orientations,
4c a <011> oriented boul e, and FI G 4d a <100>

rlentated boul e. [0014] FIGs. 5a-5c il | ust
l0018} FlGhtladiusiates anassgspwi poingd il 1> la%léﬁs EKh btafboalﬁ with the

necl€4HAQAH FRRVed, @hd 5 Qefet meemmefemm%ﬁ FI@aw 5 kdushARidreg- a
cross-section of a <111> spinel boul e showing the

sectipgjobthe i nor flat, FIG 5b a backscattered i mage of
a <111> orientation, and FIG 5c a boule with the

[oo1fiy ONG. 25ik &l PersptRiitd ﬁb\@ @f a ¥aldPackORM OB kR 4Rbodiment of the
PCT/ US2004/ 030800 DESCRI PTI ON THE PREFERRED

invepgsoDl MENT(S) [0015] According to one aspect of the
present invention, a single crystal spinel boule and

[0012] PUG.8 i€ b Yopivadw 5P4 Weler ¥RbRIE th @ BRBodiMietef the favahteon.
provi ded. Typically, processing

[0013] FIGs. 4a and 4b are backscattered images of a spinel <111> in opposite

orientations, FIG. 4¢ a <011> oriented boule, and FIG. 4d a <100> orientated boule.

[0014] FIGs. 5a-5¢ illustrate orientation of a spinel boule according to an embodiment
of the invention, FIG. 5a illustrating a cross-section of a <111> spinel boule showing
the major and minor flat, FIG. 5b a backscattered image of a <111> orientation, and
FIG. 5c a boule with the front side identified.



of a single crystal spinel boule begins with the
formation of a batch nelt in a crucible, generally

WO kdodssroat ed as step 210 in FIG 11. The bat chP@EUB200£030800
generally provided to nmanifest a non-stoichionetric
conposition in the as-forned boule. According to one

enmbodMBSCRIPTION OFUI'HE PREFERRETR EMBODIMENT (D)
aAD- bE2D3, wherein Ais selected fromthe group

[0015P NSdcBidinRTo Bhe A%ect Gfthe gfésenMihveIBiﬁn, a‘iﬁmgl&&ystﬂfspmal’lfbule

i nati ons selected fromt
and émﬁ% cLystah gpipg!, waufﬁs %ﬁned téereffem arerprovidgdy T ye’aﬁ@i RS
of atsh%'lee&ilstal %Bﬂel@ohﬁ: beghewiethe fférﬁﬁhélh@f agfawﬂﬂn&ﬂﬂ 8ichiciblg
0, S, onbi nati ons thereof, whe |narat|o

and
gengrally ﬂluitrafe%wrﬁptm 8n ¥IGe 1 b pheepatchanaltiis gpniewllrszml ed feor
marﬁ%eétrdhﬁdn%%aﬁ&netﬂc §<§n?;§o§#ﬁb19 m%é ascfoﬁﬁea%%!et | QRordfhgend N

the ratio of

embegiment,shabrudmhes p.genm:s rﬁqm@latqfef@ hEaDe vhetgingA isgelegted A 1
fron]r the[ %@omﬁsﬂuﬁ%‘?% %% eZnnMél Eg Stre(F(ane bl lcEmbi&idss to a

e crystal” nas3$ processi ng, and
theneqfc.; Eusj@:lpctedgmthe exoup pehsisting A)lr, Int, ke, ei ks Fstandct ur es.

eggﬂd Dis
COH&Q&%J’%@%Q{A?ME ﬁ%le{gtg&{r&ltn Sl né F{B n% téFéspl nel
con’rbmatlbhmthémomwheremlw;@m 208. su&/mthht-:ths smml ofrichligE2D;.
di sl qsure . c nmakes f.erenc e
For B30 F up e RAR B S e Rl R S PR RS R A S R 0F oo
whildah-stdiehigne e admpbisiivhoisave e brawatd ;ge«ner ally relates to
a broader group of spinel conpositions, having the

raI f a [D- rj
i R e R
pro¢esfing aaed inebhdbyingots, aylimaless; @ tigr ldatsenctidean 1:1, certain
enbodi nents have a b:a ratio not | ess than about

[ooﬁ;mA%ord?n%ftQ %%alﬂ‘%bcld%ﬁ%ltsgh éaﬁqyb ahd B 1;'A]L %‘g@m the

Ve even f oporti on
singletystalspinebhas A3, foﬂmdhaMgOibAizOb e%nlti bame afitbeidisdo®wrel, or

conR PP RS PR Vs B R PR Rl |

undsstodd ftltat)thb @mara db;caswratnbfe genahllyogre hsds ¢ a bﬂoadefr ahoop bf 4: 1,
. i ¢. embodi a b-a.r 0, 0

spineCnposfiogs Tgving B9 EerErRgrd Yo DD} B earoRY e

nelt in a cru0|ble, typically, the spinel single
[0018] YWhidd Efinerich spmelfs arerpnbrmy remesenfed baniraiod:d geaiten’ thare s

11 S BRoo e T 7S En A TnabBdr Gm et P -
thad abowal.5QAn Colier ef®bdifefits Bavie @dén tigtcs pfmpbmbms Oﬂﬁsz ®lative to
ADS%% re%%%%ﬂﬁ%@%@%@%@ 8@%}1@%@@%@ an agout E% :1. fccor%mg to
certain embodiments, the relative content of E;Ds is limited, so as to have a b:a ratio
not greater than about 4:1. Specific embodiments may have a b:a ratio of about 3:1
(e.g., 2.9:1).

[0019] Following formation of a batch melt in a crucible, typically, the spinel single
crystal boule is formed by one of various techniques such as the Czochralski pulling
technique. While the Czochralski pulling technique has been utilized for formation of

certain embodiments herein, it is understood that any one of a number of melt-based
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techni ques, as distinct fromflame-fusion techniques,
may be utilized. Such nelt- based techniques al so
WO p@s08®4¢ he Bri dgman net hod, the |liquefied  PCT/US2004/030800
encapsul ated Bridgman nethod, the horizontal gradient
freeze method, an edge- deflned growt h nethod, the
techrggenskasalisiaet from fiases-fusion mbml(uefotpw besutiized ctich migkis e
m f | ame
baselfRichiRSERp R0 ety AEAOR e el bl O
Bridgmiowkthod, tienhosizongdltgradient frcm: meghod, 41l eslge-définsd growttoes
t | gr own,
mettgh f SERREnA REHES or MR ol B fith il sl 2,
techmqmcerfuralamemtaﬂd,}rdxﬁsr fraom famel ﬁmoﬁmasah)nqucs i tifa meltthastd a hot
uct he roj ected
ey a8 Bl Bor it JF PR i bR AR RS bt
meltfFondwhich g dbile isfgrcﬁﬁl biQGaRe] pﬁ@fdef abcbr;stant fiew of solid ws eed

i 6 Ltk o WA

then @tdjédted agmgt@akdewmgt daﬁfa@eeﬁdvlﬁéwmb &loltes® profigut satidifRk.
stoichionetric spinel and has sufficiently high purity

ooz ot Feiila FOderial B Ragrb ik RS YhiBye g

batchmglt agxlﬁthé @éeﬁtcg@car rRlatiVé yoatiDotBerf ITypidalty, :tlfél sbddecrystdd &

Crucgil e nma e r ot e atlve to.a | Xe
formed 9§italrﬁhwlafﬂy Tig; SRIREL APy ﬁ%ﬁsu{f cisntly high ppity and %Ste'.l%ggﬂtpgac may
hom&&nkid} @tpe&bldeta%itme fefipfiktd PRbould HOWEE eﬂle@éédiirﬁltal aaayi t he

actively m ng boule are_ _drawn out of the

be m[t%@fb‘ﬂa“)&%@c?rféﬁeﬁ gme@le@ﬂ'@ ceielomAL Pt m&ﬁfedareb%este ﬁtﬁxed

seedlcR)¢EMN dr B6th (RVERIRISaROHE el bASRE Bhy bAFdthtddN TRk Fotation,
cruci bl e di aneter of the cru0|ble contai ni ng the batch

the spesl arysigl @nd B eetyelydarming bayde oo drave 6 pf BF meliar anet er s.
Most typically, the single crystal boule is grown at a

[002 ﬂ I R6E3Sn@BRAE bmb&diinent S a PREert ﬁﬁl@nﬁd?ﬁﬁ‘ve@@@ Bbul® didReter
Here, process aspect ratio is deflne as_ a ratio of

and igtesionefacibls diametsr ahibe erucibls copiainiing e hatahmelsare coptiallad e
to beb@hﬂlﬁ cmaﬁ{%ﬁﬁeté@ MBH@{;ﬁé’a?l‘&atﬂg 31?1%1@ RBsal bcsafle isBRwaAQh e
al ong its nom nal nom na engt representlng
process aspeploretie ofnobless than ai@ut (:39. Haqre.i pEoqgss aspecéeatip dsydefined
asa Ia@if) %?B.VG? c %Bulg\@f‘aﬁ%ér %%% lﬂé Bﬁmefep ﬂ tﬂoﬁl@ '@iameter |1(S
processi g steps, generally not 1 ncl u t he neck and
the averiage dismeteefithe ohlepéangdts domapkleagthamnusal tle@gtlan ds of the
oMl r relativel .
e ARDEH o BB s PR ot oo
to dd"mmtwam procasbing ktepsngamendlymmmdmhsg thaslp@catnd tak (conitedd ps

t d
shap A G F Rty HS P Doty PRI RO cimes gy e
constxatidleng tht aeminaldenptinsf thé boqlrpl Hogrnatidviat éhegypieimuim praddsy, it
BTN R R R T T e
or rerieatatian bfthe 6(3.1@&!.) ake kﬁb’wrf&)(ﬂ@@ﬂ@ Morepbedifigity, it iand

desiretlil Ehfalt t | %gltll!a %ave tlge < ﬁ?g orlentatlon (triangular morphology), rather than

the <110> orientation (square or hexagonal morphology), and sufficiently high aspect
ratios may ensure against flipping from the <111> crystallographic orientation to the

<110> crystallographic orientation.



rati os may ensure against flipping fromthe <111>

crystall ographic orientation to the <110>
wa@eyswadoke©gr aphi c orientation. -5 WO 2005/ 0310B6T/US2004/030800

PCT/ US2004/ 030800 [0022] Wth respect to the

MyO- A1203 system nmnultiple sanples were created based
[0029P WitiRredpedt 1o 2heMED-AN,@; syStet Omuléipld s@mpslesWare yreated bdred

rel evant. process conditi on§ is_ provided below.n the
upop a8t le(2- 93 biadrtie, @t B RAY 91 Be TElR@niRreccsHiont OB | on
providdoelcvP BN @ble NTERGH eMbOUIMEITR O RS HESentiRP& ibn haVel 0S,

such as not |ess than about 0.40, not |ess than about
somgwhat higher @ipdmum proceespechaHom Bish s potdess thep pequt 0.40, not
less$REACHLARNMS o AU EnRVER thald1aBERD.48) ORRFSmEIRGIts AL LR
“such as not |ess than about 0.44, or even greater.
highega ptogesPasectratias s@rhasitiot less trn@bawi Outdeor qvan grater y st al

dia. Result, <1l1>Aspectppe

(nmi hr) (i nches) (inches) (inches)Ratio 142, 52, 2yes0. 55

PullrsB. 5PCRnibl. JIIM | KBrdcibR. 1RHD0, Gystalaiia. 25 Rearb 61 BF Aspect
(mmi/RH. 25@nchys0. §9inthes) 53. 1y|g@®h&P 2. $53. 52. 2yes0. 44| Ratio
1 2.564{462.2n00. 32.2. 5743. 1yexD. 44 2. 5685 752. 2part | yp037
1 [0023]5 Typi cal [|y3.,5t he boullg2.and waf ems therefrom |0.44
1 consifsg essentilafdy of a sjiamle spinab phase, wthoso
1 SECoNnpary phasgsayccordingio anotfes feature, theosi
| bourerqand the 1535 4.1 yes 0.59
1 6 4.5 3.1 yes 0.52
2.5 5 3.5 2.2 yes 0.44
2.5 6 4.5 2.2 no 0.37
2.5 7 4 3.1 yes 0.44
2.5 6 2.75 2.2 partly 0.37

[0023] Typically, the boule and wafers therefrom consist essentially of a single spinel
phase, with no secondary phases. According to another feature, the boule and the
wafers processed therefrom are free of impurities and dopants. According to one
embodiment, the wafers processed into device substrates for optoelectronic
applications, the wafer and device substrates having a composition consisting
essentially of aMgO-bAl,O; wherein a ratio of b:a is greater than 1:1. In this regard,
impurities and dopants are generally precluded. For example, Co is restricted from
inclusion in the foregoing embodiment, which otherwise is a dopant for Q-switch
applications. In contrast to Q-switch applications, it is generally desired that a
relatively pure spinel is utilized substantially free of dopants that affect the basic and

novel properties of the device substrate.

[0024] According to embodiments of the present invention, a single crystal spinel
boule is formed having desirable properties. In addition to the desired <111>
orientation described above, the boules, wafers, and device substrates formed
therefrom also generally have reduced mechanical stress and/or strain, as compared to
a stoichiometric articles having a b:a ratio of 1:1. In this regard, embodiments of the

present invention provide desirably high yield rates in connection with formation of
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waf ers processed therefromare free of inpurities and

dopants. According to one enbodinent, the wafers
w@r@sessaed i nto device substrates for optoel ecP€DOBZN04/030800

appl i cations, the wafer and device substrates having a

conposition consisting essentially of aMgO bAl 233,
singldeyseal wafers thiti fornpfubbiraesiof agiivedteices) fraialsh: providenimptuived

uritj.es anglt%g ants are generally
(<)

PFO%FSE%% fg‘)&tgr&s 8 SSE e FLRIN 1 i cted from

inclusion in the foregoi ng enbodi nent, which otherw se
[0025k Véitldemot to ﬁmpro@dsmbctessimg fagipies, dlad lqultﬁsmay e coled ptast to

rloRetbief e RE S st Rapt s e BE0CHClnbur Fhef BB 1 oo

coolitg rdRPARAY Be tiflbd adcbRigdg th BRbSHGESs aNlle pfegdit invpitiopStH €S
of the device substrate. [0024] Accordin

as nehlpwdhaveahew 10¢°C/hpar, &P%"s&‘élmur wﬂ@mﬂ @b’hrat%f)f%r%@r thag pRag 5
30079@/}1&}3. TPé’&HJe sel %@ﬁ%%&’s d%gﬁ’db%@? eftﬁ‘ﬂ% H{ SRk ties.
n addi

I on esire ori en ®tion
fabribaiar proeeds fob fmmmgtshglekmystaé boulewodngd farthea reduckahé thermal

rates f ar e t.her e m ner.a e
budfel g e Fh S RRATRR, ek PR R IR FRL Boltel ol =
accdrdmg 20 Snoéntibbhad p’ﬁicéﬂsmg gencradlyase dv@lkidag rmtivela Imtoodmgf

i ment

t hi
rated 4 AR IS Rl SR herpa e MRS
accdr@inp &Cémmlm%ntsl”bf&}w;ﬁ%hﬂﬂveﬂﬁon Gw%@oﬂﬁ&'éfe@ 3111966

PCT/ S 004/ 030 .si.ngl _
substantially ﬁl@%@r ystrstlﬁefqv\sie' Qfgﬁecr ‘f°§ %mﬁy’

con&e!?i%ﬁh\{ 86blinP kRGPS e bt o1 4©5C/h6’|h~°& 1538, @ uhr'fhg"E@Bli—hg
detai |l herei nbel ow. [00251 Wth respect o i nproved

peripdsouete pidey afdaysur es, the boul e may be cool ed at
relatively high cool ing rates such as not |ess than

[002@{’ )| f&% r&@é&dm@%%ﬂoﬂﬂb@ﬂﬁfodm%@&ﬂ thé pfe%n@ﬁwéfﬁ%n be
I'i zed accord Ing to enmbodi ments of the present

anngalipg Af the houlwewea%omay cqreedsout ﬁléh‘-ie%wf? cogie/ inasiticted
to agggtg F}g 4 E)rt ﬁﬂ% peied? 1c§ @{eecm‘l)é peo8d ft gie%ﬂh@rpé)d&lt

COO I ng rates esirab

50 Homyss sneh as mt@mghpﬂnan d:out Hhoutsa pr ¢V@af20 baurpr A@@s@ng tor
cert{l ﬁ%ﬂ}bggm%g@ n%E%‘ﬁl%% reQH LR a?\g‘g {aéf{o*d*ﬁ%{ gréa%& the

| re cati on,
abowtcl®drodisn gldy:ed emahngm@t lsa suantieBy ¢anpletdly eammwdj ng to

ther%l? nvl} lattm ggs:t-f&m?n%ségt tgegtnge%F %% Jltyas? gn\%ﬁ@(ln?ifbo%

fonmng%ehﬁolégygenanalgr relgurites gsetdf euhstanhalmgnqzaﬂ pfmmls m aH(avwnﬂtr
accor ts of the. ' o0, t he

to nfGe feni e S0% AR bt sy 67 it gl e
welpdsoulddraktitea Withativiging o bdedas amyogariehldr aticoty, it is

.Generally, . . . .
beheveg tﬁat theyreductlon and internal stress and strain in the boule according to
embodiments herein permits such flexible processing conditions, including decreased
or complete elimination of annealing periods, as well as increased cooling rates as

noted above.

[0027] According to another feature, the reduction in internal mechanical stress and

strain are quantified by yield rate, the number of intact wafers formed by slicing the
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conventional cooling rates are on the order of
40C hour or less, requiring cooling periods on the
woe@sn3whc days. [0026] Still further, accordi NnBCT/WS2004/030800
anot her enbodi nent of the present invention,
anneal i ng of the boule, conventionally carried out
boule UbgdcpllgHicing iscaoicddrgt by By oesof seedrddlicing teahnigieatmase! y

hor.t tine periad. Typical he e not

nota}) $ide shwiE.. RS ki hereln Blcf alo Yoy b GpdRq P Bk Bl "0
wi/(va rond x 300% onttesein (M{ = gheatumBer dfdntacs waﬁmqﬁbmssmg fitom the

certai n_enbo t he .anpeal | r ed to a
boulg, 2 Mo e EeH O e tard vt Ao s le® E e | geod
mecl@ﬁ&@pdtﬂemg RBain BEths bbSE. a?&ﬂv@xhdo&ial(‘}@miﬂ wtldlrate al vefyi I} ed,

t her i gt i ost rmn at, treat.nmen
such@s gp ﬁ&ﬂ&r XQ%% EH?Q P‘g’:ﬁaffpt"x? Upw Y%FEWF. ‘ﬁ@“%‘é?ﬂ?&f”b@é
exce§kiVtan@inaVstic@dslhidetraiaSe tRfoosld DEL Ritrast lyicdd e lacdedih @S

in an attenpt to mtigate residual internal stress

embodipents pithe preseat was?momaee tyirally ogf esitan appw29”% 4069 as
even'#obA. @ﬁer@%ﬂo@in{ehﬁcshéw %cre\ﬁ\glﬁélyﬁltghweﬂ‘ﬂafég shéh J%%OE jegd to

any particular theory, it eved that the
than ploH; £9.169rr ayed 0% dpeiRer, csitrin swbediaenss haviedempnstrted pei| e

100%‘?&9{ O freliRe 1@%&%&%&{1&1 Ft?e%?ér{a/o‘?%e[ﬂx Eé«g&%ﬁkdﬂb@% bl'e

) ocessi ng conditions, |ncluding decreas

is n0§mip prssent sfithim theatst-formest (raa) veles, hyf alrerthatscessed baples. as

the v!gg%g r?lﬁ:?% g‘oi}lg)%gfr?g%ﬁé ?}Iefdggﬁs}ugg&'iﬁ%le%eg@m I %?érs In

this tiegaré,rthfaformmgainsi;ouatlorsoﬁm@sssambbul@tgemrdl}ateaotqubmﬂesf | ed

| t he nunber t act waf

that e ot SApict o g e S ine P P b B e

polishingiaadtlesnings!| i cing is carried out by any one of
several slicing techniques, nost notably wire saw ng.

(002411 nu‘?%ex@%ﬁg%?%on)’ﬂhm})%ﬂé G el ARG GbRliebihg' Mo

associfited surface am:afoqn&/lqhi rdess pnbcésslogrmbstsefor theadteve davide Wf =

he b d
man i A < maBien sV e e rERes R TR PR 4
cost othy soniicandadtbryfabridation flele) Acdo&tn@ly,st iv ger;erdll@w;esuedwhdn as

0 e order % The n
the vFaleth PSeppTIRT GRmeby ottt Rerit pogrolays Beescaeuat for ° °
less thbii about 2.0 nich& dd@\in EertatenttBinfeas] 2.5 Hckdsthr pR&RA Current
accor di ng enbadi nents of. the %%&08# nvention are

staterqfiiccatt processng fogls dor Radiingiafyrs abrigahion a0
gearéd tB%ﬁncﬁé’fﬂﬂﬁh&ﬁ%ﬁ‘éms&}ﬂ\ﬁér&o@%[n%%ghlbﬁhﬁ/t fhi lhdiyigah@e iiRhes,

such as not | ess than about or even 70%
wafersafe prgsently £eIing oarige oI Bis regardadie ta erAsPRsing deatiesandy

wafer features described herein, next-generation wafers may be supported according

to embodiments of the present invention.

[0029] An as-grown <111> single crystal spinel boule and its facet structure is
illustrated in FIG. 1. Specifically, FIG. 1(a) is a photograph of a Czochralski grown
boule 100, while FIG. 1(b) is a photograph of a Czochralski grown boule with the
neck and tail removed 110. FIG. 1(b) also includes a wafer 120 that has been sliced



100% yield. This reduce internal nmechanical stress
and/or strain as quantified above 1is not only present
wowasiosiothe as-formed (raw) boul es, but al so tP€T/US2004/030800
processed boules, the wafers sliced from boul es, and
t he device substrates cleaved fromthe wafers. In
front thie botilegrdatly slidwing fatetgon thg oatessurfapd. | KIG. dfc) ivaclesmticl

boul es ner al denot es, hqul es hat
crossati 68 1 S st 2E00 tont Mhcing (g HepB% 19600
grindi ng, lapping, polishing and cleaning. [0028] The.
[0030Rf &g shoshiirc Bl fi (chrn<t1h & kiogik erysial/pire] Yeuleisakherally
. sufficient.d aneter ssQci-ated surface.area to
il iR g e s ad: 1B B VB BapE MBS R RE R ce
facdeﬁ_mafv&ﬁéwerre{zz-ci}rplﬁerfgﬂmﬁ th&iOT,_m' inffmédiat siizﬂ ecanb3ckxwal er
size reduces sem conductor di e _cost jin t
slongefi WBFAl A ot MIEET DiPermill oo dab PEREHIgne £3-24s
plar@gigilygl | y desired that the wafers have a nomi nal
di ameter of not |ess than about 1.75 inches, generally

oo b e 50l MERER B RS by by o
maqﬁhﬂ{gec;géfatiblg)%(ﬁhgbn@éﬁﬁ@ $5-N0fatc0] 33. g thehpiel srgupwaler s
| N _actl ve

evice fabrication are eared t.o )handl e two
the ot apigne phthe gt ilenedamiing p@&&?‘;fﬁgl?ﬁab%rof RYIAY R@H@mg
a ndeﬂﬂﬁfea plagebf (081 ScigdvagdPIaRaithily m@REH With B8 frbitFeee ok N
is regard, due to processing features and _wafer

t d
surfaesef iectatere Jbps, HisdlohissupsAntiplR B ERAPERHBHCY A EFEeshay
pard?e] SYRPERIeS ﬁQto tﬁg g(]W lz\'ﬁfégvagE Elaﬁ@ﬁﬂﬂi{r}ﬁzﬂ&_§ wath tHeherink e @Bt

I nvention. t{g 0 as-grown <111> single crystal,
waferpiThetefaye aiflat irfcplane f thedd2-43 plane family identifies gn eriepiatieny

[ Lflcally, FIG 1(a) is a photograph of
°fa£‘b&§%§?ﬁ%ai‘f=§f‘.“9§’?%&h boul e 100, while FIG 1(b) is a

phot ogr aph of a Czochr al ski ?rovvn boule with the neck

[0033hch reltionshiphetwasn 1@0{?2211%} @lang qg}ilyaa,ngéhq 01 } eleavage placer
famél%ﬂr} {1}%@% g ?l%l ggﬁglr\va%ﬂ i§ AlstBtdGh %{i@% 081946 oriented

800 fromthe boule, clearly show ng
substeatcavafersOthaga fiontdzce 210.fachaek fapg 220 andean outer peripherakeses c
- ' L& .
20 RRE PRI 2 2y 2&3%%%@0?%*%%%{%5?8?8%@% P own
the edge2BGalofg & planaoftiic {22-43i plygledaroily sSThel majpt flasR4bisul e i s
L1y,  tri j ;
seng 7Bt h0 B i BVOREG o M ERSE ol ATty

be doheé afteratiéing #desked.pl ane fam ly. The six internediate
size facets 136 extend along the {02-2} plane famly

[ooié’f ié{%s:sh%)gﬁ]il{ Ii/i_h(?i tﬁé‘?@h&s Jf %Sﬁ{ssfor’h”rjé% b%ﬁ&ﬁ%rs%k%%f tie2- 24}
cleavage plane 260 and the front face 210 forms a line that is parallel to the flat 240.
While in the embodiment shown, the projected lines along the front face and the

major flat are parallel to each other, a different orientation may be used, such as a
predetermined non-zero angle between the major flat and the projected lines.

Cleavage initiated in the wafer 200 along a {001} cleavage plane 260 will intersect

the front face 210 of the wafer 200 parallel to the major flat 240. This is particularly
advantageous because the (10-10) cleavage plane of an epitaxial layer of (0001)

AlGay.yIngN grown on a <111> spinel wafer 200 is aligned with a {001} cleavage

-9-



[0031] In one enbodinent, a flat (generally planar
surface) is fornmed, typically by a machining

wop@sasioan) al ong one of the {22-4} facets 133PCT/NS100€030800
spinel structure of the boule, a plane of the {22-4}
plane famly is parallel to the |ocus of points

planef260 in thg wafer Ro(hehhat iszen edgpdfahe(16410) ¢leavpgoplage inthsavage

ALGY STl By BRIl D Bare L 1R B OMGaRE B!
wafambaa&xg’erp%mﬁ;onﬁfad@gtmstjon parallel to the i nes that
the {00 1 } cleavage plane famly nmakes with the

[003%“1J rf{sasggwﬁi 1$I §2 é«?%e& ech!?cF Bﬁ%o?fﬂﬁ 1259 1§ él%{lndl OQh@J)lﬂé}e Of

ane i den I'es an®ori en
periphardledgalid, gﬂnamﬁy eitertdmg Mmfgarplar{e%ﬁ—zilraﬂelrt@tMIplam sfmhp

res g 30 SFa B b 07 2 B BB el

including & plasé cﬁathe{iz}@ antl G11-2} fakilied thbtis aon parblédito theiplane aft e

waf er. 200 ront_f 210, .a back fa 2 and an
the 310E Pl Ap5tfARy e s 35 gt By R otB heoR e P
ZOOliﬂslﬁ&EfrﬁrﬁtZﬁlgﬁlboﬂfén lHovsavérthe l"nufc{cr altath M?ndyﬂ:e%f@:ﬂﬂ Ghtod ]EHeO |

t e 0.alo a ane of the {22-4} plane famly.
Wafﬁ*@"ﬂ&?@?ﬂ%lnged2gge§1@8' generally ground into the boul e

before the wafer 200 is sliced fromthe boule, but nmay
[0038F Adaiw® sAdwein FGI zgltlmgwafér i es¢rteicbuct MAX3IB clés/agdsiamesi n
1 FI G 5 Fe |.oc Sf oints forlmsd by the intersection
SlopgAWERK H oM NRTEIRY atp BB PRI fach {ypecrRigng iagrgects
the b2k {ﬁce@l n%agodmait pduﬁs foah il h&ine Jthe ﬁﬂ&l%dg?me B4R falce Béihg ﬁ

[ e_enbodi ment shown, the project ines alo t he
Spaqeﬁéwtn e malos g & greater disiasice fpmthe %‘fkﬁg’ﬁﬁ’fq@é fhe e alag

the Rbfq%oe afld fHelmiforant. THié SidnBikibR Mhd@¥vnR@rdieHd relatitelto 8 a
predet er mi ned non-zerog angl e betvveen the mgjor flat

maj arr@at e the Bpridacedis considered hieyeinea, Ageative siqpgt Eerhinkanehe
makeehe ﬁng@xgltl@lhg %n@faé@@&l}m q lrzfﬁ%éé Q%ﬁ)oﬁ’tl ANE 66 @%ré’@s | t{yplcally

I nt ersect front face he waf er
aboyadS alepusps qsanqamedm shown|inFIR20. This is part i cuI arly
advant ageous because the (10-10) cl eavage pl ane of an

[003%? itk f¢ispinell sﬁ’l{&ﬁreoz{ n&Qldea} erﬁﬂé&ﬁ? %né&t?i tHRYNj @ rRYMIhdoN A

11> spi nel wafer Olsa d wth a {001}

norrmléawgeconé figiiesip @i@/se@se Olege ﬁhgstbe oamkUBGrect speh e
othe?Gfhd it l{optﬁ?l%faﬁé o?hﬁi eﬁaﬁlizlea&) 90920%r 150 8edrddd- 10)

cl eavage plane in ['nyN epi taxi al” Iayer

with eack gthst pxanple Ipmmal tp éhe rpigo1| f@é ggewnaﬁimgtaim@éb/ d at
D oG a0, B8 G B8 Gped i) LA RSP Mot Tl L BMng,
alor@B(plare of the (@243 /{1 b2} hlenofamdlies. A normal to the minor flat

extending along a (22-4)/(11-2) plane may make a 60 degree angle, for example, to a
normal of the major flat extending along a plane of the {11-2}/{22-4} plane families.

By use of the major and minor flats oriented as described herein, the wafer 200, the

wafer 200 may be oriented precisely.

[0037] Orientation of the boule 110 is accomplished with the aid of electron imaging,
such as through backscattered electron imaging with Laue camera. This method can
be explained with the assistance of Figs. 4(a)-4(d) and 5(a)-5(c). Figs. 4(a) to 4(d) are
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peri pheral edge 230, generally extending along a pl ane

non-parallel to the plane of the first flat, such as
wab@sg3m4@l ane in the {0 2 -2} and {0 1-1 } pl BOEUS2004/030800

famlies, and also including a plane of the {22-4}

and {I 1-2}famlies that is non parallel to the plane
baclofcatterad phrdgsaf véricass oriewtatfons afdiygle trystal spimel. fHigst 4@pandi s

SRR et e ARl et sl 588 WPl
triagpudid 6bss-settiont 130 hasmf @Ex &Qﬁlrmﬁlg ap, tb:emagr Aati2de i, the base

of tiriandlpphii ing apat oM e e RpaRI Slesre sl hehtgd, ' °

210f romthe major flat. Stated nore precisely, each
cl eavage plane I ntersects the back face along a | ocus

o033 RS el R et oS P AEL PO B B

growtvﬁl asulé ho®, Rpdag hehilefirvend séd@ﬁd ﬂatrsarfaiee BQoppbdie ehdsaithe

ce. an he jor. flat |so tion
cylipgis ge%%tsim e gt 1 conttpl pis OF fhﬁF%lﬁe PR Siar o the
flat bk faéed GRd tﬂesceﬁteen skid & Reerhiy pirilledto HeUat ditection] Bpe.
Each Iane |le with the front fac Wi thin

n
gen%faméwg@leb ”ﬁmheml%w ljn Jelgreess genefally vdihin S degfgy 55
and‘?l@ﬂfaﬁ@swﬁiﬁi DBRPE BFla <PS>He¥bnl TekthifbemBoditieMs Bde withid he

spinel structure, a normal (perpendicular line) to the

1 degggediere rentesqpting sriciippasgliel; & Frh@e baels A0 Fiimpeediibback- ¢ he
scat?@é@mliﬂea ‘F'fG %@QQeﬁrgéhtsttﬁkeoaeﬁ’ FAaBhSthé E‘Jc@ Bﬁgﬁﬁfte ®864era.

normal s make an an for exarrp e,

Ono@Ghe fwt fam @10 zmd theslgnely Eage dalsare vdenhfg Tech i mpiordlat 248cnd

e AT B R0 L 1 DR O, 0

wafens @0@ cit rom thobordd 1 ¥ antl logiented with fhieditontfacefading gp, havmhg a

et AP0 L i e P, bR P
anglelless ﬂllarra%ypr?m:etengr_ ?? d;dfagemumﬁgtleqkwﬁsm Aszadink matrl]lteso a
confiRis¥em. By 337 45 PispaLorieliscicp il m B et
opefatipay, suehds properoribhtatich for fisistisglopsatidesthat thsichllyarei n,

the wafer 200, th fer 200, e oriented..
carecl G sitpeisa it es Mindca R0 iy g o Stkgiopyte
madEAeAFE of SRafbniY dridpiodRctddni ddvices By pRPerlyE@itifgthe sorfeb

as.  t hrough backscat tere%j el ectron |]gag| ng with Laue
for gpilusrgrovwn pad erenhibe Wekh forsRita Al BEMRd Wit h t he

assi stance of Figs. 4(a)-4(d) and 5(a)-5(c). Figs.
[003%{ Accbiding (6lan aﬁl&)dnﬁ&lt,\@to%%ﬁéxﬁad&ﬂ&s REToriBd QAKUZiAB 0800

M R T W T W N

yInyN epilayer is generally grown on the wafer. The values of x and y can both vary

from 0 to 1. Preferably, 0 <x <0.25 and 0 <y <0.5. An edge of a cleavage plane of
the AlyGayxyInyN epilayer is generally parallel to the projection of a (001) cleavage
plane in the front face of the wafer. Additional layers of varying concentration may
then be grown as necessary, depending on the particular device to be fabricated.
Further, several additional steps such as patterning and contact forming may also be

conducted in order to fabricate LEDs.and lasers. The details of actual device
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5(b) illustrate the pattern of a <111> oriented spine
single crystal fornmed when the triangular
waee@sm3wect i on 130 has an apex is pointing up, PCHES2004/030800
maj or flat 240 is the base of the triangle opposite
the apex, and the face opposite the canera is the
fabridaB6H arb &6&wn ©ldde of SRSy skill if Bleytirietichitirt dndRE legond thé St
the neck and the tail are renoved fromthe as- grown
Scmﬁﬁﬁm@SQG@OQW%aV|ng behind first and second fl at
surfaces at opposite ends of the «cylindrical boule
mmmrm&a&pg such that the central axis of the boule is
perpendlcular to the flat end surfaces, and the

04 Phftie ol sSvBRaRe p éﬁﬁﬁﬁiﬁ%'rfhﬂue?%ﬁ@r}ﬁ%? b axi s

rembedib erdace'Stw@q&r Sffices) TREBAI shdthdiwd Bat S@rgices) vere and
desjrably within 2 degrees of a <111>

di
rayadaieing - AP RSP iR Py orleriign 3l @?fksl?y 1) the
frorft-31AE ?&%fer\ﬂaf'éﬂs kd &ishir¥ tHRA1 ) 'cﬁ!a\)age f&ﬁé"wﬂhﬁezﬁ@ o thd0 i s

scattered node. 4(b) represents

bottpggg aqepf reheffa@ee wafersfathe w&a@wésth% etqrwetlmrog € Once
bottHﬁQ)efnrg%Itheﬁ' ﬁ%ﬁr R - b%rfgrn{eh% gﬁ"ﬂé’c tfh%:ﬁ"le %&&s&ﬁ@n line on theé 50

dentified he maj or he m nor fl at
top m@)ghmmwxrmt@ p@smpnr@é theenaloml lﬂd é@r(%l-ﬁrf’@) g mpier (01 -

1) ((2{(19 2%2@%5 Tﬁ@ ﬁ%ulél\@idg ared xcx%g%clf HAEaLfe hhke %Hlerﬁﬁéokoan@ nd

ont face ng up, have
to aligmibe afik af the boulb&i thg<kldadaectionom t he maj or flat 240
such that the normals make and angle |ess than

' i di
[ooéPﬁrhg%bﬁécon%eﬁﬁﬁnéﬁQEﬁﬁﬁﬁjtgpg‘f;a‘%g{oxﬁngﬁagw ﬁ)efonﬁ&wf I ng

uration prop erl }/
cylinddr exactlyl pdaﬂcrlrtr@thndhhdml@n @hat iy the p@é@é @rlﬁyas paralle to

the PR eﬁﬁﬁm})hzﬁf“} %,@ LA ol ?rﬁﬁ&%a?@ir%:ﬂ?nsgvlrl]é?% ﬁgrkear

oper ations y'are carrie
on theitpptiacatby ssumﬁgc"ﬁlermw@radédmfom flats piereather adfletesthe i on. | n

cyln‘%‘&jetcrj lb% lgg c%m% ?o th oﬁltgrcp%ginf}frearigf tﬁé b&ll?\%tr&g&e m?tgrle%l ﬁlong a
dlreSllD'If thatds pefrp)ernd&plar toythe <Urllavin¢ctmn,dh®ﬁate firmedh themhfr er for

. 100391 Acc nt |
extifing Bvaflet oA R0 ittt e B SRR R RS R o s
indigiiQgirvtdsrtanks.t Thd ihdivided GhnkOserb e |1apped\<gbmr1 d ibegel tvitht he

erinpe b S anioa g LD Do e SRy ety

alorfg tBETrOnttfece lto proveded saRhble sudface for splfaxablasmcgr&vtﬁ y< 0.5.
An edge of a cleavage plane of the A ,,Gi _x_ylnyN

er i.S general aral |l e o the r ion of a
00 BB 1 Bt S0P s R FhlePlop PPl B aPl,
desrékﬂﬁbh 1 Dot ﬁrﬁéﬁﬂé@ toe exlﬁ?eruytivl&g)é colivae ﬂtersgdipeom thmwclrs"e hen
e gro as ne pen i ng, on the part [
form gy sThbPoipensdipclgse.and e&g ificat{ons pEch variations Possible 1 gkt
oft%é RFe ©adHingd SorfadyttR equied 868l peitastenibotifiend ofee al so
e

invention.
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conducted in order to fabricate LEDs- and | asers. The
details of actual device -11 WO 2005/ 031046
weINSSDIO4/ 030800 fabrication are known to OPET/052004/030800
ordinary skill in the fabrication art and are beyond
the scope of this disclosure. [0040] Exanple [0041] A
boul e (ingot) grown by the Czochral ski techni que had
the top and tai | WHATRaCLAIMEDdSuce two fl at
surfaces. The boule ends (the two flat surfaces) were
X- qr i : : ered technique to
veﬂr?¥§§??§??%t g%9§ﬁ39?§hﬁ§%¥-ify 1) the front-side
f ora frant fapeanges eek faces avdsur e t he (100) cl eavage pl ane
wi | . face of the future wafers
toa%lﬁgdetlgegff)?érggmvﬁhgﬁrsf%’gitslte‘g gr@%bti on line on the
bott om being further fromthe to-be fornmed major fl at
th , p . ¢
py o A RRP AP ol DFetAlh b Sferck §PRr b A JTL )
crygiggrpiperignatipn. 1) (or (0 2 -2)) flats. The boul e
ends were then x-rayed to neasure the orientation and

to abjgn t he axgs,of the boule to the <111> direction.
[ 0G4 21° Fhgle spisiebsningd wetre AT deiinb dhersinghefrantend pack aces

of tRPRAEPERY Blodg & 11119 chffalpRne.CY! | nder exactly parall el
to the 111 direction (that is, the central axis was
parallel to the <111> orientation). At this point the
maj4oIThasifgleicnetal $pimd wefer 6E41AIANS where thefikeflat ifiicatdd @n
.tog fg;e bz scribi? . The major and mnor flats were

oriepiation f delavass Hlang o ES?IW er by grinding into the outer
peri phery of the boule to renove naterial along a

direectjion that js.perpgendjcul a o the <111>
ai Peatt et el pERTVREF Rttt mhiyi Kok nigge of the
wafpeintatsbatd the Groat facklat a 1ebius efpdittfextdidégtaltng@dinbalid Enenas
b.thenlﬁliﬁfq.igho i ndi vi dual wafer blanks. The
cing PaTallplde 1 t5tdks were-t hen | apped, given a bevel with
grinding, had serial nunbers witten into themusing a
| ase fi [ l,i.shed, al t fron
¢ 2o e S8l oty Sl Solnel oo BRORE Pe Bt onst e sfBi
alorigaypdane jir thet{ D2 HPOAB{1 TTHY dlaredgoiliag descri pti on has
been presented for purposes of illustration and

description. It is not intended to be exhaustive or to
| i i fThe single exyplel spinel wefeppfaliimie’, whereim thy sceortdldtit indivatss
dif\i.bﬁ SR NCh I varl _at I ons are
2 po§§+ﬁleg?ﬁgpg8 dﬂoﬁkpﬁﬁg@gﬁgggﬂ?%achlngs, or may be
acquired from practice of enbodi nents of the

| ngemhé QRgle crystal spinel wafer of claim 5, wherein the second flat identifies

the front and back surfaces of the wafer.

9. The single crystal spinel wafer of claim 5, wherein the cleavage plane

makes angle of about 55 degrees with respect to the front face.
10. The single crystal spinel wafer of claim 1, wherein the second flat extends

along a plane in the {02-2}, {01-1}, {22-4} and {11-2}plane families, which is non-
parallel to the plane of the major flat.
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WD 2005/ 031046 PCT/ US2004/ 030800 WHAT IS CLAIMED I S:
1. Asingle crystal spinel wafer, conprising: a front
wo aaws/oande a back face; and an outer periphery PewiuaZ04/030800
first and second flats. 2. The single crystal spine
wafer of claim1l, wherein the wafer has a <111>
cr ¥ $! Thd sigglagipstal spinelenifatof olim 3, whdnein si ngl e cryst al
spinel wafer of claim1, wherein the front and back
faces of the wafer extend along a { 111 } crystal
pI aReThelsinglherysalnpine vafysf alains b wigdreina hemablo thd fism 1,

rel first ofl,at. i,ndi cat on of a
fat 06 eflal sk B oy R i Se bR i o B BOBRLCY
interspdt eadh otteek,and dfe notnaalsmdke antaagleiofi6@ 90) Bayardso degrees. of

the wafer intersects the front face at a | ocus of

poi nts extending along a line, the line being
pariad The single erpistalispingltwaidraf clagn 1,Twlerein thylvesfes corprisies

j. f claim5, wherein the first flat
Imn%&¥ﬁ&%n ﬁ%ﬁg a plane in the {2 2 -4} and { 1 1-2}

plane famlies. 7. The single crystal spinel wafer of

cl iy mppe SM@E@%@ shifll wEGVPElalrh 33, vw{eeelmte %fer Bas a
direction of eavage propagation of the cleava

comppsifie is Sprependcdsiyia nerel Brmils s g DntereiroA e 5.
fron € g%cgcb&fmﬁgsﬂggfééf 2h g}uﬁ,%gési RS e, b€ cJitif a@o@*d back

sur SI ng e cry st Spl nel
thereudf B is selected fpmtis:, ngpeuoessmlngWé, lnl Ga\Sa,gIel Eb,ainé makes

. 0 t ont
con Pl e PSS, WAL SERSGhe Les sl o0t
combinetigrisrthedréud, vslemnndrahb hta ekl emxhsthat sheoapipehis pklaind2Dn t he

{02-2}, {01-1}, {22-4} and {11-2}plane famlies, which

is non- parallel to the plane of the nmajor flat. -13
V015008 Siedoasstacrinesedosf obogds wheein ArieMsj Pég @ and

Eis (Arl%/]ﬁl%}ﬁ ha?tﬁé %‘lﬁéle x\%gtglrspﬁtal k ﬂieﬁ&nql%?lbﬁl b')g Th e

e Crys er wherein a
nornal to the first flat and a normal to the second

f1 3k, Th&sihdle EHRaISHHIB AR RS 14, IR eir 1hE rd}R bRk ot
less than about 1.2:1.

17. The single crystal spinel wafer of claim 14, wherein the ratio b:a is not

less than about 1.5:1.

18. The single crystal spinel wafer of claim 14, wherein the ratio b:a is not

less than about 2.0:1.

19. The single crystal spinel wafer of claim 14, wherein the ratio b:a is not

less than about 2.5:1.

20. The single crystal spinel wafer of claim 14, wherein the ratio b:a is not

greater than about 4:1.
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i ntersect each other, and the normals make an angl e of

60, 90, 120, or 150 degrees. 13. The single crystal
wapiseBiowaf er of claim 1, wherein the wafer coPQT/USES4/030800

non- stoi chionmetric spinel. 14. The single crystal

spi nel wafer of claim 13, wherein the wafer has a

conpoFhé single b@stﬁﬂ(ptrfesﬁﬁlbﬁdf chiym thevigesie thelwaf@hazid Bwer

noffRRreE eloln 81 S ek ed, Lo Lhe group

conmbi nations thereof, E is select ed fromthe group

consi § F n ns

©93 344 b o] sty ity rnd i BEi BeHLRE g
layel, théctiBe layervdmpeising & nmmdeaamicbimlcwotayemher ein aratio

b:a > 1:1 such that the spinel is rich in E2D3. 15.

The single crystal spinel wafer of claim 14, wherein A

i s 2Ry Thesingle gystahepinebwafer oficlaim A2 hwheiein theiméiridé ngI e

senfioH3l B 1501 AR 08 L BT U B e

ratio b:a is not |ess than about 1.2:1. 17 The

si ngl encEiyat @xlysﬁpépfh%l wX‘l@rf (ﬁfclaﬁfl 28, |V§He'i@1rlgf clemgé ?_l'aﬂe the
ratio b:ais not |ess than about 1. . The

the wpiggintersepty gredions ficaall a lopys of pajts extandﬁaadongm&}eethﬁ linge
. i i

ben{gfbﬁfa?%lbtg ?g/est?%tlr}ﬁE and n&?ﬁlef g?leg%%gklage O+ &e aé'lt\ﬁe la Ilﬁ t he
ratio b:a is not |less than about 2.5:1. 20. The
si ng| ?h&ﬁﬂg% adystaPipRel wifef &ifclah 1CWRdrSh Hst f1wdis ﬁ%lv%rtﬂé%,
ratio ails not%%reater than about 4:1. -

andﬂwsméﬂamamw 004/ 030800 21. The single crystal

p| nel wafer of claim 14, wherein the wafer has a

mechapi cal siress_and_stpai.n conpared to
g%cﬁf’&ﬁ"é‘fer 381"%570?{@?‘?0‘2@3 W?f'?éoé‘?}?@ k crystal spinel
vvafer of claiml1, furt her corrprl Si ng an active |ayer,

ay.e i t.ri conduct or
52r Tholfvice Y Sk ARyl ol A RGTENSER A,
seleatﬁcl ﬁmineheegrnuli bensisiing dfddases@mEEONduct or | ayer conpri ses
AlGi _,t_ylnyN, where 0 < x < 0.25 and 0 <y < 0.5.
24. The single crystal spinel wafer of claim?22,
wh &8 e Arsinglecdripsial xgder plompeisiog:

a front face and a back face;

a cleavage plane intersecting the front face at a locus of points extending along
a first line; and

an outer periphery having first and second flats, wherein the first and second
flats identify (i) an orientation of a cleavage plane of the wafer, defined
by a relationship between the first line and the first flat, and (ii) a

direction of cleavage propagation of the cleavage plane from the line.

29. The wafer of claim 28, wherein the first line and the cleavage plane have a

predetermined angle with respect to each other.

30. The wafer of claim 28, wherein the first line and the cleavage plane are

parallel to each other.
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the wafer intersects the front face at a | ocus of

poi nts extending along a line, the line being
w@asalobwhet 0 the first flat and parallel to a BCRESZQ€030800

pl ane of the active layer. 25. The single crystal

spinel wafer of claim1l, wherein first flat is a major

f | a1, Thawdfet bfcldimO8nahdrbiatihd deazage pheme irftérsetets t%bot@asm

tive devi.ce pr.ovi.ded on fer of cla
tac it of B0t BB e Es 2 e, WROFh R skt Pl i€
orldhﬁﬁ@ﬁdh&ﬁdt Itlwtlfléavﬁge\ﬂlafhe sloﬁ@ Hal &eni thefist fie a@d thathe I
SI sting of .a sta

S 3 1o iftonsS TS0 o6 gt Mgt sgiates Vi 6 e o

baﬁ&ﬁqmﬂgg1me@ﬂ@ﬂkmﬁ§qﬁ§ct|ng the front face at a | ocus
of points extending along a first line; and an outer

peri phery having first and second flats, wherein the

fi r3t Taedafeeculdm 31| @hareindientinst fJat (sia)major fiat, itierdeabndflatof
. a.cl age plane of the wafer, defined by a
maﬁ@?ﬂﬁﬁ%nship between the first line and the first

flat, and (ii) a direction of cleavage propagati on of

th 93¢ g%@%ﬁoﬂlﬁﬁlﬁi 1f &IR#H:H? 46!:&1% ﬂa?lg ‘p?% W ﬁalc%te

clarm érei n the eavag
the direotien bavsdo of ireetbavayeplaned angl e wi th respect to each
other. 30. The wafer of claim28, wherein the first

line and the cleavage plane are parallel to each
ot Hdr The wafensf dops)808haas tRoTifeISPOvs esagially of3y singige

cryyi@ifh%m {he%ltﬁﬂ%gd stM&ﬁfr in the cleavage plane

nters cts ottom ace al ong a | ocus of points
form ng a second line, wherein the cleavage plane is

or i BNEHeBMFEF thitdhe 4di8e eéﬁ&\g%ﬁlpﬁkl e slopes away from
the first flat andﬁthat the secon I|ne is Iocated a

di swreindies ¢ single crystal spingt whfephavinga frqng fage, a bael; fagppaid an
di st anc%ute%%%? %\Hﬁ%{ix‘sfﬂdsleéo% faRd the first flat.

32. The wafer wherein the first flat is a
maj asientirigghe wafhebasesbaribie positions pEthe firsf arskseandiflats33. The

Mffg{rmg%atgé%@{ Medive 2’%&%% ﬁgﬁg%hesﬁé\t&ngnc{ lat is

posi I'ndi c irectiron of a slope of
t he:lezahmgﬂagquzrl tafem active devices.

36. A single crystal spinel boule, comprising:

an outer periphery having first and second flats.

37. A method of forming wafers, comprising:

forming a single crystal boule having a <111> orientation;

forming first and second flats in the boule; and

slicing the boule into wafers, wherein the first and second flats indicate an
orientation of a cleavage plane of the wafers, and identify the front and

back faces of the wafers.

38. The method of claim 37, wherein the location of the first and second flats

is determined by electron imaging.
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34. The wafer of claim 28, wherein the wafer consists

essentially of a single «crystal having the spine
wa@egshalo4st ructure. 35. A nethod of form ng acPCTeE@s2004/030800

devi ces, conprising: providing a single crystal spine

waf er having a front face, a back face, and an outer

pesd. phR miethaVd Rfhirh BY, Fhrtien SorfR &aipdofhigl Firstand edsvonahg t he
waf er based on the p03|t|ow%h%éqthe f rstignd sec

oppasite flat surtacss A figf and sqeandgnds) yle, he Getspripess Qrme |e

suchliift a\WRkief ax1§‘9ﬁh@tﬁ§é’th£k9:xfeh&s Meﬁﬂm&l@rl @6 fﬁe&ﬁ'itlaﬁ&?
devices. 36. A single crystal |ne

oul
secopd Aiptr uefhgeg. is aligRedigvathinddg am%@& hg 37l Aé>firrP‘§t°nand

second flats. 37. A nethod of form ng wafers,
conprising: formng a single crystal boule having a
<111> orientation; formng first and second flats in
the boule; and slicing the boule into wafers, wherein
the first and second flats indicate an orientation of
a cl eavage plane of the wafers, and identify the front
and back faces of the wafers. 38. The nethod of claim
37, wherein the location of the first and second flats
is determ ned by electron imaging. -16 WO 2005/ 031046
PCT/ US2004/ 030800 39. The nethod of claim 37, further
conprising formng first and second opposite flat
surfaces at first and second ends of the boule, the
flat surfaces forned such that a central axis of the
boul e that extends perpendicularly to the first and
second flat surfaces, is aligned to within 5 degrees
of the a <111> direction.
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