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CRCSS- REFEFE%{% :;I;j? J[ELATED APPLI CATI ON(S) BACKGROUND Field of the
| nventi on PP present invention is generally dir S&TEF0KENc) es
having a spine) crystal structure, and includes articles such as boules,-
waf ers, substrates, and active devices incorporating sane. In addition, the
present invention relates generally to methods for formng such articles.
Description of the Related Art [00021 Active optoel ectronic devices, such as
light-emtting diodes (LEDs) and |asers, oftentines wll utilize
nitride-based sem conductor | ayers for the active layer of the device. In
this regard, the famly of galliumnitride (GN) materials, which broadly
includes Ga(Al, In)N materials, have been utilized as a direct
transition-type sem conductor material having a band gap that nmay be
mani pul ated over a fairly wde range, on the order of about 2 to 6 eV.
[0003] In order to take advantage of the optoel ectronic characteristics of
such nit r SHENEb BOAH.ES YW ABRRScAND METEIORS FOR PABREGAEING SAMEe formed as a
single crystal. In this regard, it is generally not pragmatic to form bul k
monocrystal | i ne boul es of nilennithe StoperSuedbseeni conduct or materi al .
Accordingly, the industry typi cafilanekd2 sought to deposit such materials as
a monocrystal line layer, such aRdbyprt€uik axi al growth, on an appropriate
substrate. It is desired that thelusgsgrate on which the nitride-based -1 WO
2005/ 031046 PCTI US2004/ 030800 sem conductor |layer is deposited has a
conpati bl e crystékogg_r 'ﬁﬁfNCh%mﬂg@DtgﬁdgijrgﬁﬁglryStal structure in
t he.as-deposited—actrve tayer. W = - materials, such as
GaN and ALN can exist in several different crystal states, typically

' BACKGROUND -

Field of the Invention

{0001] The present invention is generally directed to articles having a spinel crystal
structure, and includes articles such as boules, wafers, substrates, and active devices
incorporating same. In addition, the present invention relates generally to methods for

. forming such articles.

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 scmicohductor material. Accordingly, the industry typically has sought to

- -deposit such materials as a monocrystailine layer, such as by epitaxial growth, on an

appropriate substrate. It is desired that the substrate on which the nitride-based

1.



the desired crystal structure is wrtzite rather than zinc blende. In an
effort to closely nmatch the desired wiurtzite crystal structure, the art has

utilized J Iline alumina in the formof sapphire (corundum, and
speci fi ca%%@”/%ﬁi‘?ed the sapphire substrate so as to PF8 33[5'4’3?‘P8H3
appropriate crystall ographic surface on which the active |ayer is

deposi ted. However, sapphire suffers from nunerous drawbacks. For exanple,
sapphi resmgnvﬁ‘ﬁtf’r T@Xﬁilg&poﬁmé hasacogwatible Frastplsipctite tfogaani@gdhce o f abri cat e

active dawdie@srystlstiubiufe ih 8336 depdsited 21 AERRT AW NIc 96 diiak Bade@ di C€ the wafer
into individuall die (for m&; active devices, each having a device
G

subst r at @yatesiglsciush osgaN aut AR canjexiat injsgver] figiersgt gvstelaiatasgtypigalycl eavage may
reduce i ; j I e i process.
(00041 1 ecisafeethishd iaRhis it ISt R bbb REIRIUIACDUGRE B O TSt
cl eavage maphdhedesirdiewmpizie egsiabstructirenthic ot haswitlized mondcagsealldfe t he wafer i s
general | arallel_to l,eavage ane of. nitri.de active |layer, which
berm s BPBaER 4t Rl e Rovind ave Bt HeoRapit

cryst al | ggsepbis€ abipedVidtian @Ppropriddostyfslloanghivaireios on &ichahd actigs physi cal

orientation of wafe during wafer processin to formactive devices),
have beellPYSr‘_éH'él?qs’é%{gziquﬁrh@pal?"ie.Suffp?ﬂ'ﬁ%@g‘iWeg}“é arpkesksn Fgeneral Iy | eads to

decr easedyagh g, QUGMRY HoR M éxﬁigiﬁéic?éa@a%e gﬁa‘a@aﬁi cahbe b Bbriclte foregoing, it is

generally desirable to provide inproved spinel ~ boul es, wafers, substrates,
and opt o@bteetdevatse Lielis regasd, iitis penstaily desigbls smeice the wakhr inte individeplr oved met hods
for form > I j , single
crystal §1 %%ﬁ@@%?@g%{% Sz\[/cﬁgxg‘g?fg f‘:&%@{e%g?%ét&gbfgg%@g%’ %@{gl@% a back face,
and an oby shicigeer spWinpyastedeavapg niay relicandmdaoming codis atdsnayl simpley t ai n '
enbodi nent s t?ﬁg Si ngl e crystal wafer has a specific crystallographic

ori ent at ithﬁw'i,lan& WIHEPFESs are provided to extend al ong specific plane sets.
[ 0007] According to another enbodi nent, a nethod of form ng active devices

i ncl udes [@ogvIrdiontyasy, spinalgheertaly Hlodibntsdpropdriynddnamsinsty b nlgawgé r ont face, a back
face, andl - 2. WO 2005/ 031046 PCT/ 8209%03 800 arﬁggutﬁ@%eri phery havi ng
first an@Poedmrorrtnet whishdap the suriach ot i Farer FA8ag2 b 4 entation of the

first andleafEepfiné bAths nitddrabiividayt, WitdSienditepradittible ahdBibld 0 overlie the
device fabrication. Proper crystallographic orientation of boules and wafers, as well '
as physical orientation of wafers during wafer processing (to form active devices),
have been a challenge in the art. Imprecise orientation generally lsads to decreased

throughput and low yields.

[0005] In view of the foregoing, it is generally desirable to provide improved spinel
boules, wafers, substrates, and optoelectronic devices incorporating same, as well as

improved methods for forming same.

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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waf er, and cleaving the wafer to form active devices. [00081 According to
anot her enbodi nent, a nmethod of formng wafers includes formng a single
crystal b% gg)@]\{ g a <111> orientation, formng first _and second flats in
t he boul e, ing the boule into wafers, wherein t RETHHSPY IR second
flats indicate an orientation of a cleavage plane of the wafers, and

identify the fra d bckfaces f the wafers CRIPTIO\IG:THE
DRAW NG DB RIss; Tiving skt eand, s el BrbasBdient 5. of the
present éridhilibh ONthwiks; ancb@@&iﬂl‘—ﬂa@spﬂﬁhﬁ@tat fea@hé Aivé Bh&bRGLS@SCr i ption,
appended claims and the drawi ngs, which are briefly described bel ow. It
shoul d b&’af%taé‘éi"lﬁﬁéﬁg@%Wé@étﬁpﬁ%?-%‘@ée‘é}%m fied like elenents have the sane
ref erence nunbers. [0010] FIG la illustrates an as-grown spinel <1l 1>

boul e, FoGas] |@cc@r&%%m8ﬁ1@rfbn{bh@imeﬂﬁ§ kneod of Birmink SR ERclvand a wafer sliced
t herefrom and FIG |c a schematic cross- section of the wafer. [0011] FIG.

2 is a pE¥mpeesingts wydalberle havies w1 lde osieapiin, foming f@ﬁﬁ@‘é}l'ﬁﬂ%ﬁﬁ of the

i nventio [ f K an enbodi nent
of the i RusiRSEuE bl s e3neod Rnit rd wir oL R R PO 00 °0F

spi nel <mdicateian onpxmtmntoéa chavagnplane oiitbs Wik, arﬁadmltlﬂahaﬁfontrahént ed boul e, and
FIG 4d ﬁ"’eclﬁ 00> @LI en%at ed boule. [0014] FIGs. 5a-5c illustrate orientation
of a spi HEUP e ARRSHdi ng to an enbodi nrent of the invention, FIG 5a
illustrating a cross- sectl on of a <111> spi nel boul e show ng the maj or and
mnor flat, FIG 5b 1> orientation, and FIG
5c a boule with the ' fe—ttre ) w2005/ 031046

PCT/ US2004/ 030800 DESCRI PTI C]\l CF THE PREFER EMBCDL ME NT(§) [00151

Accor di PP T5aBrescasardts ¥id adyantagr et emborimesls ﬂlt:'gﬁ Preé%ﬂ‘ﬁ’@?‘é’"é’\‘i)st al spi net
boul e  ap&oficAfpRerft fromitRé foHBWIHG e WRHEES apehddididilie bRl thOMad s, Pr OVi ded.
Typically rocessing of a single cry st al spi ne) boul e begins with the

for mat | ohish aze biiefly Hesseibad helpwa ﬁh@éldﬂqeéwted@aﬁélalaﬂS|0§herWIFww1’é%@bd as step 210
n FIG e e Rhe heloht rdiiedBRERALLY Provided to manifest a

non- stoi chionetric conposition in the as-formed boule. According to one

[0010] FIG. 1a illustrates an as-grown spinel <111> boule, FIG. 1b a boule with the
neck and tail removed, and a wafer sliced therefrom, and FIG. 1¢ a schematic cross-

section of the wafer.

[0011] FIG. 2 is a perspective view of a wafer according to an embodiment of the

invention.
[0012] FIG. 3 is a top view of a wafer according to an embodiment of the invention.

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

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

[0014] FIGs. 5a-5c 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> .orientat.ion, and
FIG. 5¢ a boule with the front side identified.



enbodi nent, the boule has a general fornmula of aADbE2D3, wherein Ais
selected fromthe group consisting of My, Ca, Zn, M1, Ba, Sr, Cd, Fe, and
conbi nat i of, Eis selected fromthe group consisting A, In, Cr,
Sc, Lu, F@@szg%é&?%@nbi nations thereof, and D is select ecﬁ'cﬂ%ﬁ'ﬁ]ﬁﬂédsﬁ‘? oup
consisting O, S, Se, and conbinations thereof, wherein a ratio b:a > 1:1
such that the spinel, b Lehln E2LX Q larification, a stoichionetric
conposition is PLIRONOL LHE LREFFRRED E LN e
non-stoichionmetric conpositions have a b:a ratio ~ 1:1. [00161 As used
herein, 11085k Aesprdingip qure appepicaf shetnpesant invianiian, & sipsle srysighspine bovbed by nel t

pr ocessi ; I J i |- ] ctures. [00171
Accor di ng&% Solﬁ%lg?l}tyai indﬁgﬁg‘g%@%%@gdﬁ%}#@%émﬁg{dg&gﬁyéjrlldghg p?éscre%ﬁ, such that the
si ngl e cpiasingle spystabipitehsouldieging mith ite fatdiption\bPDBatchAhel m asowiblef t he

based: corgsuib T ReRRH o RS (b BEKE T 1 e ok R ssBul PRy s ur e v e
gener a: | yhanitsah ﬁGI}-&tOicﬁioblreg%B@Gﬁlp@ﬁtgiﬂﬁn b Ss-gc@ing@bom@rm@a[ Ofcléﬂg(l\t‘;ﬁnc? havizg theh
generalized f.ornmul a aADbE , as_ descrj he ove. . .[001 ile E -ric
spi nel s Eﬁngo WAy Ge P?ulggﬁae%eé?fﬁ'éamﬁ@a g%’b@%z‘ﬂ“ﬁ%&‘%ﬁ@ﬁ&n 1:1, certain
enbodi Me ot a¥Bup cAlisRtifPSf Mo T 74, 885 Ba QN CAIW AndloodibhatiddCh as not | ess
than about 1.5°1.0 Cther enbodiments Rave even hi gher proportions of E2D3

rel ati vethegof,ADs seleted Giem theteroupsensishian AhBaufir, e, duaFe, atd even not | ess than
about 2.5 1¢+ i : I J " l.atl;ve content of E2D3
is lim tgg?lblgéﬁ%g&%%éa aab(g])é?ge';légﬁlrigrto?gﬁ 9%18{1‘?8%%13?%@‘[%§ﬁ’8%80ut 4:1. Specific
enbodi nentmsbinstionk thereof Wieeein atatiobaf> labowh (181 the sgieelgs richZn ®,1).. [ 00191
Fol l ow ng _fqrmatj.on of .a.batch nmelt.in a crucibl ypicallly, the spinel
singl e g?ﬂlcg%rgfc ajfﬂ%ﬁégofcgl%&rﬁec&mﬂg}ﬂ%%és gre '{}A‘ﬁﬁw&}gé E‘%% ﬁﬂ?'ﬁuésl’such as the
Czochr al skhile poit-stbisgiomeriitomgositiony\iave@ btdatié#aghr al ski pul 1ing techni que has
been utilized for formation of certain enbodinments herein, it is understood

>,

that any _gne of a .nunber, of nelt-based -4 WD 2005/ 031046, PCT| US2004/ 030800
t ochn; qudel,85 pRaReRE ety BrulidtPads BRTHECHARLRES o) PKEClt 1 sed.  Such
mel t  bas gebctRgNdndUaSudel f@olsSAibdbes, bitBe Bd d@iemreset hod, the |iquefied
encapsul ated Bridgman nethod, the horizontal gradient freeze nethod, an

edge- def ieg groweh  retiod  Lhe St ackRer ger qretihed, jor it be K yopol us
single crystal spinel has the formula aMgO-bA)l,O;. While some of the disclosure
coﬁtained herein makes reference to the MgO-ALOj; spinel based-compositions, it is
understood that the present disclosure more generally relates to a broader group of

spinel compositions, hziving the generalized formula aAD-bE;D; as described above.

{0018] While E;D;s-rich spinels are generally represented by a ratio b:a greater than
1:1, certain embodiments have ab:a rétio not less than about 1.2:1, such as not less
than about 1.5:1. Other embodiments have even higher proportions of B,Ds relative to
AD, such as not less than about 2.0:1, or even not less than about 2.5:1. According to
certain embodiments, the relative content of E;Dj is limited, so as to héve 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 singi_e'
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 fundanmentally differ fromflame fusion techniques in that

nel t-based techniques grow a boule froma nelt. In contrast, flanme fusion
does not gr atch nelt fromwhich a boule is grown, but rather,

provi des @0?351’2‘%33%4? flow of solid raw material (such afCTASABAEBY orm in
a fluid, to a hot flane, and the nolten product is then projected against a

recei vi : ' @ hol.fen. pro s@l.ldi §ies. . [0020] Generally,
t he si n&%@ﬁ@éﬁgg?%&‘%&ﬁ@ allé:lgg'fséé]ttéc nwﬁgﬁ,ﬂ'@ﬁrge H@IIl e,ﬁ', %c{%lnéehf otating the

bat ch ndasedatechnidues dwdocladeythd Blidgnednahdtheel, the ligaciedehdapsulatddypi cal |y, the seed
crystal 4s, forned .o toichj ongtri.c spin and, h sufficjently high purity
and crysqrbqgfn(?&”gf%mdtt eﬁ@%g@#@%?‘ttf@eﬁr‘%qﬁ#ea%?%ﬁﬁg &hpl ate for boul e
growt h. nldikod; eRGtEkbE @ ImefRY, orike KSLAIEFMEBbAL THSe eit-Baskd xed cruci bl e, the
crucible nmay be rotated relative to a fixed seed crystal, or both the

cruci bl dechifughiun tally Jidfenfromdlame dusion taghaiuepinihai gickidesedi on, the seed
crystal : i ' lt. [0021]
Accor di ﬁgd%g @%%?ﬁtﬁg\ggl:eﬁgﬁg ﬁlﬂgnggfggag%? 5‘?‘%%@@3%%5%?%82&*E§m e di aneter
and i nt englifrons miniahisl bouldiisgrevmrbubfathieh gravides atshestandflowiohsolid ravhe bat ch nelt are

crystal o ol gt b 560 B SoR8.8 TRk Sl MF e bERRERMLE (Ran about

0. 39. Hehe prprcedsgimspecdiviigéurface on dhith thednolRa peodidisoladifds. aver age boul e
dianeter to crucible dianmeter. Average boule dianeter is the average

di anet er e bpule al ong jts nom nal I.engt m.,nal |l ength representing
t hat por[[]@h]n er?ﬁpé “B’o*"e}}gge S?‘?fgcfryﬁ l%ﬁqﬂﬁc%av “%&Fé 'Pg]gr?ﬁ]@? EHE Whaf er s accor di ng
EO dpvm?;tafoaﬁmmwém&;seémysw Sdn&iveg@qsa?hathbﬂ mgca%lﬂ(ih%ﬁééflf@{s&&l?s n_eckI i':md L ai :

coni cal - shaped, epd caps, at opposite ends of the boule). Typically, boule
di amet erfc”l"%edrqgls@ﬂ‘iﬁl?&e?w SE’&H‘S‘Y“QEPE‘S Wty ﬂ'éghrl%‘ﬁ‘ﬁfﬂ‘ld cY&iaYesEadIc t he boul e.

For mat i GRnRerddtd tdThBViIRMUNABIE BSShlate fR B6lle bRMIR, TR! R8I &PddnRyadai nst unwant ed
or undesirable Crystallographic orientation or re-orientation of the boule,

al so knddotated rglatvese mxed crsilde, shacarpdible aiay e rotated wlatigetviafigdt hat t he boul e
have th orient.af ' A an the <110>
orient a'fs Fon %s&h(girrbgﬂlot?é %rgﬁglé%%%@@?%'rd %b&ﬁgg@?%gﬂ% dsu[?‘ﬁa%ng?‘gaﬁt! Yy hi gh aspect
rati os rthyseedsystel agdiestively foopingdoble eradriven it bf thecueltst al | ogr aphi c
orientation to the <110> crystallographic orientation. -5 WO 2005/031046
PCT Uszc{glé:}g%pcggrg{ngétggnzezeln&%mn{ (%Sa%?é:sgnttigvehﬁgn, 'Xge%é%‘]b%&% dBitE ™ mul tiple
sanpl es re"crea ase

-and interior crucible diameter of the crucible containing the baich melt are controlled

fo be within certain parameters. Most typically, the single crystal boule is grown at a
process aspect ratio of not less than about 0.39. Here, process aspect ratio is defined
as a ratio of average boule diameter to crucible diameter. Average boule diameter is
the average diameter of the boule along its nominal length, nominal length
representing that portion of the boule that is utilized for fonnati_.on of wafers according
to downstream processing steps, generally not including the neck and tail (conical-
-shaped end caps at opposite ends of the boule). Typically, boule diameter is relatively
constant along the nominal length of the boule. Formation at the minimum process
aspect ratio helps ensure against unwanted or undesirable crystallographic orientation
or re-orientation of the boule, also known as ‘“flipping’. More specifically, it is
desired that the boule have the <111> orientation (triangular morphology), rather than
the <110> orientation (square or hexagonal morphology), and sufficiently high aspect
ratilos may ensure against flipping from the <111> crystallographic orientation to the

<110> crystallographic orientation.



upon a 3:1(2.9:1) b:a ratio, and a summary of the rel evant process
conditions is provided below in the table. Certain enbodi nents of the
present i i %ave sonmewhat hi gher m ni num process _aspect ratios, such
as not |ess {ha{ﬁ'ﬂg out 0.40, not I|ess than about 0.42, P&IEGMHORE00 ) ess

t han about 0.43. O her enbodi nents have even higher process aspect ratios
such as not |less than about 0.44, or even %rleater. Table Pull rate Crucible

| D Cr uci HI0&2] Wathrespegt josihe MeR-ALORsstem, multipleissmplep were craafgdibased (i nches)

(1 nches) ykd N AT : no 0.44 16 4.5
2.2 no 0_11@:57:{%1}??.95!3);{%5&5@%%‘1@ ags.“g’f% “iogﬁe;r.efzé‘ééi?rf&@sggég.ﬁgésgl 6 4.5 3.1 yes
0.52 2. progided belowan the dable. A2prtain entedimeBts2f the pres@nt Biventondave 4 3. 1 yes 0. 44
2.5 6 2. I 7 Tvpicald .y, th ul.e fers therefrom
consi st é@géﬂ%f g@{i«% nﬁ?&gﬁlﬁrﬁ&gﬁggg%%?tﬁ%ﬁs’ Sg#haaéél?g I\‘7\/|%tt 3 n%ogtgjg@h ary phases.
Accor di nipst thamaletuh@A2, foe etenmer letdRarbabolid) 480 Dthdrembadiersts piwerssed t heref rom
are free OL inguritie§ga§nd dgganti. Accolzr?digg to one enbodi ment, the wafers
pr ocess e HENFRPIOGERASRET WHRS TP ARROt fess tham about &34, OBAYSA 8183851 i cat i ons, the waf er
and devi ce substrates having a conp@ii tion consisting essentially of
aMyOhA12 wherein a ratio mf h-_a iLgrpm“pr than 1:1 In this regard,

i npuri t i 88l gl dépeshia IR bCrsitle id 1Ry | Grvstel diaed Reswlt, <Akl e, |@specs
restri cf amflyhm| (ingheklisi op(indhephe f of Badeslg enbodi nent . whi ch Raiiperiwi se is a
dopant fdr O swijlch appl {24tions. |n22ontrast|#e O switch appliscat|i ons, it
is genetdlly degisred that|&5 relatively pure spione] is utilizéd4
substantilal |y frige of dophfss that afpect the jamsic and noveglp3rogerties of
t he devige subsfirrate. [002435Accordi ngato enbddjgrents of the[prgsent
inventi o, a stngl e Crystaks§pi nel —bgyl e 15 T|g§ed having dggispanlle

propert_i S Imagartrom to ghedest reg 3 1 15 ves 052
2.5 5 3.5 22 yes 0.44
2.3 6 4.5 2.2 no 0.37
2.5 7 4 ) 3.1 yes 0.44
2.5 6 2.75 22 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-bALO; 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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orientation described above, the boules, wafers, and device substrates
formed therefromal so generally have reduced nechani cal stress and/or
strain, > to a stoichionetric articles having.a h:a ratio of 1:1.
In this ﬁg&?@@%@godi ments of the present invention p?gﬁuééooﬂi/@%”ns?%bly hi gh
yield rates in connection with formation of -6 WD 2005/ 031046

PCT1 US20Q4/,03080. Si cryst al fers that form subhstrates of active

devi ces, S'%ﬁ"‘é’?@ﬁwa{fﬁ‘rﬁaﬁtﬁ%n’f‘ : B%t%%ov}@aﬁ'i“(?é’&@%@“cr@%ﬁﬁf?ﬁ e,mﬂ’lrc_év@@lssed in nore
det ai | hebedssiRe feamires] 1R85 Wrhdte USIPRGEInbQow TPr Oved processing features, the
boul e may be cooled at relatively high cooling rates such as not |ess than

about 50C/ hour., Even higher  cooling rates y be utilized according to
enbodi mefit%l g‘%’ ith FRspest @s!%ﬂ"to"?drﬁf%?ﬁs‘?‘%fea%‘ﬁéﬁhe QUi Bey {’ee%oglzeﬁ Aan about

100CI Mo Uelarig QP Sle QLR Mles N actHot Red thFatidle SHEALE. BB Righlout 300G hour ..
The increased cooling rates desi rals:) y 1 nmprove throughput of the fabrication
process ¢ooting mtasintay bs utiliped acooydingtb embodimenta pfithe prasénd invewlducsck he t her nal
budget of t entire fabrication, . .and accordingl educe costs. Boul es
Forned Heebis iy tgucDihtrotlicfrbeaterngt oot arr Bd Sl ca at

rel ati veignoCMbnC Ak iddeeasdd3bSife ratBs Airddly RiRbve throll Bestnd racture during the
cool i ng gr ocess. However, according to enbodi ments of the present

i nvent i ofabrigatien prse¢ss fuy fermiressingde/cristal bowlpsandrfuitir rgdupd Gatermedt still provi de
i ntact i - cool f.or g I , {onal cooling rates
are on tbﬁgf ggtfoé('gl% eopl%z@%f '%tgoglf ggdrac Oégl}sl,g]??g%ﬁ?%sﬁg B@%%P¥°%@Ed periods on the

or der of acdarding tp 6@ R6GtioBliprdcedsinptdemsrallyare ooadidy rdlativalyddwesoliagbodi ment of the

present invention, nneal | of .the boul conventionally carried out
P bs equettiesh b g et Baft dinng g spoling SRR BPY Rhor t 11 e per i od.

Typi cal | ycoidit tb eMBoddREdtOsk theprBRht BVARELS thd dbdln@RRdimayde hours, such as not
greater than about 30 hours, or even 20 hours. According tQ <certain

enmbodi metibgtantiallx higheraist stilprowdds ipteethopleg in the)ascqoleddomyn (Gdgralpt greater than
about 10 I ' 1R b ifile LR etely
el i m nat %@?Mttﬁ)ﬁzlrcgg@%gﬁ%??%{g%ggis?@f%@?%hgﬁe%t’ t(fdcgzljzi{%érn&*nt1 .. In contrast,
convent i parmkds btk erdef effdaymag t echnol ogy general ly requires use of substanti al
anneal periods in an attenpt to mtigate residual internal stress and
strain, j f fer viel boul e fracture.
winout RSB B bori B G nRemudiP bR BRsenlBlvhy B

annealing of the boule, conventionally carried out subsequent to cooling, is restricted

to a relatively short time period. Typically, the time period is not greater than about
50 hours, such as not greater than about 30 hours, or even 20 hours. According to
certain embodiments, the annealing is restricted to a fime period not greater than
about 10 hours. Indeed, annealing may be substantially completely eliminated,
thereby obviating post-forming heat treatment. In contrast, conventional boule
forming technology generally requires use of substantial anneal periods in an attempt
to mitigate residual internal siress and strain, responsible for low wafer yield rates as
well as boule fracture. Without wishing to be tied to any particular theory, it is
believed that the reduction 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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believed that the reduction and internal stress and strain in the boule
according to enbodinents herein permts such flexible processing

conditio i i.ng decreased or conplete elimnation of annealing
peri ods, nﬁ’g i&@ﬂs‘f@g i ncreased cooling rates as noted abGydS2H3EH#0

According to another feature, the reduction in internal nmechanical stress

and strai e antifi.ed b ield rate,. the, nunmber.of intact wafers forned
by s i citoyler fepieally” iging b carids o BY peone bRl BE G B uISe oty oi cal |y,

sli cib Ing rlosabbewifd gaﬁringutAshMe@léatﬁﬁ,%ﬁ@l@fateﬁtﬁa@%eﬁduaﬁiﬂeﬁib§1@LetfﬁﬁﬂﬂﬂéQ!er_S, drrgst )

not abl y re saw use erein, yie rate may be quantifie y the:

f or mul a"\‘;\i%ﬂ),”f(\‘ﬁ# Xﬂre\a% @Sermw/f%w@ehowtawaﬁgsH@ﬁ%&dfmmmqt act wafers

pr ocessagufel 210 28he AR of AREuYS FABSE FOHREb M dfedfkithad wafers from the

boul e due to internal nechanical stress or strain in the boule.

Convent iTersdinisal strass er sfiaialinithedonlej Soyneptjonabyythis gigldtatads way lowe order 10% The
unaccept 18l do ' 'Eﬁqﬂ j : kve internal

st ressesSﬁgAn%f an'? &a‘?ﬁﬁ&ilﬁﬁ{ ﬁlgl%tg%% cgl.) ioﬁ%l?édé{? agl{laélffgﬁr%%ﬁ ?g according to
enbodi memtessive intdnenl prassand straientthomuber & tonpagalitl) raictact@dmg tchan about 25%

30% or even. 40% her enbadiments show increasin i.gh yield rates, such
as not Ieg\éjgﬁlqeﬁgﬁf%@hﬁsmgé?ve%{ﬁmoarw@9‘8%%7‘5’5065"1tﬁ%%bc?,g%%é})}‘]’t?’g(%%enbodi nents have
denonst rewted)N.eOther i dred ﬂxowﬁhdréasﬁl?@m@ yieM efRpduchechANseal stress and/ or
strain as quantified above is not only present within the as-forned (raw

boul es, WRALAMSY: ¢her ypbEEs ket parial embpdimenishatesdesiongitededm boul es, and
the deviggoysuiat Tk ?e?lué\e:c xﬁféﬁﬁﬂm&fﬁﬁﬁbig @ﬁes\ﬁ‘@ﬁc%rsstraihl@f §1§a§ﬁﬁed apecd, the

f oregoi ng description of processed boul es genera enot es boul es that
have bedangwbjyguesent withipts as-fowkd (rgwvnwsles buhgjscthe processeddioules, gri ndi ng,

| appi ng, LShi eani | romthe boul e
have a g%%{é?]?%g{sﬁg&%@?g?ugéﬁt &&tgﬂ%ﬁvéggéjgéatg%g‘%a\g@ a@gg? es‘{ﬂé?rg'cfél area to provide
reduced this oggask thedoregmnsdaseriptioh ef protdssed bodvd geaeralipderogsbouley , i n a' manner
simlar t i,ncrease fer size reduces sem conductor,.die cost in the
s condiEBYe feEh SRR en SpO-GaIEE RLGUHAR Ty hef o P sPEEy des r od | hat

t he waf gfotistigymmdaldagminal di ameter of not |ess than about 1.75 inches,
generally not |less than about 2.0 inches and in certain enbodi nents, 2.5

| nees o S e P R 81 5 ST BB, AP For handling
associated surface area to provide reduced processing costs for the active device
manufacturer, in a manner similar that increased wafer size reduces semiconductor die |
cost in the semiconductor fabrication field. Accordingly, it is generally desired that
the wafers have a nominal diameter of not less than about 1.75 inches, generally not
less than about 2.0 inches and in certain embodiments, 2.5 inches or greater. Current
state-of-the art processing tools for handling wafers in active device fabrication are
geared to handle two inch wafers, and processing équipment for handling three inch
wafers are presently coming on—liné. In this regard, due to processing features and
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



geared to handle two inch wafers, and processing equi pnent for handling
three inch wafers are presently comng on-line. In this regard, due to
proceSS| and wafer features described herei ext eneratlon
waf er s nggoggﬁgﬁgggrted according to enbodi ments of thgcﬁﬁgggﬂ:m?Wbentlon
[00291 An as-grown <111> srngle crystal spinel boule and Its facet structure

is illustr dijn FlG ecrfr al | hot ograph of a
Czochr al W%% \‘I\iﬁ CIT%IJISEO“_’L‘B@ ac%pn&ieppésqéaﬁe} ]rgléai(c ﬁ&ts B of a

Czochr al ghds-sgton 30otthe < 1b-rdWitbouatikstanal fheifhcefsaaBMSH, 13@10 FIG 1(b) also
I ncl udes a waf er 120 t hat has been sliced 8 V\D 2005/ 031046

PCT/ US20 308 cl ear| facets on the outer
surf ace. [9#0?32 q}?) 8@ Q@Sr r1> singl ggysta %’é‘i ?I‘Hgﬁge’ﬁﬂmfyhe <l | 1> grown
boul e l|tlr1!d§éulaafshdwdtvhﬁft&@&‘eefb&t51@§1 1363639, ﬁ@boﬁl@@%@ﬂd@mre%h@gw in FIG 1(c), a

<i | I>single crystal _spinel boule is gener al | triangul ar shaped with
twel ve flaesds B33nvguch arg §22-4iggancfpily olficsiy lﬁm@@%teﬁlﬁﬁ et Qﬁfenﬂacet s 133

whi ch arg | ets 136 extend
al ong the %ge%% |"ane %ﬁg*ﬁ{ﬂe\,&g@ﬁ%&tsﬁmh cr%{esg@g ﬁ{eﬁd%&@e{tié\%% extend al ong
{-2-24) plpedpmily.ami | y. [00311 In one enbodi ment, a flat (generally planar
surface) is formed, typically by a machining operation) al ong one of the
Egg jg f L%? %ﬁé?mﬂu’allﬁéﬁ? azﬁ @ﬁﬁereﬁff ity £u?fa85) dg o fo?l‘ﬁe ;%&Sb ?136 m?'ngneaof | tng)e
that a phanimmgogemlm@)(}ﬂxmgooé efahagmﬂlﬁcm Iﬂm[hyhersglnelsstmtuﬂeof he front face or

' surface St al hi.n approxi matel y
5 degr eé ?bmg%tra\al\ﬂﬁafnglowlﬁﬁ%} H’IF‘??effémﬁngpaf ﬁ?é%goﬁusafé%fétaé% Bne famly
?rgléez}vvratlilegHetsphﬁ@ﬁehw{OO%MeaM@éﬁaneﬂﬁﬁymfamsem]gahéfr?ﬁtﬁde oft p: ane o; tﬂe
pl nti s.an orientation of a cleavage plane of the
vaf er . Q%Ofaﬁgr‘@%/fﬁrt ?@H% rnepf? 1@&5{@? éppr%qnarrelyg%e? )and the (001)
cl eavagepa%rene thémr@smétrh@{@oweleevégé;sfah@fmﬁﬁwadeswme shifadelf gt rated in FIG
2. A <1 11> oriented substrate wafer as a front face 210, a back face

220 and Wfen khsreforea fighyaenlaneagthe {324} planovéarvidentifigg@sorengtion20. | n one
enbodi mewd,, Is ground into the edge 230 al ong a pl ane of
the (22- ad%aé%p?mofﬁg“%ﬁ:g major flat 240 is generally ground into the

boul e before the wafer 200 is sliced fromthe boul e, but my
[0032] A relationship between the {22-4} plane family and the {001} cleavage plane

family in single crystal spinel wafer is illustrated in FIG. 2. A <111> oriented
substrate wafer 200 has a front face 210, a back face 220 and an outer peripheral edge
230 between the faces 210, 220. In one embodiment, a major flat 240 is ground into
the edge 230 along a plane of the {22-4} plane family. The major flat 240 is
generally ground into the boule before the wafer 200 is sliced from the boule, but may

be done afier slicing if desired.

[0033] As shown in FIG. 2, the locus of points formed by the intersection of the
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, suchasa
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 paraliel to the major flat 240, This is particularly
advantageous because the (10-10) cleavage plane of an epitaxial layer of (0001)
AlLGay.xyInyN grown on a <111> spinel wafer 200 is aligned with a {001} cleavage

-9-



be done after slicing if desired. [0033] As shown in FIG 2, the |ocus of
points fornmed by the intersection of the cleavage plane 260 and the front
face 210 ne that is parallel to the flat 240. e in the
enbodi mar}%Bs%mglmé he projected lines along the front f%‘&%é@&‘”ﬁ% maj or
flat are parallel to each other, a different orientation may be used, such
as a pr t angl Lor. fl. and the projected
a@ggﬁe&%ﬁa@ ?Q?&efh%t = e% & @gb‘bg? 8%% %lgl?lﬁdg &k}e cl eavage pl ane
260 vv| | |A]xﬁtﬁryh‘l:y‘ﬁtepltaxiaéla&elﬂﬂiubﬁtamﬁdl? pbratdé] ta loeuswdlipeintsIOhedat el el to the
maj or flat,. 240. Thi.s i uI ar, advant ageous because the (10-10)
cl eavage ifFa 2o Bgepéﬂlee%ﬁ%ﬁ mrersey of (0001) AlxGal.,-ylnyN grown on a
<111> spinel wafer 200 is aligned with a {001} cl eavage -9 WD 2005/ 031046
PCT/ 1352004 Q@060n iniiane 240, &Ebcbﬁtﬁnﬂ@frélﬁt 0Gs ngBhlﬁImﬁoSthe @ﬂeredge of the

(10-10) cle ne in_the | nyN taX| al

subst ant}?eélpﬁl‘ifaa]ﬁgg‘gﬁ% geneplly %ﬁ&ﬁ e%?ﬁ%'gl%lﬂoﬁ‘ﬁél%gfg‘L °cl eavage

pl ane- f r@Si f14,266h dsHReS biH‘the [{@Qaﬂ}larﬂs{oqm%lah@faﬁhff& ardl Apd 3, a second,
mnor flat 250 is ground into the outer peripheral e 230, generally

ext endi n§clafisgg pﬁmwﬁh@{m q@dr{élﬁbﬁamﬂ@s ihﬂb‘sﬁp%?ﬁ?alk# tOtt plapqofst flat, such
as al Ongtgéa _Lo?ane'Pgeﬁljaﬁy{k%é%n%zdat%w?%%fﬁ%y%oﬁlﬁ%tﬁ@ﬁe l%rﬂxéx'vﬁ@r and al so

i ncl udin I'Tes t I s non parallel to
t he pl anf0ds slicethGomrdhedroufel dfowerrrethe nuyr ylat 356 mnyrimgrtﬁmdunwﬂm is ground into

t he boul r...200.s sliced fromthe boul e. However, the m nor
flat 250“% @H(@aﬁeé%ﬁﬁgﬁgdﬁrd waf er 200 after being sliced, if desired.

[ 0035] As aI SO shovvn in FIG 2, the wafer is oriented such that the cl eavage
pl anes [Qllaspeﬁ\saam)wh{)wmhn}tlﬁez lmdmferfils amentﬂsatleﬂlaﬁtbwéeqyamﬂmby, each cl eavage

planein ersect e bac aon a.locu formngallne t he
i he”al onpecae Samaiy magt i Ntecndt uder dhth AlavBR o g o o1

di st anceiht bﬁkﬁd&&l@@&%dﬂloﬂﬁﬁxﬁ@ﬁiﬂmh@a link 1B ladeighg thdtRick fRBbeifi@ce and the
major flat. This orientation, e domd slog}e rel tlve o the mgjor flat

f r om t heSPReagitont the majqr afcaog{gartﬁ' isapce, sppeingbatyysen the Hop 810BE  Each pl ane

makes anhafghia atnb tHelHaj dr RNt THiRGSenitibhlithe downRRERsIGk rakidutto e to 60 degrees,
typically about 55 degrees as measur ed, as shown in FIG 2. [00361 In the

spi nel sipigeflaidiom fae fromtrfage. is gersisierditersing npgatiay’ slopes Bechialgner f1at and a
makes an angle with the front face within a range of about 40 to 60 degrees, typically

about 55 degrees as measured, as shown in F1G. 2.

[0036] In the spinel structure, a normal (perpendicular line) to the major flat and a
normal to the second flat lie in the same plane such that the normals intersect each
other, and the normals make an angle of, for example, 60, 90, 120, or 150 degrees
with each other. For example normal to the minor flat extending along a (02-2)/(01-
1) plane makes a 30, 90 and 150 degree angle to a normal of the major flat extending
along a plane of the {22-4}/{11-2} plane families. A normal to the minor flat
extending along a (22;4)/(1 1-2) plane may make a 60 degree angle, for example, to a
normal of the major flat extending along a plane of the {1 1'-2}/ {22-4} piane 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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.normal to the second flat lie in the same plane such that the nornals )
intersect each other, and the normals nake an angle of, for exanple, 60,
90, 120, rees wth each other. For -exanple to the m nor
flat exten |(§IU§R’a g%g a (02-2)/(01- 1) plane nekes a BOnPé'ﬁnB%%%‘”%ﬁmdegree
angle to a nornmal of the najor flat extending along a plane of the

{22-4}/{ A nornmal. to t or.. fl xtendi ng al ong a
(22- 4)/(dffé§ a)f%‘g%ﬁ%&?fs@‘%ﬁk‘é083’%%108%@?%@%%@ spingly Figsy ‘ﬁ& d to.a normal of
t he maj cﬁ(b)‘lllaattra@thee;fadexﬂ@f 8o atiepted Bginélfsidgheerystal forsidd {vﬁéirtﬁé plane famlies.
By use of, the major and mnor flafs orjiented as, descriped herein, the wafer

200, thelie %Fromcﬁ%l Bdatan Rt @d’oﬂlﬁlé%%élll%/mad%%?io Bkt i on of the

boul e 11&%&@@@@@5@5@@@1% Wahdamac%log p&¥ite HeREMEAN thTREht such as through
backscattered el ectron imaging wth Laue canera. This net od can be

expl ai netdOwi th the assistance of Fi gs. 4(a)-4(d) and 5(a)-5(c). Figs. 4(a)
to 4(d) are -10 WO 2005/031046 PCT/ US2004/030800 back-scattered photos of

various [pg3s Fﬁﬁ@éﬁyﬁ@%uplfma in ggﬁﬁttﬁéﬂéck%hdﬁﬁ Bire rdild¥ed frgrfl%ﬁeaend 5(b)

illustrate attern o <111> orlente spi net single crystal fornmed when
t he tru@:ﬁ‘gmb@ﬂe Hpkaviagbchingifirgt3wd ﬁ@gnchﬂatapﬁacemopmm ey ofithe t he maj or f1 at

240 1 B8 BR8PhoulorkhiEa LA BNOIE ORBPBLLE: hGo AR Rorn Byl fce opposi te

t he cane e fron ace h carf ou ing, first the
neck andfldt bhed stmfm’ses,anéthee:ammidxm {sqendrhity mallegfomMilbadir@:u&@%yl eavi ng behi nd

first and second aces ,at, q site ends, of | i ndrical boule
ori ent ecPFEtfR %l{El o 1%%@88 gt HEGTDY i éti"ﬂg dﬁ@%ﬂ? cular to the
flat enchnaldeélﬁﬁ@mtharmdetgF&s eeNLT1al da¥dtion] eeﬂﬁﬂ%aéduylemarawnﬁin to a <111>
direction, By generally parallel ically the axis is within 5 degrees,

gener al | ydsgrderero @p@é@%&@rwtlsawaﬂl(ﬁasﬂwh?bwl% hiHs smagsd indagkof o
<111>' dlsrc%%émodecﬂéaum)rsﬂ;&feﬁﬂsaﬁrﬂaék%@as%éﬁb@ dpp%s&q;ﬂé efZEro representing

strictly parallel). Then the boule 110 1s i nmage Sscattered node.

FIG 4( b@nqeélpﬁrfe@éfﬂmﬂ(}?@dmck face2kare i@nﬁféaﬁeth@ppmlﬂa@@med canera. Once
the fro 2 e maj or flat 240
and thgtil %R%%?ﬂ%ﬁ]zg{) %%%6@;831& gcr&{éd)r? i nﬁ'ogf'ﬁ%(ﬁg%%logg E‘%‘B ‘R%‘?:tgtﬁ‘%l ng to one
enbodi mewdferst2hecut afnahsb@001 Iduind bnelmd\hnh the tidost ﬁMaangium hawerthed with the

o ok A A0 Rs Y i Ge i M o PR R BRSO the ey or
angle less than approximately 180 degrees counter clockwise. According to this
coﬂﬁguration, the wafer may be properly oriented during manufacture for processing
operations, such as proper orientation for finishing operations that typically are
carried out on the substrate surface intended for epilayer deposition. In addition, the
manufacturer of electronic or optoelectronic devices may properly identify the surface

for epilayer grown, and orient the wafer for epitaxial growth.

[0039] According to an embodiment, optoelectronic devices are formed utilizing
Wafers in accordance with the teachings herein. According to the process, ALGa .
JIngN epilayer is generally grown on the wafer. The values of x and y can both vary
froni 0to 1. Preferably, 0 <x <0.25 and 0 <y <0.5. An edge of a cleavage plane of
the Al,Gay.xyIngN 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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angl e | ess than approximately 180 degrees counter clockw se. According to
this configuration, the wafer may be properly oriented during manufacture
for proc i rations, such as proper orientation for finishin _
oper at i oﬁ@ﬁﬁ%ﬁ“?@gi cally are carried out on the substhT@S%(l?f”f}%Pé@gi nt ended
for epilayer deposition. In addition, the manufacturer of electronic or

opt oel ectronic devices may properly identify the surface for epilayer

grown, afflrieation ate knpwn jggnerot pigh i thel falyicatipthart grdesoheymedibe di ng to an
embodi mey R nic devices are fornmed utilizing wafers in

accor danctgp?m th tﬁkgl%%dég'chi ngs herein. According to the process, Al G _x_

yl nyN epilayer is generally grown on the wafer. The values of x and y can

bot h var[p040 (Biepmlee 0 1. Preferably, 0 < x < 0.25 and 0 < y< 0.5. An edge of
a cleavage plane of the Al Gai.x ylnyN epilayer is generally parallel to

the. Prol 6 90 valc Anddifikbu PR RO REnliRL e iR Ind e of the uafer

Addi tional layers yl ng  concentration en be grown as necessary,
dependi ntgmoned togrgshics fveufiasurbiessi dde boildbends fbe voflasdurfacEg)meheex-, sever al

addi tion teps s s patterni.ng.and..contact form. | so be
conduct e%gl?%usgdrog eI?alﬁ% Eﬁ‘ﬁ%&?@%ﬁa@h]ﬁ (o 5‘?{5§ Bﬁ%@%‘?_ﬂ ggla%}tﬁr)stg%f act ual

devi ce 1froMEiddFOSEMB RdiorsPEIHsWS 400 3R B 3e plapbiiltelbdve froar ke known to one of
ordinary, skill i he fabrjcation t and are beyond the scope of this

di scl osub@om {ﬂ&f‘o&"d‘fw wﬁ%m[t@@&iqpafc @cm&aﬁﬁn SWitby the Czochral ski

t echni qusothatibdittefuftie? fRAFht &-be foffIRVEEH faOthlh BeYGersdotien fihddn T f aces. The

boule ends (the two flat surfaces) were x- rayed using a Lane backscattered

t echni quiep@pd Jahe rRpreximats pasitionpl dvdnaier (Ldedory-214)) plamingy @rt-- si de for
future wefsf @ £ OyanAUMGe bbA ShEALAYE! RlrRASuriHlelorBhig@ Gl " oM t he

- bottom :‘Nch(g @f tpe ?Sﬂtuﬁ'e wg%%drgg‘)etro?ﬁgﬁ?op face rﬂter?rt he mtnIér section |line

on the tootignthelasisiofthedoulée the <bhbtdirection- be forned major flat than the

intersection line on the top and 2) the approximate position of the major

(1-1-2) &)952] ('ﬁ{e%gﬂ%e)wa@ﬁgn%rﬁ&f tﬂggia?nefer & foirﬁz%a@ 276 ﬁ)frﬁ Lats. The boul e ends

were theh X-raye 0 nmeasure the orientatron an to align the axis of the
boul e t ocylinder<ixadtly paratielrie thei 1d h dirdefionl @lat Ththeloonftab axiawas paeallel or ned to a

G ot 1 e EPLRARE o o i S P WP R ko Rl o o e 11
on the top face by scribing. The major and minor flats were then added to the
cylinder by grinding into the outer periphery of the boule to remove material along a
direction that is perpendicular to the <111> direction, the flats formed thereby
extending parallel to a <111> direction. The turned boule was then sliced into
individual wafer blanks. The individual blanks were-then lapped, given a bevel with
grinding, had serial numbers written into them using a laser, and ﬁnélly were polished

along the front face, to provide a suitable surface for epitaxial layer growth.

[0043] The foregoing description has been presented for purposes of illustration and
description. It is not intended to be exhaustive or to limit the scope to the precise
form or embodiments disclosed, and modifications and variations are possible in light
of the above teachings, or may be acquired from practice of embodiments of the

invention.
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the <111> orientation). At this point the major and mnor flat directions
were marked on the top face by scribing. The major and mnor flats were
then added to the <cylinder by grinding into the outer periphery of the
boule to renove material along a direction that is perpendicular to the
<111> direction, the flats fornmed thereby extending parallel to a <111>
direction. The turned boule was then sliced into individual wafer blanks.
The individual blanks were-then | apped, given a bevel with grinding, had
serial nunmbers witten into themusing a |aser, and finally were polished
along the front face, to provi WHATIBICIaDIMEDUSE ace for epitaxial |ayer
grow h. [00431 The foregoi ng description has been presented for purposes of
illustration and description. It is not intended to be exhaustive or to
limt the scope to the precise formor enbodinents discl osed, and

nodi f i cat i bidssiagle cayatial sptinab mafear@mpaosimgbl e in [ight of the above teachings,
or may be i e of enbodinents of the invention. -12 WHAT
IS CLAI ME %#f&%%n§55|n §§%P§stal spinal wafer, comprising: a front face
and a backanf aeter pegiherh h@‘ﬂﬂérﬁfﬁemdp propyd Hlats, righerdin she &inet Saicidigates ans,

wherein the Bhérﬁitl&'cﬂtthd d]@uvﬁgéIﬂ&a@dfm@whﬁﬂta@néaoageqilaﬁenﬁtm PaRRERLaAne of

t he wafer, cl ne of the wafer intersect front face at a
s of | por HESTEL RLR al bt ohepls e Bading HEhE b hac.sBs e Brirgpralel fotene

first flat, &t ﬂaheaﬂdeﬂmrsdcdnldamatnndimtw esliractibinr eff tlerage fprajagauwagef the
propagatlon Ofeq gLeavage plane. 2. The single crystal spinel wafer of

claim1l, wherer nggﬁe waf er has a <111> crystallographic orientation. 3. The
single crystal spinel wafer of claim1, wherein the front and back faces of

the waferp, exﬁ@rsﬂlg@é QPG R s{puﬂellw&fmcroysaﬁhl Al apkereift- thzh%afe&- ngdsea cepgbal
spi nel waf er a 1n11 wherein the first flat extends along a plane in

the {22- 4)}°T8H} ?}Onﬁpﬁﬁ@fam lies. 5. The single crystal spinel wafer of
claim1, vvherel n the second flat identifies the front and back surfaces of

the waf er p?l 6FheTJ]r? é cﬂg af aﬁﬁ%’ls&ﬁler 31*3&1&1'?1{ I\A%Lglrel eclJroqlit qﬁl& %a&@?a%@d' B {hlge

cl eavage
wafer extend along a {111} crystal plane.

4. The single crystal spinel wafer of claim 1, wherein the first flat extends along a plane
in the {22-4} and {11-2} plane families.

5. The single crystal spinel wafer of claim 1, wherein the second flat identifies the front
and back surfaces of the wafer.

6. The single crystal spinel wafer of claim 1, wherein the cleavage plane makes an angle
of about 55 degrees with respect to the front face.

7. 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 first flat.

8. The single crystal spinel wafer of claim 1, wherein a normal to the first flat and a
normal to the second flat lie in the same plane such that the normals intersect each other,

and the normals make an angle of 60, 90, 120, or 150 degrees.

9. The single crystal spinel wafer of claim 1, wherein the wafer comprises non-
stoichiometric spinel.
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of about 55 degrees with respect to the front face. 7. The single crystal
spinel wafer of claiml1l, wherein the second flat extends along a plane in
the {02-2}, {01-1}, {22-4} and {11-2} plane famlies, which is non-parall el
to the plane of the first flat. 8. The single crystal spinel wafer of claim
1, wherein a normal to the first flat and a nornmal to the second flat lie
in the sanme plane such that the normals intersect each other, and the
normal s make an angle of 60, 90, 120, or 150 degrees. 9. The single crystal
spinel wafer of claim1l, wherein the mafer conpri ses non- stoichionetric

spi nel . esmlec fer of ¢ m 9, wherein the
waf er has ]lﬁ igﬁﬁ‘ﬂgﬁet‘irw jSgmne é’ﬁ#"éé‘gﬁ B‘Qﬁ’éarfjaqaf‘afsoar FRITROSHIRB 1H E2 D3,
wher ei n Arépgessedcd dyettie fgenerlt foemgla AD. bE{D}S M&lénengAOifs sN@cteﬂZ&‘ronZlﬂle ffoup Ba, Sr,
Cd, Fe a i L8 from i sting
Al an‘v’%&ﬁg 0@%@0@; ainngeﬁé%%l nsg’t ?g’nﬁé ' (grc erg‘ matlon c%tg %SEIS«S%?% from
t he gr oup froon diesgriong) consising S, lrfer, cS@nbUnEQ,landssonﬂwra@oﬁs thetpef,ednd B isati o
b:a>1:1 suaectw%mr ﬂae ﬁww@dnsfsﬁn ock sa ﬁa%mb%tlo@ﬁle&bm&ram%% Sp' nel

waf er of aim 10 eln Ais 0, and S , such tat the
single cr ;’WAII %‘ﬁ"ﬂ@F ARingl{g riph IDa al\/gO. bAlZCB. 12. The single cr yst al
spi nel wafer of cI al m 10, wherein the ratio b:a is not |ess than about

1.2:1. 13. T L n wa of .cl ai rel the ratio
b:ais not11 Slfl% g%é lngllw%{%&()ﬁllﬂlm%@ ﬁIAeIS%sP ] ﬂreﬁ vé]f’ er of
cl ai m 10, S\Aﬂ)etaéuhn smale crystal epiheldias ﬁlerf@mulee@ég@mrhchbout 2.0:1. 15. The

single crystal spinel wafer of claim 10, wherein the ratio b ais not |less
than about 2.5:1. 16. The single crystal spinel wafer of claim 10, wherein
the rati o 8: Bhe singleerygakspinel welcsaf claigpll wherein the ratprsa isinogless hay ahoat spi nel
waf er of qlmim 10, wherein the wafer has a | ower nechanical stress and
strain conpared to stoichionetrie spinel. 18. The single crystal spinel
wafer of claiml1, fu ther conprising an active |layer, the

13. The single crystal spinel wafer of claim 10, wherein the ratio b:a is not less than about

1.5:1.

14. The single crystal spinel wafer of claim 10, wherein the ratio b:a is not less than about
2.0:1.

15. The single crystal spinel wafer of claim 10, wherein the ratio b:a is not less than about
2.5:1.

16. The single crystal spinel wafer of claim 10, wherein the ratio b:a is not greater than
about 4:1.

17. The single crystal spinel wafer of claim 10, wherein the wafer has a lower mechanical
stress and strain compared to stoichiometrie spinel.

18. The single crystal spinel wafer of claim 1, further comprising an active layer, the
active layer comprising a nitride semiconductor layer.

19. The singe crystal spinel wafer of claim 18, wherein the nitride semiconductor layer
comprises Al,Gaj.x.yInyN, where 0=x<0.25 and 0<y=<0.5.
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active layer conprising a nitride sem conductor |ayer. 19. The singe crystal
spi nel wafer of claim 18, wherein the nitride sem conductor |ayer conprises
Al Gl _, _ylnyN, where 0 <0.25 and 0<y50.5. -14 20. The single crystal spinet
wafer of claiml, wherein first flat is a mgjor flat, and the second flat
is amnor flat. 21. An active device provided on the wafer of claim1. 22.
The device of claim?2l, wherein the device is an optoel ectronic device
selected from the group consisting of a |laser and LED. 23. The wafer of

claiml1, w&m%rslﬂgt@c@&@ﬁm “I%“érb? el SRt Fife ﬂlaffstapmafo@%t ghelg a

| ocus of p0|nhf ghsecond Ine, wierein the cleavage plane is
ori ented stfEf ﬂ%tl H‘é‘gor bavage pl ane slopes away fromthe first flat and
that the second line is located a distance fromthe first flat that is

greater th pAah %@%3 Vq&ﬁg‘;lp%%}}&lh%&?l a%laxm pe and the first flat. 24. The

waf er of c Pt I's"a mgjor flat, the second fl at
is a mnor flat 25. The wafer of claim?23, wherein the secondflat is

posi ti oneda4 qrp f@l@h@é‘%ﬁcl&ﬂﬁﬁzﬂ'vﬁ%ﬁ;&h il deQlceds & @ﬁ@elea‘trohfeedeqic%%@&@d po@ne. 26.
A single crystal $$%§ﬁlgﬁ&|8|ng a front face and a back face; and

an outer éP&“ﬁ@@l second flats, wherein the first flat
i ndi cat es an or| entation of a cleavage pI ane of the vvafer and ext ends al ong

a pl ane in 2 e plane of the
waf er int e Wat%ﬁ &f c?%% I{’f“zjglhc? é’%ﬁ‘le Cq?ag%e P gﬁﬁfg%h ?‘me ag%gng a
line, the lopweoflp@nm:gfomamlal setorddinehehdreinghe ¢1¢aarage plank is heem&mh thidt dte

I ndi cat es cl@a&l le%;ﬁ@ a%la?a?’ @rfﬁ’é%afﬂﬁtd}nﬁnth&f tht NRcd ge?ﬁ{@%elo%t%&‘ea and
ext ends alon ne 1N : | ane
famlies. @gnce rom the first flat that 15 greater than a dlsta.nce etween the ﬁrst line and the first

24. The wafer of claim 23, wherein the first flat is a major flat, the second flat is a minor
flat.

25. The wafer of claim 23, wherein the second flat is positioned to indicate the direction
of a slope of the cleavage plane.

26. A single crystal spinel wafer, comprising: a front face and a back face; and an outer
periphery having first and second flats, wherein the first flat indicates an orientation of a
cleavage plane of the wafer and extends along a plane in the {22-4} and {11-2} plane
families, the cleavage plane of the wafer intersects the front face at a locus of points
extending along a line, the line being parallel to the first flat, and the second flat indicates
a direction of cleavage propagation of the cleavage plane and extends along a plane in the
{02-2}, {01-1}, {22-4} and {11-2} plane families.
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