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[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 laser
diodes 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
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materials as a nonocrystalline |ayer, such as by

epitaxial growh, on an appropriate substrate. It is
waleasnem4g hat t he substrate on which the nitriBerbaned030804

sem conductor layer is deposited has a conpatible

crystal structure, to nanifest t he desired crystal

structure in Egras |ted a t|v

materia g oD SIS SBg TR BY &P R L Rro e SR ELnpTolriete

substrat€. 2} i€ddsirbd tHat §8\s8hMatdbd fzvﬁfcﬁ he ﬁﬁif&t@se@ tedhiednductor layer
typically the desired crystal structure is wrtzite

is depositad hasra ¢dmpatiblersry idlestrieturd, to maniégst therdesised¢1ystal sirughure in

the as- qusﬁaf %célrve ayg&rwlglspgli%?rgcf l—?ﬁsﬁi{n%etn{[ék:s?c&ﬂ% @3;1\5 albdaglN

can exis$ BPRReBREdiffefRt trysidMtatedPpisslBCthé dedtedrytdl strhewdra ige
sapphire substrate so as to provide_an _appropriate

wurtzitedather Ban sige bismde. Ian efdert mlmrscwaicrréhea‘éftsr% Wugigie crystal
structur§ O b1 FOU K 0ory s ARRE Alifing ] foom] ELTHOMAET OV

(corundmhy-gamd gpecificatie otibated dmsabp}uusmﬂ strate f@ by fogadeidaahi ve
devices, In this re neraII able to
approprigfe; 1Y §RU SFRRNA SYEFRCH O RIS fﬁm aptive eye(rfl% Oﬁge@ Jigyever,
sapphlréjﬁl‘fﬁ?seﬁom %ﬁrér&@\ﬂ'r:ﬂ%a%ks ey e‘%ﬁmgléb §§§fpﬁfr€ Ho&¥ndteRBAGe
er than by slicing or saw n cl eavage may
cleavage plduc that cearhefwed trr fahgcaio sttivealeslicanylnghispegdrg, it Isegenerally

e R RSE e Bl b A
device s%bét&'?é)%(} cléﬁ&@é&‘aﬂﬁér ﬂﬁﬁ"[?%ﬁbihgto? sBwviak OA\AGafd MAP redube
projection of he sturface of the wafer is

manufagfurieg egstsjandanay srl@rphfx)tha mAngfpgBgagreasss-of the nitride
active layer, which permts predictable and reliable
evi f I | | u ty
oooa REF ARG B RIS S g EPp bR
properls degbRsraéxa Sleavage plink) theg projectionefiadich 1nlﬂld adfaceobtheni c
. feasi brlrtﬁ Wil e the indus ry hgs sou?ht tg.create
wafer isggsperally paglielta peleangecsplag QAR 1StV FR permits

predlctaiaré%ﬁﬁr}eh&bﬁ@de?/?cecf?inllc?ﬂlo ;//ggglﬁé' the tetcﬁﬁ‘lt']ﬁl' sﬁP@morﬁy of sﬁinel

ni que 1S ative icult to carry olt, and
over sapgphire grmpimbeniofj propessirgstairdigs existpeasaliing és sdraewehds digmited
' i n.the fornmed

oo GRS SRIERE 0 e BT S Bl
techniqid 10 d5MafeubibAShe Bb @ﬁledb%h%% 1P ‘%&ﬁhﬂjﬁb tsucRa3&Mnique is

process techni ques, which include technrques such as
relativelyliffisoltdo bdratoutzanstrdiesicly high ptvesping tepaporagiret hasiedeen n

s G P RIS LG 2 7o oo

ratio of 1:1) is grown froma batch mel t, rather t han
[0005] TheindudBl Hae dlsbhaﬁ htrwdé single diylstatiiel sprnebbomesﬂbmdnelt-

surface. Wile rre t- based technjques hav %‘;f égw&r
based pracesitachniayies, rhick jnshad deehaiduss sughas dheysorcailed bz el

technique, among others. In such melt-based techniques, generally a stoichiometric

crystal (typically MgO-Al,Os, having an MgO:Al,Os ratio of 1:1) is grown from a batch
melt, rather than flame-melted that involves solidification on a solid surface. While melt-
based techniques have shown much promise for the creation of single-crystal spinel

substrates, the process is relatively difficult to control, and suffers from undesirably low
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substrates, the process is relatively difficult to
control, and suffers fromundesirably low -2 WO

wQoe5/0831948 PCT/ US2004/ 030804 vyield rates, i|iPCT/E@8804030804

costs. In addition, extended cooling periods and
anneal ing periods are carried out to reane resi dua
i nternal nechanical ,strain_and stress ent |n t he

yield rates, incaensing|cogsi Hypdsitione extendasiGoghng e, 328 ERReglipg pgdods
R4S

are carng@éfutk%§ Ir%fg%\feri@él}i%a% 1&%?&%({1%%8%% ﬁ&gb gﬁ; i prgsent in the

boules foltmmag\bomig fd)mmttmnl dedgmlmg maies:may be unwsuallg law,laad cooling

peiods R BEHH i B o T e B a0
Ina s1mi@§r%ﬁﬁ1§f Rtk SQ&IdRd aﬁx%ﬂﬁé t1§Ie‘s |\*fh1f:ll11 faf@fingeaM@hOBYRREDs of
he relatively high procéessing costs and despite the

hours, ﬁpﬂ»@tmmam@m@@ﬂsmg cosisan attenpt to address residual
mechani cal strain and stress in the crystal,
t I f
[0006] ng‘l]; tﬁﬂh&grgizer% %ﬁaﬁé@{hr%aglﬁa%]ﬁ%h ;{1‘8@5}888 88? érﬁf'c?ev\m?%the
precautibrisetgieaiinlay attempr totddafeSQMndjaalehebHaﬁicelSstra[rOﬂWQtrelsmm\}theW

of the foregoi IS generally desirable to vi de
crystal, ofiasitigies dhesyyities fgﬂﬁﬁﬁf@@ bojies &gl 1o stiert frop ggde By g

b A9tating same, as well as
failure r£Q§ %@2@5%&%@%}1%@0/{1 % Same. SUMVARY [0008]
ACCOI‘dI ng to a first aspect of the present invention,
[0007] Ia viawgf the cfmygmag, it jsigentralip desirable to mmmé@nnyoml gpinel
non: st oi ¢ loms

boules, ViR Stfees 2 oRREIeBrORE (e B MEBSFArRI s S0l Fhe

improvell DRSS foRfRARGRIneSt ress i s represented by a
relatively high yield rate, generally not |ess than

about 20% Yield rate is defined by wi/(w + wf) x
100% where w equal gyisrARgber of intact wafers
processed fromthe boure, and wf equals the nunber of

o00s) A4 oy HEY el i it sl 8530t ot
formed Bl %hﬂﬂsdiﬁg ayd tisille RsREN-RdichibmeRiccdrRifositidnent haga

a single crystal nel wafer is formed by nelt
reduced pte@b@g@ﬁl sesst e m&@@d machanicabsteasp l%nemeéfmt%%x # redatively
high ylefdo rgg:g %l%ﬁe:rﬁ[] er?oﬁg ss %%a\rﬁ'ggguﬁsd )f g??eg&l rdt{] s Eﬁjed ﬁ% W/F\g + m%;

100%, wheke Wﬁé‘@alshﬁé’ln@b'@éﬂof Ztﬁ%t vOéfak qircfoatsed tfﬂ)nd’&felb@até arsd wr
above, nanely &*d&? wherein wi , egual s
equals theraurplesiof fraaaqumfé&s fwam éhesbot} dQ infemplypeehaaicghifress or

strain 1nQHéjbche.e qual s

[0009] According to another aspect of the present invention, a single crystal spinel wafer
is formed by melt processing, the wafer having a non-stoichiometric composition and
having a reduced internal stress. The reduced internal stress is represented by a yield rate
not less than about 20%. Yield rate is defined as above, namely wi/(w; + wr) x 100%,
wherein w; equals the number of intact wafers processed from the boule, and wrequals
the number of fractured wafers from the boule due to mechanical stress or strain in the

boule.



the number of fractured wafers fromthe boul e due to
mechani cal stress or strain in the boule. 3 WO

wQoee5/0831948 PCT/ US2004/ 030804 [0010] Accor di POT/AUS2004/030804

anot her aspect of the present invention, an
opt oel ectroni c substrate is provided, consisting

ess ntlaII Qf a Ie cr sta
ooto) AREERe B pnbudt oot fcpreehl PR Fic 4 RlosRRrge poteprat
is prov1dbdi1 Et:o&ﬁibﬂi‘ﬁé edséntfall? Bf hMg&B&EO@ Bﬂglehﬁ'ysialrsgirﬁl evhesdifil ratio
pinel is fornmed by mel t process. m£0011 Accor di ng
of bia is g@a@ﬁ thandr1 sichdhat, theaspcm} iglach ig fblp@w the sifjglegrystal spinel
is fome%l??h%% cdi@n- stoichionmetric spinel substrate forned
rocessing, and an active |ayer overlying the
substrate. [0012] According to another aspect of the
[0011] Amxcesiing toiamothet aspact, ademtmrsd)ré\odecf ovhidnigclidesd gon-

st al i nel fers is r0VI i ch.includes ., .
stoichione g sBnRE g teete Emed by nrelf BOLSERHANE Bn g Aty Srerying
the subst®fte.nel single crystal boule fromt he nel t, restricting

annealing to a tine period not greater than about 50
hours, and slicing the boule into a plurality of
[0012] Aggpusing to[apother aspeelo dhaprescat Bnventier, agrgibed fosfomag single
h r l.e
crystal sé) Eglsxgeg%rs i %‘l%%degn‘%'elﬁlsl r.ﬁ:‘étluci)eg OQIré% ég a@a Ilﬂ% apcfrg(\:}b - g
growing @ spﬁlbphngie lctystah baule fitoed ﬂde&nelg FEROidihg a&nealfmglt@ aginyspeadod
spi.nel boule fromthe nelt, and slicin the boule into
not greatgr %ﬂan phoutS) hoprsyandsslicing the bpwle dnte gplere et waltls: houl e

is grown at a process aspect ratio of not |ess than

[0013] AQ:QQthg Qoaéﬁ%thef cgcﬂﬁ.fﬁ‘er %ﬁ@ﬁﬁf@nﬁ(ﬁ{ 'a%@ﬁbd‘ﬂ)r(#&frﬁlﬁg gingl%

ratio aver aneter to crucible insid
crystal spineirmfers is p@idet, mcmdmglpngvmmgaﬁmﬁsnelaspecmcﬂvﬂe 1gt£emng

a single Gy 53 Sinel HpiE teih e ucly and s Boplroiedt MEdinoes witk:

In this elﬁb&ﬁhﬁﬁt R Eou'lé"ls %r(ﬁih&'&t' abér@cesg 6515%01&’(10 Jf £i6f 188 than Mhwe
crystal boule fromthe nelt, cooling the boule at a

0.39, thequotdsmgspeet retio being definedrasarratio of avestEe/ boule diameigr to

v Sl the boule into a plurality of wafers. [0015]
- crucible s (g‘?‘ﬂ *F'o another aspect of the present invention,

a nmet hod for formng single crystal spinel wafers is

[0014] meﬁdn@ge(d) anbthet ahedbffthopresting thvantiat, afnéthdd for forming single
growi ng. a .spi nel, sw;&l)e crystal boyle from
crystal spifiel ‘ﬁ%thS is eepandeﬁlgmewem{gw%d@g atdonelhg 3 aueibifogrevaag

a spinel %{e}‘% Og;‘%@iftboaggotﬁ?&fe’ IR %B%ﬁril?{thg goﬁ@ RER kb thel Atethok 1438

not greater £h
than about 50°C/hour, and slicing the boule into a plurality of wafers.

[0015] According to another aspect of the present invention, a method for forming single
crystal spinel wafers is provided, including providing a batch melt in a crucible, growing
a spinel single crystal boule from the melt, cooling the boule at a cooling rate not less
than about 50°C/hour, restricting annealing to a time period not greater than about 50
hours, and slicing the boule into a plurality of wafers. During the growing step, the boule
is grown at a process aspect ratio of not less than about 0.39, wherein process aspect ratio

is defined as a ratio of average boule diameter to crucible inside diameter.
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hours, and slicing the boule into a plurality of
waf ers. During the grow ng step, the boule 1is grown
wa@rooa/oproacess aspect ratio of not | ess than abpor/uS2089030804
wherei n process aspect ratio is defined as a ratio of
average boul e dianeter to crucible inside dianeter. -4
WO 2005/ 304 Bl RESCRI PTI ON OF
THE DRA et fH DRAWING agr am of t he
O A1203 system [0017] FIG 2 is a photograph of a
[0016] Klfiphis & phage dagzam phthe MgQrde@y syste-nch) boul e grown in
a 7-inch dianmeter crucible. [0018] FIG 3 is a
j f I i :
0017) A e PR Eep g & Bt b g o e oIl Foule grgm in
a 7-inch[d3ied¢r dFucibled i s a phot ograph of a front view of a
2-inch dianeter boule grown in a 4 inch dianeter

ugi. bl e 00 FL.Gs. .5 and,6 are fraont .a side .

o018 K§6454%% Baob@ppbr § R uSwRl A el b R a5 R frown in

a 7-inch@iatsdtéd crudiBR21l] FIGs. 7 and 8 are front and side view
phot ogr aphs of a good [111] crystal. [0022] FIG 9
illustrates a wafer having a diameter d, and having

[0019] KiGn it Bhetegrapk of & fpnt view o a gringlp dianfetry boylergrevn ipa 4-
hwhmﬁmh%kyﬁékﬁﬁés an exenpl ary optoel ectronic device
according to an aspect of the present invention.
[0024] FIG 11 shows a process flow di agram accordi ng
[0020] RIGsanhambhectfraft ahd eidpveswmespectimednof omis-be¢med @hpped)
Description [0025] According to one aspect of the
present invention, a single crystal spinel boule and
single crystal spinel wafers forned therefromare
[0021] FIGAV7 £eri8 arkypdift ahdl Yide Pfe‘?\ﬁ}ﬁﬁ)‘ﬁcb%‘}ﬁlp}@fof_% godtl ;ngi 18 chyswst al
spi nel boule begins with the Tormation of a batch nelt
in a crucible, enerally illustrated as step 210 in
[0022] RGP ilustratesa wderchaving & dipmeige degng hayingraymegeus degice
ifest a non-stoichionmetric conmposition in the
SUbﬂnmgggpg?ned boul e. According to one enbodinent, the
boul e has a general fornula of aAD bE2D3, wherein Ais
[0023] Riglldcllestrdtesom exemplary optoelectronic device according to an aspect of

_crystal.

the present invention.

[0024] FIG. 11 shows a process flow diagram according to an aspect of the present

invention,

Detailed Description

[0025] According to one aspect of the present invention, a single crystal spinel boule and
single crystal spinel wafers formed therefrom are provided. Typically, processing of a
single crystal spinel boule begins with the formation of a batch melt in a crucible,
generally illustrated as step 210 in FIG. 11. The batch melt is generally provided to
manifest a non-stoichiometric composition in the as-formed boule. According to one
embodiment, the boule has a general formula of aAD-bE;Ds, wherein A is selected from

the group consisting of Mg, Ca, Zn, Mn, Ba, Sr, Cd, Fe, and combinations thereof, E is
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the group consisting of My, Ca, Zn, Wh, Ba, Sr, Cd,

Fe, and conbi nations thereof, Eis -5 V\D 2005/ 031048
WEEHS0S804/ 030804 sel ected from t he gr oup CoPST/B52004030804

A, In, C, Sc, Lu, Fe, and conbi nations thereof, and

Dis selected fromthe group consisting 0, S, Se, and

i;nations th , ergi ratio p:.a.> 1.1 such
selectedTFORR kb0 PonsBE A 1o R s eD e, ) ¢ GnbinRichs Sograh S
D is selédte’d ﬁ&hQHé?glbuﬁ cosNIME D, 19, 88, dnd cofibinationk itefeof Rhdréihia0
a = 1: whi | e non- St oi chi onetric conp03|t|ons

ratio b: ih%\l/é siich tht ﬂ@tsmel is rich in B> oBas|claaification arsteighipmetrice
COIIlpOS{‘tE)Fer} o@rfgl(:vgtélgﬁ ﬁfeerﬁt?o éf)b % C—lsllug,gg}ﬁll . %1?&81' hﬁﬁ?e?r dge ?d‘;’ano(.int{%%s
havealiahmubl#lalstructures [ 0027] Accordl ng to certain

enbodi nents, Ais l\/g DIS 0O and Eis A, such that

he i ngl e crystal spi has the fornul a
00261 Afrsd et e (e Bous st tainangf Soistb fass farmed by sl
processﬂﬂ@reﬁidrlnﬂﬁ&%ﬁn%&g ﬁﬁ@é?s to? th kN k03 spi nel
based- conposi ti on under st ood that the present
di scl osure nore generall relates to a broader group

[0027] fecosding e certadmpo <i>d1m@nf§; halVign B isﬁéargieEa &rAlis at the

single c{y%{a%ﬂ%%ég}}_l\%%gnglﬁ §‘F’g§§&[zpé a os\égle \f"ﬂfﬁqd%&ﬁﬁ ec t

containdd hewsih hedke g fereRdenaie Piga@sal,0d ls@gemsed-céiﬁﬁbsed&ﬁ&t 1965
illustrated, as the alum na content of aMyO bAl 2Q3

underst@%h@éb@gr%%;deﬁq@sarerla@rp gepsrally eplages to-ajbrpgdor gequpaf gpinel
composfti?)ﬁs Sh(%lgin n%%[r Eétlﬁea@o aza%)%%rﬁo gé &é cf an)%ve ith

ure decr eases I'ng
respect tmhe My Graddsplysteme ditaition éd daviad ¥I1G) h\ﬂhhsmmﬁg atburaEﬁphase

s R i TSt TR SR
beyond eréjtﬁf of%:a 3P14 Qeﬂrggé ﬂﬁ% ﬂﬁ%l&lﬁ&‘ﬁ@&khﬁ?dﬂ?}@&%&lt@ the

t enperature or stoi chionetric spine s note
liquidustteraperstuné dévirenses. rAccosgingls) mbliing mpysbe asoopplsheid ahrelatively

low temﬁ)&ﬁ}ﬁ?& mxg%lg'vg@afnﬁ%%%grﬁﬁﬂwﬁ 2l 07 e FosfhaliOi e

aluminadrich g%'cﬁlﬂ%ﬁe bRIPES 50 {6 190RRERRY ove? Wi the ible melt
2264 028] Wiile E2D3-rich sprnels are generally

temperatl@p f@mcl@drnbylcaspnm i b ivnaiedyjthatsteichiometric spinel hawing ai n

conposURTIOEAL RGP RORFL 1 A 550 M Roravon

2378 K euiiict €0 o$ blaaofet: Eu@@h@mgﬁmeé@aﬁé hofbE 16Wek2b8ut 2264K.
reI ative to AD, such as not |ess than about 2.0:1, or

en_not | ess, than about. 2.5: 1. ord| to certai
[0028] Wﬁﬁs@zﬁvm Spingls apegenerally repspten a IEE '3 gregt Psﬁﬁ%a

certain sHb@mb s BAYEa BiaPat AR dRAab3LEAL AT such as not less than about

1.5:1. Other embodiments have even higher proportions of E,D; 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;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).

[0029] 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
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t han about 4:1. Specific enbodi nents may have a b:a
ratio of about 3:1 (e.g., 2.9:1). [0029] Foll ow ng
wo ovosmsioar of a batch nelt in a crucible, typipeel/Ug2004/030804
the spinel single crystal boule is formed by one of
vari ous techniques such as the Czochral ski pulling -6

5/ 03 / U 2004 030804 t echn e t h
techniqee SRS 148 G 05 2 RasbogE aichd for fatnefe of
certain Elﬁﬁ&ﬁﬁﬂeﬁ@ h@fem Q@iﬁ tuﬁﬂ&st%ﬂ@ ﬁfi't ARNére Jf%rrﬁinfber of meR-based

under stood that any one of a riumber of nelt-based
techniquese amdistinst fromsflanefisiut tefimiques) mapbd uiglizsd. Seelhmetjthascd

. b il ]z Such |
techniqiEpaisiintthie e e nhnd 467 B et SHPhIAEA Hiidifhen
methodSfhe %Bﬁtﬁrﬁél%@acﬁéﬂt"fﬁb@ﬁé‘meﬂ%ﬂ%ﬂ edpbdehinyd growtiahetbadhent

freeze method, and edge- def i ned grovvth nmet hod, the

Stockbezgesanashody of thedfyenolugmethod. [Ghyssyaelirbasediterdaiques ese
fundamnfFaby SERERohPAURL ALESH o HRARTEN L il Bl QIR LAATE

boule fidaih meftr @rgt(ﬁltﬂieﬂ flamk Fugiomtdea siot crchtamebatchanelnfromeshiclot
createa tch nmelt from ch oule is.gro but

boule is grpyyay but gHLBeH BROYIGES 8 SABYAH OM%@OBQ e FIETIAL (SRR PSR o)

powdergfﬁxgﬁ)pﬁ AF1id to Q%ﬁfjﬁﬁ n'a)thé ofterl tﬂéﬂﬁ’ct id thefl gﬂﬂ@ct@d A¥nst a

e nol'ten pro I's then projected agarnst a
receivingemefave og whwhfthc:moﬁan pi'udutt sbhidifienl t en product
sol i di fi es. [0030] Generally, the single seed crystal
wth th t_at 212 in Fl 1,
rouso} (ipgigtly. 36 Rk ootk R et ChER oRel Bt g dyrio. 1,
while rdt@dlﬁg th¥ 8afch nRMCIdGhE Sded chyshil éathtive to febléh otﬁ@xe drypidasty athe
is formed of stoichionmetric 5ﬁ|nel and

seed crysigfl g formed pisteichionisiniq spined gad @&%ﬁwmbfgblab Rypzity and

crystallg‘égrg%?1 Hgf?héene ?(/:orvgcget A u?tldblte %%Leﬁft %ﬂ)(ﬁﬂ@ g{ gs'{:th b?H% geeg

crystal fnlay &6l ratited rdlhtive tbiaeﬁwatwmdiﬂble thaymbfbler ohabedotatet a¢lative to a
a fixed seed cr)ist al both the crucib e and the

fixed S@éérysaaﬂ P8 ath tha grusible e%ﬂlédeedmmtﬂgnaxbﬁrm Dyirigg
rotatlong E{%@g?c{ %’rﬁgtg nerfi‘ﬂﬁ? %&&e&éfo@%ﬁywlﬁé ?f&rlﬂix?ﬂ HP fof 1? S il 3 Sep

214in AGcdtdi ng to one enbodi nent of a present invention,
average boul e diameter and interior crucible dianeter

f the crucibl ont theb ch nelt ar .
0051) Rsrerde it gmBefiinf of hEesnt SRR andres S dgpeter and
interiorlcYiRiila ila¥netdrde tisd &G&Ble(‘do)iﬁﬁrﬁh% e Waf hirfelf4re \6Bnt@d1led to be
process aspect ratio of not Tess than about 0. 39.

within qetein papanaeterss Maesh &micallys the singlequystaldwulesis gravan ate pypeess
aspect raiag ﬁ@gﬁ.lgﬁ%ﬁaé} a%logpﬁ.ﬁ g g(%el, Itd)u gssbalsf.’:i‘ecij ra"i%e E %ﬁneéva% 2390 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 formation 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
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di ameter of the boule along its nom nal |ength,

nom nal length representing that portion of the boule
wo bas/os®4tit i | i zed for formati on of wafers accopdi/ng2000030804

downstream processing steps, generally not including

the neck and tail (conical-shaped end caps at opposite

. €nds of the boul cally, boule dianeter is
flipping’ e Mt R4S icEYH sit aw%esap%ﬁv@ %@OWGEW eﬁéﬁéj?ﬁmsmaﬁ%e

e T UL g g

morphol@gy)s ard kmfﬁmamthy highrasgatt aitio® magrensure agamsttthppmg frofn thhe
boul e, also known as 2005/.031048

<i1> cn@wlkgg@@Ew/%@@%@n 9 Fheﬁdvﬁ> crysigjperaphis &F’FP@SPH, it is
desired that the boule have the <111> orientation

[0032] AdthalphStdgtphSBf BAOA!dREYably &:3i& <11N8boulks and 1‘ﬁﬁ)ped” boules,
orientation (square or hexagonal nmor phol o ,

and the plgtionship of aS;pehﬁ rghio ssprmetal orientagion ey shovey i a21$s€tnd the

I h
rable b PRACS RERILACS s AR b D LBRIABOLR AR ki
accordlr{éctb la@roc[é@@&@@ét&@h& oPibduod N8 @2 frichdoule disrhetst, dnchl drieible
ul es and ﬁed boul es, and the relatlonsh of

dlameteﬁswb&ft FIGg: S@mﬂé}l psfEtegoad:T ld At stnelrery gald
accordlr{:% tgﬁ &)rgceg% %gt‘ttljﬁﬁos oqgfg’fa 4Qﬁ lgﬁ‘é():urlé: 181%1'1 ?eb eﬁ?:glgglrr@a
diamete)GRd0cioN@ iheh Boubs draﬂefer,a@meh brubﬂﬂe dlamIE:tem)) Gmboﬂnmo( 2

i nch ul e di gneter, CI bl e amet er,
embodipprig of © PrRsent lpvqrﬁ@prékd@ 536(@6 show snd H‘FBP%SI&"‘F? mews o
1 I A8t f
another RLATEATBEkd) SEARNARTILS. ol PARSELER6N 21> Ghek
crystal tiuleret er) and 0.50 (2 inch boule dianmeter, 4 inch
cruci bl e dianmeter). According to enbodi ments of the
.esent i.nvent, Gs. 5 a show end and
00331 Bifibees G X MeREALD: SrtorkBRCpR BN Ta SRiec based
upon a P0.9: 1WWial18tid; a8 a s 8f fhk hels¥and bocassaaditiohd provided
single cryst ‘al boul e 0033] Wth respect to the

below m@@adpiq 08ertain p@hpdwmnts ofitke praPERE By enioEhavesamewhakRigher
mlmmufrﬁg[iqgc&s %Sp%ct(r%tlgs &clp "’l}o& ?etsé ﬁmn %&ht"b Agggg?%yﬁ hn Bt 0. 42,

Focess con Fons IS oW I n the

or even hathbss thﬁﬁ:ﬂio&t 0. 4Bn’0)3hbrrmfﬁoﬂm®efntst Hm'e mrasbnghen proesss aspect
ve somewhat (t;her m ni mum process aspect rati os,

ratios S@b@ﬁn&@eﬁdhal}@%%‘ Pr4noySHErested0, not | ess than about

0.42, or even not IessTgﬂ@n about 0.43. Oher _

errbodl nents have even higher process aspect ratios
Pull rates u¢ ICrasibledD | [eGmicithahid b quiryGaldia. of Resodin<ytat er. | Aspect
(mm/hr)Tabl#@ches) ' | (inches) (inches) Ratio
1 4 2.5 2.2 yes 0.55
1 5 3.5 2.2 no 0.44
1 6 4.5 2.2 no 0.37
1 7 5.25 2.2 no 0.31
1 7 5.25 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 1 3.1 yes 0.44
2.5 6 2.75 2.2 partly 0.37
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Pull rate Crucible ID Crucible lid ID Crystal dia.
Result, <111>Aspect
wQ povsiosogs nches) (i nches) (i nches) Rati o 142. 52. 2pew0SHH4/030804
153. 52. 2n00. 44 164.52. 2n00. 37 175. 252. 2n00. 31
175 254 lyes0.59 164.53. 1lyes0. 52 2. 553. 52. 2yesO 44
52.2n00. 37 2.5743, lyes0.44 2.562. 752. 2part|yO0.
[0034] Eywlb@w/mmmmﬁmﬂmf eamgbzﬁpfl’@ge Sewlﬁlil eaﬁf?/cyn ary

phases. t&&o@cﬂﬂ%\ﬂf‘o ﬁﬁﬁﬁe& Harfie Zﬁﬁ@ %btﬂb Md e Wafels gﬂéﬁss%a'tﬁ‘&lafrom are

no secon Rases.’ ACC rding to anot her
free of mqmtluesaand dU@amsu M&caﬂmg th @nmﬂabodnnmntg ct@weﬁbrst dre pedfcessad

into dev{ey RO PGB HE S B BC BE SRt SHCY Py vinE
composﬁib?ﬁfohﬁ&t%& Js@éntﬁﬁ& BELRIBD EAILO; %Effcirf)@%dtl%ﬁff’b 4 13 @rb@dr Phan

substrates having a conpdsition consisting
1:1. In éssmgandaimmlmfes and) Goimaits2:08 gemhaal}yeprﬁcludedatﬁcm eﬁambleaCo S

restricufh S et b fapacos, PuoRRE. Mo ke S Bifang or

Q-smtch%%bﬁéaﬁbﬁﬁ Ihro@mrasﬁ% Osdvefchiap ﬁmoﬁgﬁﬁ@ @bﬁ@al@ﬁ‘@@ﬂ‘e&ﬂma
whi ch otherwi se i s a dopant F

relativelyipirg enineldnytilized subsiantiady fice Of}i@mnfScthataqﬁ{m habpgpand j ¢
novelP@?Fﬂ%ggfﬁlle'déslfqg%@s%?} that a relatively pure spinel is

zed su y free of dopants that affect the
basi c and novel properties of the device substrates.

[0035] AO&EHingAc embodingntsofeixmeseme itventidn, & lsingper @gsal spinel boule
is formecfka%?ntg,l c?es1rab?e gio?)gll'tﬁbs.c El}/ g&d?tlions o the <|iesurecliI STIES 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 connectioﬂ with formation of single crystal wafers
that form substrates of active devices, and also provide improved processing features,

!

discussed in more detail hereinbelow.

[0036] With respect to improved processing features, the boule may be cooled at
relatively high cooling rates such as not less than about 50°C/hour, at step 216 in FIG. 11.
Even higher cooling rates may be utilized according to embodiments of the present
invention, such as not less than about 100°C/hour, 200°C/hour and even at a rate of
greater than about 300°C/hour. The increased cooling rates desirably improve
throughput of the fabrication process for forming single crystal boules and further reduce
the thermal budget of the entire fabrication, and accordingly reduce costs. Boules formed
according to conventional processing generally are cooled at relatively low cooling rates,
in an attempt‘to prevent fracture during the cooling process. However, according to
embodiments of the present invention, the cooling rates may be substantially higher yet
still provide intact boules in the as-cooled form. Generally, conventional cooling rates

are on the order of 40°C/hour or less, requiring cooling periods on the order of days.
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is formed having desirable properties. In addition to

the desired <111> orientation described above, the
whowksesio4svaf ers, and devi ce substrates forned poEUSINNONG0804

al so generally have reduced nechani cal stress and/or

strain, as conpared to a stoichionetric articles

gal\{iﬁ%a b: a ra.tio of 1:1. In this regard, errbodimsnf,s
00371 Jll figihepagedingitn grathsrsimbogdiacat 9 heeEP{ebInyCHih ajealing
of the bgg%,gcﬁ)éh&%tﬁﬁgme%i@@o uBsdgQEATRD bORi isTbRebRd S ¥ gér%%kvely

at Torm substrates o?bact I've devi ces,
short tira¢ periqel. dlpipikeally the twecbepind dess ignaptdrabanaboyt 50 bows,mslpas

not greq PR Gheueg hav At s, ArrratinbY S SEodBBhshe

annealix?%‘jis résRHi@bd 18l tfm8 b&o AR grdiertBAL A o% Ch s NRideb® BBnealing
than about 50C/ hour, at step 216 in FIG 11. Even

may be pibgtantiady eomplgtelyaelimsinaigd (blostuated by lagk o aw pencalstep in FIG.

enbodi nents of. the presen i, nyention, .
1), thefe3 30} HERE oo e B SR mento by ot bV ElNidt Pole
forming 8é¢loldgy @heallfequitagurtTutibstiiifal fgical petiods imart sesed to
cooling rates desirably inpraove throughgut of the

mitigate igpidpelanicasl grase andstrabh, responrsiblg for logy waigk yisidratqs g medl as
. t . . . '
boule £, IR viGE o be 8 RARY BBl RRbrRH il RENRRN ki the
reductidnamidetermt sieassl hid)stiain fothe ®otle avadrdipg de embodignenesrierah | vy
. are coqled at relatiyely |ow. cooling rates, .in an, .
permits spelpRpeible proseasiunondrtiqne ngludingidaeregied of Gompleyp climination
of anne&}} Bds, A WRHEE inc?&a%&{ %&?}gtrgtes SORAEL BEgeS of the
présent invention, the coolrng rates may be
substantially higher yet still provide intact boul es
[0038] Ancarfimgds anashirdentius; the r@betion fin infernal meshenioalstressasdi ng

seain o ARG ARG, O Pl G G Torb ey sEaR e 9

boule, sAEWH By &%@19’1@@1@5@9@&%&&%@4&1&@ F/chriRéd dut bywny bae of
accordi ng to another enbodi nment of the present

several pligiagtechriquesnmestinotaply wiretspwinge fisused berpih ichheate pay be

S35 R SRSV 18Ok | B bEL il o

e per

process@efromcthe Sovlefandvaat the nhinder effedsturbd watens fromstiie bowls due to
. not greater than ahout 30 hours, Qr even,2Q hours.
internal gpgehaRicHlgliess o sHeiRiA thenRads: fediventiensadly, @%@Bi TRl 1§ ¥ery

e o . . :
o, o 64 Sk, SRR 8Lt i
excessivoimpred] stryssed amdi stratneid the boulst nadomttastyyieklaktes ficemding to

.anneal, step in FIG 11),.there obvi atin
ombodiaae of Gt iENeonaiit RoiRall PRt tesh i abotagih, ARG iegen
40%. CIRSH eétnbddRheRt ehoweinbRA%iAZLY HIBNAERI rhiés! Rel b St 16538hAT about
substantial anneal periods in an attenpt to
50, 60 or even 70%. Indeed, certain embodiments have demonstrated near 100% yield.
This reduce internal mechanical stress and/or strain as quantified above is not only
present within the as-formed (raw) boules, but also the processed boules, the wafers
sliced from boules, and the device substrates cleaved from the wafers. In this regard, the

foregoing description of processed boules generally denotes boules that have been
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mtigate residual internal stress and strain,
responsible for low wafer yield rates as well as

whouksmsforact ure. Wthout wishing to be tied toPemnysS2004/030804

particular theory, it is believed that the reduction
and internal stress and strain in the boul e according

: enbodi h flexibl & .
subfect{q RGBT P i PPN RIS URARP 218 iodlGh Le

such as @rindingalabping, Iﬂﬂlsﬁm@@ﬁ&i tRgniBgri ods, as well as
i ncreased cool ing rates as noted- above [ 00381

to another feature, the reduction in

[0039] Fﬁ]tl‘e\ﬂﬁlﬁlsgﬁlﬁ%ﬂh% wekirs mey be Surkivy progessad suckyas hyumeshining at
step 22(2}6 F’]!d3 ! lq i rhTZlE %%aférp ﬁa\% ﬁfera(i’fy shﬁic?éé‘ft d%e%{rﬁané?g&%i&y
surface ayqai to @kdwde stnaed @odeSsm@cdssltsefd;r thﬂetactlye dﬂfwce(mmlﬁﬁcmre.r ina

sev slici n chnl nost not abl awi ng.
anner&ém atH%‘FE?Sﬁ eélsl?egﬁ‘f"éewlﬁ%“ ua@aﬂ?.cpﬁ{elat Y the
semlcoﬁcﬁfcfﬂil |f§brY$aﬁ&1Y‘ﬁelﬂ ‘M&;oﬁ&ﬂg@? % 1s‘ﬁ‘8§6r§l'l}n dé’gare& tHa ﬁlerWéff@ﬁrhave

I ntact wafers processed from t he boul e,
a nomutalh diametdyex noff le$srthmt alroeld:l 1\Wafinches,fgeneratln gotoss tbatdajmut 2.0

. i nt.er nal | .
inches 451§ GRaHiBREPPGMaRy 2 PGS of Ereter Ll SRS, 4o
process@ig thbR 16F KRlAOXafeld iR Al 8QREARbNcAtOW aVd @lated t@th@ndllé tRo

mani festati on of excessive internal stresses and
inch wadgrscdnd Hracessing panipment|far bandling ghree ipclk waferg apresently
d| . f i .
coming ST oo RLBRE T 5 s PLGE SR VGRS iy

herein, ﬁmegrenenztioldbvamﬂd Hap bevuppoeted asdondihy tdérgbodinehtd of diees,
such as not |ess than about 50, 60 or even 70%

present (i¢¢aHAN. certai n enmbodi ments have denonstrated near
100% vyield. This reduce internal mechanl cal stress

/ t
10040] BT PIISEAE, Doiler BUERYG oy AR At fHoh; By RS
most nqmatbiy easadOhavings, pluﬂahtywa’r(hc 92 ﬂmt fowmdndwmimabdﬂyhc@ss,ubﬁraﬂes
dewgﬁﬁubst ate ﬁ\aﬂ?} mthe fers nthis
for actiy L RIRcrs. (RStOVET b ¥hfg I Shin B pIEE S Boul e
fore gmﬂ% Q&QﬁgﬁUn féﬁﬁ%%%@ waRy |d?a§nétélatTylibﬁ:\éﬁy,Qﬁ@ thdivid€hl W&ice
05/ 031048 PCT/ US2004/ 030804 "subj ected to

substrates ot dic G8larnsgparatsidi frim gheswales 9%;§u‘g®q@¢r§ lto wats poaceshing to
F G (11

form infiyfRief fchye Aetich dBfon ™ FrsBr s Ob fitmutoBR PRy whiche

individ ey sre TRMcANS oiidd18r a wﬁﬁ% Spéati gl BngBerb VindBR ¢l indiviual
at step 220 in FIG .11 e wafers have a generall

active compppentemay bF sleaved remdhewatss plong gleavagerplanss of the wader and
c r e
e oY U SHARETR A58 Bl BBt €
the planwadfelie safee Geakiglds tixesurfaon dfite evafetithatdopiocessed has a
desirable crystallographic orientation, namely the <111> crystallographic orientation,

which is suitable for epitaxial growth of Ga(Al, In)N active materials.

[0041] Turning to FIG. 10, an embodiment of an active optoelectronic device is
illustrated. The particular optoelectronic device is an LED 100, containing multiple

nitride semiconductor layers. LED 100 includes relatively thick n-type GaN HVPE-
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sem conductor fabrication field. Accordingly, it is
generally desired that the wafers have a nom nal

wac@seswis of not | ess than about 1.75 inches, Peneszis/ 30804

not | ess than about 2.0 inches and in certain
enbodi nents, 2.5 inches or greater. Current

state-of -t art pro essin ls for .handl.i waf ers
grown bage {&4 &e@mn@éqnaw %%\WF@ESPA? dgwige sgps ateﬁé?ﬁﬁp@lq%
accordlh% %ﬂf‘@&ﬁxﬁ@n‘cs P&‘élno ea5asd ﬁgeﬁg SV ATRY byfaﬁh- ?@@laNfllgyer

ree inch wafers are presently com ng
106, antihtesmadiga (lGa) ective 1@remd@&sa,n|dgmﬂmacm-wem leaeel10. The

p-tvee GERMISE T B BB apRGe i i drmian g s g W P

type GalN"M@&Y 108has kR A4Ge ddnfact fiykt | Usfobab@slodg u@t)ﬁ[on&sfqm devige.
to an enbodi nent of the present invention,

The n-tyjesy G yayral @ cowrayprigs tegriivepyenot dhe drviceg Mdﬁmnal
processiff i b F AL GdofGe SUBSREGRS aoifs Bk M ERERNIES
known iésl thé aith G" he keakdegio iditgcted &cUi D Patent Ne! @533}8{74 for wadieional
.. diangte ypi cally i ndi vid devj.ce subs tes
dotails g5jatef| o Sysh RACeSo H%mbtt@a %qrrs%crﬁlg ﬁ@ga@wp t Qystr %@‘é’;‘é nt
device, §Qs WRASto c[ﬂ’ﬁ?ﬁl%' gﬁcalté?ectlfoﬂic”bf g@bé’lb@dﬁﬂle AGivk WRvices may
evices. In contr to sem ¢onductor nanufacturing Inh
take onwhriais otherdbimg) sadh adiadaser diddgpi cal |y forned by a saw ng
operation along kerf lines, the individual active
onponents may be cleaved fromthe wafer al ong
[0042] @ gﬁ(’/@ge pl anes of the wafer and the overlying active
| ayer, which cl eavage planes are generally oriented
[0043] E@ﬁhﬁl@@afg@'l’réphraﬁdﬂe 39b dpefofig® hereedebined>eitk 2876 $g of

the surface of the wafer that is processed has a
ALO; (gdwningm exide)y Theravometasilscvere mixediogether #uhepipdippl2 hrs.

At 110(% &é]gl‘ees e}{tzé r&%lé %?%%%ﬂh glfu%@a%%f?ér:cg%gé% I\F}E(tﬁnrgtvialré: ;?gl e

transfel{ré]ﬂﬁﬂd anTtmrdmnm grutibld-108 midin dametabadi IOnhmakilan acti ve

opt oel ectronic device is i | lustrated. The particular
to ctro cdwcel D 10 ai ni
j0044) FEy B SHEWR] [ BNt e * agn St ged in

standar& r@idéﬂx%ﬁ C_I_%’r% §t5‘ﬂ1(’5‘ﬂ‘ aﬁldth\éﬁﬁd G iNeMyditing ﬂéinm the oxide
05/ 03 L048 P US2004/ 030804 gr own base | a

m1xturedapmsatnsed rgghio ﬁﬁglgdney hca,tmgaIAlsmﬁﬁ@mbmw amOSQIv!@S tcr)@ﬁtlﬁlng of
to enb s her The base
nitrogeR 3oy P AAGoR S e e T R BBl o6,
internmediate (I nGa)N active | ayer 108 and an upper

[0045] FAittétIQEe faatuteayRilighida smile seed-ciysnd oG 1: Aysinelliith kbEl>a

e contact |ayer 112 forned thereon, and the | ower
orlentatl‘tpn a ached to the pulling rod was used to initiate the start of the crystal growth

process. A single crystal boule was grown utilizing the following process conditions,
diameter 53 mm, length 150 mm, seed pulling rate 2mm/hr, seed rotation rate 4 rpm,

cool-down time 6 hrs, total time 123 hrs.

[0046] After cooling the crystal was visually inspected for bubbles, inclusions or any

other visible defects. After visual inspection the top and bottom ends were removed, and
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type GaN |l ayer 106 has an n-type contact |ayer 114
fornmed along a portion of the device. The n-type &GN
wo 2908038 generally forns the active |ayer of Peh@s2004/030804

devi ce. Additional processing and structural details

of active optoelectronic devices such as LEDs are

kno in,the art. I eal s | e
crystal WaRORRECRb 10 8 SR FRAGR CHis L Bh ARG Er ATt 0B
passing 519 ufsid&ﬂloﬁ%sctﬁts c l bvas h&% thPrResioRy” prépadtiornt

[ustrates an L device, it is understood that the
o tical, electronlc or optoelectronic ag gge devi ces

[0047] Ttawforqgam dsseripiion bas besmHwesenisd fer Pupeses a5 1lksiration and
descnptllgpe St is 51{;)9 ks %hggg’qujéﬁ?‘g‘%}% Wteorqglﬂfc::cg éacogﬁf @e ﬁremse fomé or

embodifiénts gihal%’ed( ﬁﬂd mmiigmgmmsl efg&d%varﬁtﬁuzhs ﬁﬁe/\pcrsalbkr mii%ggt (daénhe
m xed together an eat e or rs rees

above teaelingsy PREAY DR 2e@HIediTEOM PLASTER %f1 emhqdipents, Bfﬁ’ﬁ 8 n.
m xture was transferred into an |r|d|un1cru0|ble 100
mmin dianeter and 150 mmtall. [0044] Crystal G ow h:
The iridiumcrucible with the oxide m xture was pl aced
in standard Czochral ski crystal growth station , and
heated to the nelting point of the oxide mxture by
nmeans of radi o frequency heating. An inert anbient
at nrosphere consisting of nitrogen with a snal
addi ti on of oxygen was used around the crucible.
[0045] After the mxture was liquid a small seed
crystal of the 1:1 spinel with <111> orientation
attached to the pulling rod was used to initiate the
start of the crystal growh process. A single crystal
boul e was grown utilizing the foll ow ng process
conditions, dianeter 53 nm |length 150 nm seed
pulling rate 2mi hr, seed rotation rate 4 rpm
cool -down time 6 hrs, total tine 123 hrs. [0046] After
cooling the crystal was visually inspected for
bubbl es, inclusions or any other visible defects.
After visual inspection the top and bottom ends were
renoved, and -12 WO 2005/031048 PCT/ US2004/ 030804
crystal was subjected to an x-ray orientation check
(Laue diffraction technique). After passing al
i nspection tests the crystal was used for "bar-stock"
preparation. [00471 The foregoing description has been
presented for purposes of illustration and
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description. It is not intended to be exhaustive or to
limt the scope to the precise formor enbodi nents
wak®siosmasl, and nodifications and vari ati ons aP€T/US2004/030804
possible in light of the above teachings, or nmay be
acquired from practice of enbodi nents of the
i nvention. WD 2005/ 031048 PCT/ US2004/ 030804 WHAT | S
CLAIMED IS: 1. A_nethod of  form single crystal .
spi nel wafers, dﬁﬁ%ﬂl&ﬁﬁgﬁﬁuﬁﬁghﬁging a batch melt in
a crucible; growng a spinel single crystal boule from
t.hg MEthdd of RehineGingMceaERind) Svalféts,okipiiginger i od not
greater than about 50 hours; and slicing the boule
pPrevisling pbajelmeltyn afrugiesrs. 2. The nethod of claim 1,

=Y [ ' { £ .a tinme period of
MR ARSI B YRR 0ROl 7108 B clai m L
welseiceihg amieakag tonegtims pedsd nitgirexterttharpationtr#0 pewrs pahdof
not, reater, than 20 hours. 4. The nethod of claim1l,
W?é‘??e‘}%ﬁ%ﬁ\ﬁlﬁégpiad’éurﬁgtyrcgé”ﬁ%‘?rét ed to a tine period of
not greater than 10 hours. 5. The nethod of claiml,
wher ei n _anneal | na is substantially conpletely .
21 The mathed of glainrHe wheseHbanmgling igrepirictedyinet Wik perjed of not
e non-stoichionetric. 7. The nethod of claim
greater?f@ﬁ\%gzlrc)g{sh the boul e has the general fornula
aAD- bE2D3, wherein A is selected fromthe group
ORSi St f , . d
SoRBt RtRg ooy Sfercflangt iR resicred il a (e Bl of no
greater HAASQOIbURY A, In, G, Sc, Lu, Fe, and conbinations
thereof, and Dis selected fromthe group consisting
0, S, Se, and conbinations thereof, wherein a ratio

b; ahe mbthbdofehihNatvhben siteailg is Sestticbd ioa F2PPeriBd offtust
nmet hod of claim7, wherein Ais My, Dis 0, and Eis

greater fijan 1 h@Hrst hat the single crystal spinel has the
formul a aMgObAl 203. -14 WD 2005/ 031048
PCT/ US2004/ 030804 9. The nethod of claim 1, wherein
f hdhe pietheid ofickdimd , hersimanngalingisisgbstantishly cpppletely

eliminated.
6. The method of claim 1, wherein the wafers are non-stoichiometric.

7. The method of claim 1, wherein the boule has the general formula aAD-bE;D;,
wherein A is selected from the group consisting of Mg, Ca, Zn, Mn, Ba, Sr, Cd, Fe, and
combinations thereof, E is selected from the group consisting Al, In, Cr, Sc, Lu, Fe, and
combinations thereof, and D is selected from the group consisting O, S, Se, and

combinations thereof, wherein a ratio b:a > 1:1 such that the spinel is rich in E;Ds.

8. The method of claim 7, wherein A is Mg, D is O, and E is Al, such that the
single crystal spinel has the formula aMgO+bAL,Os.
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nmet hod sel ected fromthe group consisting of a

Czochral ski nethod, a Bridgman nethod, a liquefied
wenr@apswhat ed Bri dgnan nmet hod, a horizontal grRdi/@81004/030804

freeze nmethod, an edge defined growth nethod, a

St ockberger nethod or a Kryopol us rret hod. 10. A si ngl e

§1 et o it RET<Gh eGP hGPEP RIS BPYS ESIorT B
method¥efe8fed ’froff'rpﬂﬁ §'r msisBAOYF QCE&h@alQ@‘h&‘é@h&? b‘Brid@nﬁm method

cruclb owi ng a spinel single crystal boule
a hqueﬁerdoanpapselatmil Br,ldgmaranpﬂlod,es@rasp@bgfadlﬁm eage mathod, pegdge

defined R 3 Siarostier b S5a3eRABE ool o (o

cruci bl e |nS|de dlaneter and slicing the boule into a
ur aI| f.ers | ai 1, .

Rhoringd ol St SvatiTomped aftptiftodhs BBl o flaim 1

about 0.40. 13. The nethod of claim1l1l, wherein the
[0oGess. a t ti.o i I t.h bout 0.42. 14.

Phe ABEHAROEroTRIE SRES CrXFIRLFRIS] AT B E: s pect

@ﬂ%vhcﬁn%éb@t%rﬂe@ﬁﬁatc@@d?bleamn 0.43. 15. The net hod of

['laim11, wherein the process aspect ratio is not |ess
ghmwing alspinel shngle crysal bawle fioet the snelit alo) priopess ﬁspaﬁh@ﬁ@loﬁ not

thepoc ratio is effectiv

1 poldis 1B apE o Mern s Sy Aot fiod dsfBfe S Agato of
di ffe_ﬁﬁ‘é}ﬁ e%du@é]&@fn'et%@ to drhcibldnaside taaidte@f ared ai m 11,
vvherelnt% boul e i1s non-stoichionetric. -15 WO

sliciag twionk ipow pleditneOB8a®G4 18. The nethod of claim

11, wherein the boule has the general formula

aAD- bE2D3, wherein Ais selected fromthe g rouP

ddndhe meﬁ@daﬁ‘ cMign 1dawhgrein tha praRass aspect ratip, is pet leanian
b tO inations thereof, E is selected fromthe group
about OPgi sting Al, In, O, Sc, Lu, Fe, and conbinations
thereof, and Dis seI ected fromthe group consi sting

Se d, co tions thereof
33, The Elnog i fIa DREITb R PO 45Pe e Eoepls bl
about 0142 method of claim 18, wherein Ais M, Dis 0, and E
is A, such that the
14. The method of claim 11, wherein the process aspect ratio is not less than

about 0.43.

15. The method of claim 11, wherein the process aspect ratio is not less than
about 0.44. |

16. The method of claim 11, wherein the process aspect ratio is effective to

prevent flipping of the boule from a [111] orientation to a different orientation.

17. The method of claim 11, wherein the boule is non-stoichiometric.
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single crystal spinel has the forrmula aMgGbhA120G3. 20.
The nmethod of claim 11, wherein the single crystal is
w@e@an3toys contacting a seed crystal with the pPet/S2084/030804
The nethod of claim 20, wherein the seed crystal and
the nmelt are rotated wth respect to each other
during grow 22. The nmethod. o aiml wh reln
14 eTl?ﬁP?FBPd §f %@1‘% 1brwharein ﬂEf‘o‘BﬂUée {’%5 4“‘6 g‘?ﬂ?&"ﬁg? qret hod
£ Mg @OZH, M&‘Ea Sr,
aAD: bE?r‘é} %&g% Eﬁg%%m |queg1(3f ed encapsu at ed
Cd, Fe, Bid @tgmtnnamms hlmdeofaE hmeﬂ@dmltfabm dhesgtiovem corfsisting Alnk, Bo.dfic,

O TR TR LAt

and conﬂﬁﬁla'iitoﬁé thRRloR S habeh @ rtio 6 QP11 SUHDthat 1AE 8Yinel 8 gich VBT
in a crucible; growng a spinel single crystal

boule fromthe nelt; cooling the boule at a cooling

L 'ﬂxéﬁ&thb@ of cltaﬁﬁ‘@fi Qbﬂé&m% {d M@ U i is, @nQnd Bhid &1,R6cH et the

e into a plurality of wafers. . The met'hod of
single cyistal mlﬁéi,has\/tferfennula@MgOrgAizﬁ)scar ri ed out at a rate not
| ess than 100C/ hour. 25. The nmet hod of claim 23,
wherein cooling is carried out at a rate not |ess than
ZDOI.’Mdmenﬂlod of 6laiD 1 2 00Bd 1€ thet SnEE T B2 GOro OB AT EHnEting a
?nﬁg f claim23, wherein cooling is carried out
seed crygial witndhemglt | ess than 300C hour. 27. The method of
claim 23, wherein the boule is non-stoichionetric. 28.

The_met hod of claim 23, wh boul.e has th
3 Remowon i Al bisoBbe SRFEIFR AN LedBr e R o

mthreségat Porfi |natF§ﬁ(§mﬂENQ Ca, Zn, M1, Ba, Sr, Cd,

ereof, Eis sel ected fromthe
group conS|st|ngAI In, C, Sc, Lu, Fe, and

59 mﬂl 38 %f E%ﬁﬁ g?f Wh&@% tPe néi% I &9t &f &fﬁlé ReoBRQIB

consi s I'ng | nations”t her eof
a methodheleeied fiont thici goolp ccmsiﬁstlﬂg af a;szfclﬂrdidtl nnd‘thoc‘e, [alBreigmaSl

method,r\,!b ﬁgttglﬁreg %gggpg“lateé Br, gmra%trg ogw? Iai]fgp%{) hdlent fl;eeze method

an edge defined growth method, a Stockberger method or a Kryopolus method.

23. A method of forming single crystal spinel wafers, comprising:
providing a batch melt in a crucible;

growing a spinel single crystal boule from the melt;

cooling the boule at a cooling rate not less than about 50°C/hour; and

slicing the boule into a plurality of wafers.

24. The method of claim 23, wherein cooling is carried out at a rate not less than

100°C/hour.

25. The method of claim 23, wherein cooling is carried out at a rate not less than

200°C/hour.
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single crystal spinel has the fornmula aMgObA1203. 30.

The nmet hod of claim 23, wherein the spinel single
waegshalosboul e is formed by a nethod sel ect edeéT/OR20080@30804

group consisting of a Czochral ski nethod, a Bridgnan

nmet hod, a l'i quefied encapsulated Bri dgman net hod, a

ont gr.adi e eeze thod dge defi
38 o BB thon cloifn &e e BB GoP TR I o] e P Bpt e than
3mPCAﬁR%h°d 31. A nethod of form ng single crystal spine

wat'ers, conprising: providing a batch nelt in a
cruci ble; growing a spinel single crystal boule from

gﬂggﬁb%%’ﬁtoﬁlea%i‘iﬁ%ﬁe@ﬁﬂﬁ@ botg§ ﬁ)on-%toﬂﬁfomééﬁ(fss t han

_ process aspec ra i ned as
a ratio of average boul e di aneter to crucible inside

' ter boul t less
S STRL i SO SR By RS Rkl | o
aAD-bHIBk mbrmatA G seRiord ﬁdmaﬂleagbatﬁ cdnistinglofMga 0d, 78, Ng, By St,
the boule into a plurality of wafers.
Cd, Fe, and combinations thereof, E is selected from the group consisting Al, In, Ct, Sc,
Lu, Fe, and combinations thereof, and D is selected from the group consisting O, S, Se,

and combinations thereof, wherein a ratio b:a > 1:1 such that the spinel is rich in E;Ds.

29. The method of claim 28, wherein A is Mg, D is O, and E is Al, such that the
single crystal spinel has the formula aMgO+bAl,0s.

30. The method of claim 23, wherein the spinel single crystal boule is formed by
a method selected from the group consisting of a Czochralski method, a Bridgman
method, a liquefied encapsulated Bridgman method, a horizontal gradient freeze method,

an edge defined growth method, a Stockberger method or a Kryopolus method.

31. A method of forming single crystal spinel wafers, comprising:

providing a batch melt in a crucible;

growing a spinel single crystal boule from the melt, at a process aspect ratio of not
less than about 0.39, wherein process aspect ratio is defined as a ratio of
average boule diameter to crucible inside diameter;

cooling the boule at a cooling rate not less than about 50°C/hour;

restricting annealing to a time period not greater than about 50 hours; and

slicing the boule into a plurality of wafers.
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