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nunmber of processing hurd ?
the art has utilized monocrystalline alumina in the form of sapphire (corundumy}, and specifically

C ' oriented the sapphire substrate so as {o provide an appropriate crystallo graphlc surface on which the
25  active layer is depoéited. However, sapphire suffers from numerous drawbacks. For example,
sapphire does not exhibit a cleavage plane that can be used to fabricate active devices. In this regard,
it is generally desirable to dice the wafer into individual die (forming active devices, each-having a
device substrate) by cleavage rather than by slicing or sawing, as cleavage may reduce manufacturing

costs and may simplify the manufacturing process.

30 In contrast, materials having the spinel crystallographic structure, if oriented property,
demonstrate a cleavage plane, the projection of which in the surface of the wafer is generally parallel
to a cleavage plane of the nitride active layer, which permits predictable and reliable device '

fabrication. Despite the technical superiority of spinel over sapphire, a number of processing hurdies
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In addition to optoelectronic applications, materials having desirable optical properties are
25  desired. In this regard, various aluminous materials have been used and/or evaluated for demanding ()
optical applications. Such optical applications include, for example, high powered lasing
applications, in which the optical material is utilized as a window or mirror, throngh which an optical
laser beam may be passed or reflected. Aluminous materials that have been under consideration
include single crystal alumina, typically in the form of sapphire. Other materials are microstructurally
30  distinct from alumina, but containing a substantial portion of alumina groups, including yittria
alumina garnet (YAG), as well as spinel (MgO-Al,O5), While sapphire and YAG demonstrate certain
levels of robustness, the art continually demands materials having superior performance. In addition,

sapphire does not have an optically isotropic structure, and accordingly, careful attention must be paid
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According to another aspect of the present invention, an opioelectronic substrate is provided,
C/ consisting essentially of aMgO+bAl,O; single crystal spinel, wherein a ratio of b:a is greater than 1:1
such that the spinel is rich in Al,O4 and the single crysial spinel is formed by a melt process.

25 According to another aspect, a device is provided, which includes a non-stoichiometric spinel

substrate formed by melt processing, and an active layer overlying the substrate.

According to another aspect' of the present invention, a method for forming single crystal
spinel wafers is provided, which includes providing a batch melt in a crucible, growing a spinel single
crystal boule from the melt, restricting annealing to a time period not greater than about 50 hours, and

30  slicing the boule into a plurality of wafers.
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(2-i nchyenisild iesidgrdiametet.n a 7-inch dianeter crucible. FIG 3 is a photograph
of a front view of a Iarge di aneter (4-inch) boule grown in a 7-inch

di ameter crugichdrging bolye anémér%spactmmge%amp&a raatérrag@ rovmayvmeinaﬁna i nch
di anet er, boul e gro in.a 4-inch le. FI 5 and 6 are

front arfdViss ﬁ’é""v“imé gL SEERIsEt ?‘%&f“’l%g arﬁagﬁpéliﬁf’%‘l’% WP crystal. 4

absorptivity over a wavelength range, the wavelength range extending from about 400 am to about

20 800 nm. The transparency window is defined as the largest single absorptivity peak height along the
wavelength range, the largest single peak height being not greater than 0.35 1/cm.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a phase diagram of the Mg0-Al,O, system. &—}

25 FIG. 2 is a photograph of a front view of a small diameter {2-inch) boule grown in a 7-inch

diameter crucible.

FIG. 3 is a photograph of a front view of a large diameter (4-inch) boule grown in a 7-inch

diameter crucible.

FIG. 4 is a photograph of a front view of a 2-inch diameter boule grown in a 4-inch diameter
30  crucible.

FIGs. 5 and 6 are front and side views respectively of a mis-oriented {flipped) crystal.



22 March 2007 WD 2005/031047 PCT/ US2004/030803 FIGS. 7 and 8 are front and
si de vi ew phot ographs of -a good [111] crystal. FIG 9 |IIust£ﬁggr%h§0dgafer

havi ng a di ameter d, and havi ng numerous devi ce substrates of ig. 10
i 'l usty at we 2ap5/@etvpl ary opt oel ectroni c devi ce accor di ngp¢DUsmoasipeEst of the

present

5 FI 11 shows a process fIOM/dlagran1accord|ng

aspect ofI '? xg%ﬁsezé‘mg?rﬁ@%ﬁd&ﬁg "1‘—3]”@10*&@31’111? paepediltY cpial opt i cal

transm ssion (absorptivity) properties of a previously devel oped
cobal t - doped FHv.@riketraipd avedfer hawth d dianfRed Wiahdliving nap@bisclatitenbstrattd dodiel 3

illustrates the optical

own |1 n

.OUT THE |iRKPERGD ON Accordi ng to one aspect of the present invention,

crystal

spi nel boule and single crystal spinel wafers forned t her ef

to an

transm ssion (absorptivity) properties of an alum na

rich spinel, paCe@iiticAfs biex %9'9&9&&&5}& ¢ &hicd D6 rﬁcxgﬁ;eaﬂtasﬂe %b%%eg 1

14 |IIustrates a portion of e curve s

0 FIG

CARRYI NG

a single
rom are

provi ded. TypiFo@lil yhowph@erss l0g diafrad aebidil @ hystiak ts pieft invehBorboul € begi ns
.wWwth the formation of a batch nelt in a crucible, generally |IIustrated as

step 210 in Flefs 1314 JhE 403 E)&J&[ 5k r{uﬁsmn éa% (a}lﬁ)::’% 1% aepg\é%ogls}gg &Ial]:);ee 4" ne

non- st oi chi ometri c conposit

on 1 n

enbodlnen@mﬂ&¢nﬁmm9@meﬂhméu%ﬂgéhewammtmmhuhamof aADbE2D3 wherein Ais
selected fromthe group consisting of Mg, Ca, Zn, M1, Ba, Sr, Cd, Fe,

conbi nati ons Fidnas ﬂmf;trauﬁmesopﬁﬁl abeichidnl(SbRrht r@péﬁles:maﬁ}rﬁda&cﬂ inel,

Sc,

consi st i rf§’

Lu,

Fe(ﬁgnd co gﬂtlog t hereof, .and 20 is selected fron1the
ngdo angm Pﬁﬁ?fﬂﬁ@“?hereof wherein a ratio b:a >

and
n, Cr,

group
1:1

such that the splnet is rich in E2D3. For clarlfication, a stoichionetric
conpoll ti on i §I@Aéillusirapdsia pbrtibdef theCQurve sawn o KIG. 13.a = 1:1, while
on-stoichiometric conpositions have a b:a ratio # 1:1. As used herein, the
term "boule refers to a single crystal nass fornmed by nelt processin
i ncludes ingots, cylinders, or the like structures. 25 According to
enbodi mrents, Ais Mgy, Dis 0 and Eis A, such that the single cryst
spi net hadgobis FOR CARRYENG GBS Wi TIensone of the di scl osure contai ned
herein makes reference to the N©C>A1203 spi nel based- conp03|t|ons
under st ood t hACrfiee g orsaEpRet ofihepfeget jugentip a singefraial spiyel befleand single 5 proader

group of @RiaNGInclCARPOBirhddAMRBefroavd pa@ﬁemeT@&aw prlobeg @bk dfarsiiple arystalARRE2 D3, as
descrj

FI G

® Shote Paetis po B RGBSR Bt 89 A8 B i,

g, and
certain
al

it is

drawn to
strated,

as the allinfiebachmel rstgemaﬂ? Praviedie n20ifFst 2 NdBstR0iob 08 dddwbesiiTin 182604/ 030803

st0|ch|onetr|c

aMyG&bAl %g?ﬂ h Qoqu/g %}g@%ﬁf%%ﬂgerﬁaoﬁﬂehtothg {:ouR hds é)éenéraljfoﬁmﬁﬁro?w BE;@ the

20

25

30

wherein A is selected from the group consisting of Mg, Ca, Zn, Mn, Ba, Sr, Cd, Fe, and combinations
thereof, E ig selected from the group consisting Af, In, Cr, Sc, Lu, Fe, and combinations thereof, and
D is selected from the group consisting O, 8, Se, and combinations thereof, wherein a ratio b:a > 1:1
such that the spinel is rich in E,D;, For clariﬁcétion, a stoichiometric composition is one in which the

ratio of bza = 1:1, while non-stoichiometric compositions have a b:a ratio # 1:1.

As used herein, the term ‘boule’ refers to a single crystal mass formed by melt processing,

and includes ingots, cylinders, or the like structures.

According to certain embodiments, A is Mg, D is O and E is Al, such that the single crystal
spinel has the formula aMgO-bAl;O;. While some of the disclosure contained herein makes reference
to the MgO-ALO; spinel Basedncompositions, it is understood that the present disclosure more
generally relates to a broader group of spinel compositions, having the generalized formula
aAD-bE,D; as described above. With respect to the MgO-Al,O; system, attention is drawn to FIG. 1,
iltustrating a binary phase diagram of MgO-ALO;. As illustrated, as the alumina content of




conposition, the liquidus tenperature decreases. Accordingly, nmelting maybe
acconplished at relatively | ow tenperatures. For exanple, t 07
tenperature utilized for boule formation in the alum na-rich spi neq may be
on the owdez20099318€7 to 100 degrees |ower than the usabl ePgEiUS2M08/0pE80AL Ure 5
for stoi i.C S noted that stoichiqnmetric spinel having a
conposi t%&@b@é’%‘%ﬁ%@gwﬂ%ﬂa Mf%l Bepgeseating thy sipjghiometyic MeOdes t enper at ur e
of aboutcoRPFBtids, theviguidas &mpeiﬁtum dafeakisaAadordhigly, fﬂSltlﬁg mdyl ubdduplidheper at ur e

not abl y hE2 rich s ener al |
repr esenljt %W%y lo‘g%?@%méwﬁ%r Gre: l the R fempermee g %?oﬁgou?enﬁg‘lﬁ Y have a b:a
ratio noﬁtlwhle%scltm'md gy beibn &mmﬂerazﬁ 5(hiot100 meslhmrx ﬂmb(dmtusablcﬁne]melﬂﬁeknaﬂe 10

enbod§ mep §to1t§!ﬁ¥1?etr‘ﬁ: Efﬁelh ![tgm'éed B{aPQ&E]{l R s ?1%31 'ﬁg\% d c%}ngséét\/o rép%séﬁ%d&;srﬁg h t g.s nOt.

| ess than about 2.0:1, or even not ess
certain Mﬁﬁéﬂa%@rﬁt‘sl Dihiaen ligaidag fespperatorn pabput g8 7882 mdile sratip piit ofh;1 3se as t o have

a b:a rafijuenseh am%aam;ma @J@Qﬂ&tzsékl Speci fic enmbodi ments may have a b:a
rati o of about g (e.g., 2.9:1). Following formation of a batch nelt in a -

cruci bl e, |neI le cr taI oule is 15 forned by one of
vari ous tech%@é‘%ﬁ %ﬁ%ﬁpﬁép‘ixﬁﬁmﬁ%’é’%ﬁ’rﬁﬁe p‘Uf"tI“i WEPRE AR dde i | e t he
Czochr al skiodimehts havg abmcmmmqujez;s thamlineelrﬂ Uismohlaeilmﬂ lefmhanfaMME ilomitet certain
enbo% neé]ﬂl?odﬂf?eﬂghﬂbﬂ ven hig?n?r 8#‘?? Ensst Iel 1ve 0 suc as not ﬁessnLH a out?j) lmal t - based

t echni ques ISt ni-ques I'1'Tzed. Such
mel t - bas@dW@Iewhhssqluesbcmt 3pl uh@bxsid?e te tvéa@ﬁmbtgnmtsntbft lhbdve Ltohtent of Edusf i ed

encapsul ghag (cTas:TpN o od, and
edge- defi ned gokgrowt h%@%dgéﬁéﬁgt ochie?égpegﬁﬁg!tﬂﬁg%m%% Eevg%eopol us

met hod. rHeSkbEPT (BaseUt echni ques fundanental Iy differ fromflame fusion
techniques in that nelt-based techniques grow a boule froma nelt. In /}
contrast, fl amumfmgfmatmeﬁa Haeh nﬁl’t&ﬁd@ue&;lé@%ﬁhlyﬂﬁb §pn{e1 sitglovdtysedl bauldioul e i s

ro t her rOVI des a terial (such as
|gn Wg%/\d e}r%rrflgd% " dfv Qi {gehiques such aﬁ% qu?cgra s péfgl&g %?I%quﬁowgn% Pr oduct ( is then
pr oj ect edzoglyalsii stdh@ tp@urauevhamgees wilized for formation cfivettdieemtmidingnts pereidyitis 25
solidifi L%ﬁlarstggm{d%}l eof {&ﬁm&kﬂﬂ h%lt%gs%gteawﬂgsa% d'is‘ﬁ?_l& ﬁ‘glfn&hgnggl }Qiht h the nelt at

step 212 1n FIG 17T, rotating t t an e seed crystal
rel ati veteﬁlwlq@a%ﬁabb‘zew@hzedwlﬁh g5itbysed teplmiqgesedpo gnclpge tp Bridgnag mephgd.dle

st oi chi op@fefidden&Piul@ld BRASmAAITettioM | hd r;dr@mah ¥raflbrd et Fubihid, aRtFedes-dethad | 0gr aphi c
hom) nelt to E{owd a sui %cple tl%g;p te for boul e grow The seed
crys Wﬂp the opkpesgen e % ot TRepYPRATbasgddechRigis bl e may be
r ot at ed fusliaatentity differdrofni flamd fisios d:clﬁiﬁquéi althat mélt—mmedlﬂmua@ l2tb®1 dHoele &0k at he seed

cryst al (e ]g%o&raéta‘f € fus% does g?t c?eﬁf% a ba Elp 1%1 dlkﬁépﬁ?et@ EP%? %E{l activel y

form ng Botl € “are Aecor di ng
to one embmdtsm@mstaotfﬂoar 1} sczhsleam miteried fswh@!a ,m mwéqsrefgm_) e flud, o zetwilizzre, Zndd
| Nteri or e gl e& fi ti}tﬁ%cggctegta%ﬁg?a £ MBack SN ALINLR BohBrPRLCh Mel t are

control led to
solidifies.
()

Generally, the single seed crystal is contacted with the melt at step 212 in FIG. 11, while
rotating the batch melt and the seed crystal relative to each other. Typically, the seed crystal is
formed of stoichiometric spinel and has sufficiently high purity and crystallographic homogeneity to
provide a suitable template for boule growth. The seed crystal may be rotated relative to a fixed

30  crucible, the crucible may be roiated relative to a fixed seed crystal, or both the crucible and the seed
crystal may be rotated. During rotation, the seed crystal and the actively forming boule are drawn out
of the melt in step 214 in FIG. 11.

According to one embodiment of a present invention, average boule diameter and interior

crucible diameter of the crucible containing the batch melt are conirolied to be within certain
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Certain embodiments of the present invention have somewhat higher minimiim process aspect ratios,
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. 25  embodiments have even higher process aspect ratios such as not less than about 0.44, or even greater.

. Table

Pull rate Crucibie ID Crucible BHdID | Crystal dia. Result, <111> Aspect
(mm/hr) (inches) {inches) (inches) Ratio
1 4 2.5 22 yes 0.55
1 5 3.5 22 ' no 0.44
1 6 4.5 22 no 0.37
1 7 5.25 22 no 0.31
1 7 5.25 41 = yes 0.59
1 6 4.5 3.1 yes 0.52
2.5 5 3.5 22 yes 0.44

. 2.5 6 4.5 2.2 no 0.37
2.5 7 4 31 yes 0.44
2.5 6 2.75 22 partly 0.37
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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 fo prevent fracture during the cooling process. However, according to embodiments of the

25  present invention, the cooling rates may be subsfantially highei' 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.

Still further, according to another embodiment of the present invention, annealing of the
boule, conventionally carried out subsequent to cooling, is resiricted to a relatively short time period.
30  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 time period not
greater than about 10 hours. Indeed, annealing may be substantially completely eliminated (illustrated
by lack of an anneal step in FIG. 11}, thereby obviating post-forming heat treatment. In contrast,
conventional boule forming technology generally requires use of substantial anneal periods in an

35  attempt to mitigate residual internal stress and strain, responsible for low wafer yield rates as well as
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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 equipment for handling three inch wafers ére presently coming on-line. Tn this
regard, due to processing features and wafer features described herein, next-generation wafers may be

supposted according to embodiments of the present invention.

FIG, 9 illustrates a wafer according t0 an embodiment of the present invention, most notably
wafer 90 having a plurality of die 92 that form individual device substrates for active devices. As
shown, the wafer has a diameter d in accordance with the foregoing description relating to wafer
diameter. Typically, the individual device substrates or die 92 are separated from the wafer 90,

subsequent to wafer processing, to form individual active devices. In contrast to semiconductor
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non- par alowved o-typ> Geblaysk wﬁehaa#n n~ﬂytrﬂacomcft@ycr 1@k fogmed dlopg aphrtiosofithabwicof t he wa?‘(er

that is ' anel h
'Pﬁe%ﬁﬁe%%‘ilr 19;%? é&ogglﬁezﬁl?%@m% Eﬁé ﬁkér%%é‘&’é& o, .Iﬁdﬁtgdnﬁl%@c@ SQ‘% aq“ y the

<111> crysta gr aphi ation growt h
of  En( Aftructnse) dqisile ofi agtive patpelpdiranie deviray ahrag LﬁBsmcknommt%w@bewtl%ﬁt of an

gct i ve omtogh ﬁgﬁg Pt 1@_)9{7;533687& for 'a&dlt&bt‘ﬁﬁirdlahﬁ%l%té_ﬂg sucRAEJides. u{md fzfi @pt Ioel ectr omL E 5
eV|ce| an ntaining nultjiple nitr.i esemcon uctor |ayers.

100 i ncl Be§‘§;m$ [?ﬁ‘giﬁ“{?%tl @“S’IﬁFSCaR Iﬁ%t dopiee: tisndauasted dhab i omigeleclfelignis. o4 04" deposi t ed
on si ngl eptdeeiednicice deyited lay dkyorDariaid btk faing, shelPasfdaseeiibdaccor ding to

enbodi ments herein. The base layer is overl ai d by an n-type GaN | ayer 106,

an i ntermedi a jayer
110. The p- typlﬁm% ng ?&%hto‘afias %5%?&163%%8?@8Fﬁféggllgfen%él{gg?go%j t her eon,
and £he sninslypsteriglsy sﬁp@ral He &grmrof gitpgturshepmppnentstaygraoddedt Zbe singlpeeystall 14 f or ned

along a Rt lhﬁéhaP%enEtglﬁf ﬂ@é{h&lestmé[alﬂﬁleﬂlctcb’rﬂﬁos@@ﬂ\ﬁﬂd?éé%r og@al%aﬁdem, forms the
active | ayer of devi ce. Additional proce55| n 15 structural

details Eﬂs 3 RRSPRFENCY, HIDGRY BYF P WATSlength (Angse L he patelen Laﬁ&gea?r@lwt% oRER he art.

The r eadgdnsihissiéh ge HOM absut thim BabROLooN. The bSpatehdy \fvmﬂovaﬁhdy e dafpdd aglet ai | s
related to, such. glev ce

. \Wi.l.e f nmbodi . i LED
Govi co. 1265 GBEPbRR o\ ich i Togg R oS SRR GiToEy gt releF b ©5 27

25  about 0.35 cm™. According to certain embodiments, the wavelength range is further extended,

meaning that the transparency window is maintained over a wider frequency range. For example, the ( )
wavelength range may extend up to about 2000 nm such as 3000 nm, 3500 nm, or even 4000 nm. The
above-noted largest single absorptivity peak height in certain embodiments is even further reduced,
representing even superior transmittance properties, such as a height not greater than about 0.33 cm™,

30  about 0.30 em™, about 0.25 cm™, about 0.20 em™, about 0.15 em™, or even about 0.10 cm™..
Desitably, transmittance (or absorption) properties are fairly flat over an extended wavelength range,

indicating a lack of dependency of transmittance properties based upon wavelength or frequency.

The actual optical fransmittance measurements are dependent upon various parameters..
Generally, optical transmittance data are taken from samples having a thickness within a range of

35  about 5 to 10 mm, which samples are machined for parallelism, flatness and surface finish. Samples
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.l argest - S

optoel ectroni c active devices my take on various other forns, such as a

| aser diode. Turning to optical applications, according to %ﬁqaﬁ SRyt of the
present invention, single crystal 20 spinel materials, genérally I n the
fror m of w(yumﬁmnmm conponents, are provided. The singl eP@i‘mﬁ@hm:;@m nel

mat eri'al generally has a non-stoichionmetric conposition and, according to
one enbodrgrallelishdess tan Wgpeopdeoshe? deirerd olatnstsef 1/20 Weﬂaemgmﬂemmge The

wavel engbir HeW S apeRed Alehirc@ ¥HENED. QNS n om about
400 inn tjorgbout I]'800 Snrtl3 'I'Ehe transpar engadndmﬁg% Cﬁﬁ?.&ﬁég t he

F@Ol&ﬁ*ﬁ@fd&tgtvwlgp-b@é% ‘f"gaﬂmap@nlgh tfﬁé"%xﬁé‘i’ T T absaxmg‘éw

gener al | yathnot mﬁ[n&@él@ﬁmﬁxﬁﬂiﬁd 29 thadufedd ofGhe3Bndl khat iNGEPehbcY thiBkne®T t ai N

enbodj ment.s e wavel ength range is further extended, neani ng that the
trans%)ar e‘ﬁc%? tndow i s mai ntained over a w der frequency range. For exanpl e,
the C1 wavel ength range may extend up to about 2000 nm such as 3000 rim
3500 nm or eVedafPdefomgping trical plvowdesmitteidn lsdragedd the illagines lebso MpG.i1Ri t y peak
hei ght lmugie{emee?emmeﬂﬁ Batd (SiccR B T A6, 5 Iﬁﬁ'ah{ o 0 £068 4ting even
superior transmttance properties, suchas a h %rea er’t han about
0. 33 cm doredpitaRBiit OWOéoTblﬁPame}tﬁweter@ﬁi »8s fommed a@b@@ﬁ tcoan edimeniabout 0. 15

cm, or gx&bedhaus. PQteéthxpﬁlmation 09/965015 Ghbikhed 2 BIYS BB 0BG L0, CORmERSAIHRE | ON)
propg ties are fairly aver an extended wavel ength range, " indicating a

ackibf 'EP’e‘B%Pf&%Wé’?F‘%‘F“’ tTr"ﬁﬁérFff‘{l"’tréﬁ@Ealﬁr“é?‘i‘éPftQ euitching arplicasions s@ealbengt h or
frequen cgistmIt’rtamame tyaical @;ﬁmbamaﬂxs abdoRdigTo ﬁﬁ&ﬂiﬁ&mﬁeﬁawrmm\emamem ependent upon
vari ous par.a Gene eral ti.c t.r.an ta ata are taken from
sanpl es a"i'/“laﬂg Stmﬁfﬂef%r?etéasrg vmsfr%%er?&grpru Y d) gk hfﬂggtfuof %’gﬂqun CT()‘“% whi ch
sanpl es ﬁqoetﬁﬁ'ﬁew ned for parallelism flatness and surface finish. Sanples
10 22 March 2007 WD 2005/ 031047 PCTI US2004/ 030803 had a parallelismless

han 10 secornﬂso@f@st(iq@@aa ﬁlxearstnatém&,ﬁeas&a@hsaiA% I\ﬁ@é@a&&ﬂm devi ati on
632

over,b 90% ertyre as neasured

requlti ng® %S@Pt&ﬁ%aﬁﬁsea Lﬁven%%e’tﬁ“’f" 3t} W%&Wﬁﬁ’“’?b"%“g Ng}ai%’gggA havi ng
a 20/ 10 4bowiisih.Askibweatell the fahleheokire tvid hasmpbiby window dﬂ&ﬁm@lﬁﬁmlaﬂdﬂ gmsical ly
nor mal i zed fi%cluétsjﬂio kn%‘l?le Est%né%ﬁc z§nso tlvet%B%aE?sl?ss&hn a‘&)legt(lglerllnelr g‘%cuﬁ( tf’{l ckness 5

|ndepen arlfy Fopert | es ention is drawn
to the dabawl 8agsmitemestnts a RjclGsmal[Rr Ontllcall Ersttsmaslesbis heal:@mﬁmahantth@nwdssqdo n data

taken framR iMICALRER. @plmﬁlmmﬂgoﬁgwg pRaIdchdd dk Rbof3080 Am. doped with 0.01%

of Co". This particular material was fornmed according to an enbodi nent

desc ed in P l.i atlo 63,013 ublls
2003%007520 ,‘}J“&”d?ﬁ%%ﬁ’ﬁ}"ah%%ggpl G gp "ﬁlé!sﬁé 58 F%wg@m%fgmﬁ%w fcul ar
mat er i al baich mel érda dramibld) Thebatcdimeigs @pqzrhllyq»atwdame magmear @htsyoichghnstiicnct from t he
opti cal ) t 5 tion.
Pl ust r bRl 805 AARRLMD A By SERALY R Suplrs 85y ASERnANEER | O A
about 0O.dy ssé@mgc}’cm e pageessiap oich 59 des mgots cylinders and the hke structures

According to one embodiment, the boule has a general formula of aAD-bE;Ds, wherein A is selected

- 25  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, 8, Se, and combinations thereof, wherein a ratio b:a > 1:1 such that the spinel is
rich in E;D4. For clarification, a stoichiomeiric composition is one in which the ratio of bia = 1:1,

while non-stoichiometric compositions have a b:a ratio # 1:1.

30 According to certain embodiments, A is Mg, D is O and E is Al, such that the single crystal
spinel has the formula aMgO-bALO;. While some of the disclosure contained herein makes reference
to the MgO-AL0; spinel based-compositions, it is understood that the present disclos*qre more
generally relates to a broader group of spinel compositions, having the generalized formula
aAD-bE,D; as described above.
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ClIn contrast, FIGS. 13 and 14 illustrate the optical transm ssiion
properties according to an 15 enbodi nent of the present inv mely
an undoped aMjO bAl 233 spinel having a b:a ratio of about S%IMM,&QQOW

i |l ust rﬁ%éﬂﬂitﬂﬁ@’«‘%arrpl e has a fairl y vvi de transmi ssi on RUTNERPAIE000803di ng from

about 400 3700 st si.ngl e absorpt|V|ty peak is | ess
than about 01 “'m B@ﬂ? gt e’rﬁl-f{ ’6555?‘} @Wa‘i’ﬁﬁaF frdegidilseedaitych snal | er
opt i cal entbodiments bsieo:alrapsiodess thlas ahopt .00 sﬂidnamndt e s tﬁ@badnit-ldap%er sanpl e

il lustr &lgb%guﬂeﬂtf Ee% g‘eve]m%jghé p%PQEtILI?Sr ?B? 9&123 1ve to IFCE as no?F:Fs%an agout %Ci“t 3000 nm

20 Turnin ricatiron'o mat er I Procéessi ng begins
with the 3?@%‘?3561??%?011&2 5 baﬁ@chrdmltq ceftpin amquumnl:sl the refﬁh@ doaﬂtlv lf Fhis i s

genes al fiyitear @i aflvd B {8 Bkard ﬂﬁsgaso%w% ﬁ%ﬂ gﬁ?&&ﬂ ?meﬁn?@@gﬁiv%wge' n the

as-formed spinel material, génerally in orm o scribing a
si ngl e m&?éﬁ"&”ﬁé@% 3$Pmed by nelt processing, which includes ingots,
cylinders and the like structures. According to one enbodi nent, the boute

has a generaﬂollfmihg‘tﬂrﬁat{bﬁ ob UM AR in AR, @pﬁauy@thggiu@;cg,@gk &ﬁmﬁwﬂel& he group
consi st and corrb{yh%etlhons thereof, E is:

sel ect f&p'g?i%g H?I\%fé’ arédﬂlﬁégh”bqgﬁsgfl&as 5 Cﬁ\f’cgg“fs}‘r‘ pufling teghniqup, and conbi nati ons

t her eof CzoamdlsiDpilldinsiethaiteics beeo ntilizadfor g:mampn clegiis émvdinidnts Bereifnd( isand .
C Oy N2%lo@Bod BEaAPue Rl be ol B el e aslms%n%@og}ﬁ&e Gigpspinel is rich

in E2D3. I catlon fon is one in which the
ratio ofchyigessmay be utilivgdi Pech molbasedicetmiayereiso mludothpaaﬂmaomthh@.\t@ a b:aratio

0 1:1. efeeaceﬁéagwwdts;ldgﬁe{nt@tﬂmaﬂm}%ﬂwgﬁmﬁﬁ{e&e MithoPabBedPe-@ed 15 A,
such that the smgle crystal spinel has“the formula aMyO bA 203, Wil e some

of the HPemsiorns:Sionkhssrs mete B the KaReslas mofhar o fheee m%ﬂﬁ%«ié@%@emzoe, spi nel.
based- chn@amhibilyodifer fiok flafe ARDE (Sh@ds i at m&lhﬁis@lrtaﬂiﬂi&ies gioSGl HaSIY FirémA0T € ( Py

genegf al | el at e 0 ade qrou f I.tions, having the
genggr al i glte Ottr %1ﬁ %}i Eﬁ Taege tohmgg B’Wéa ‘%@“W}&F’Eﬁ{%ﬁm VO
2005/ 03r:ovddes P@'dswmmf @@O@@@lal (sudwm ngoERDBm), tie Iwpilave, sndaicengyener al | y
repres %B&Qt lpme@%{oﬂhb@ag%nst%ré&&@iﬁg ﬁ{rfa%] %ichjche n‘?o%’i G%E&iﬂé Tents have a b:a

rati o not | ess than about . such as not | ess out 1.5:1. Oher

enbodi ments have_even, hj gﬁeg proportions of E2D3 re atlve to AD, such. as not
| ess than ab@weraby g pinle fed erydy] isroptagiedauty thesmell Bhilgrotsting the bajh ask gady dg to
cert ai nmezﬂamdymmélswe torachrotleat TypRalBOME el crpdtal EAbEMel 8F foitbiohetrdpindo as to

h t th h

b 220 7 ot B Reiali iR RGP B om i R BOYYs K CPRE at o el ¢
| n a cruwletpreyth.t Yisesallchyytal mdaéve sytitevatlativetayd Bxed oxpsiblal thdrmaditde ingy befrgateed by one
of variQUg.des %Hé&@&%q%lﬁ?ﬂrlﬁﬁn hd\GudAoLh 'iﬁ%'sééﬁ'cq@édﬂ xhdy%gr&aﬁé‘d" Hugte. Wile the

Czochral ski pulling technique has been utilized f formation of certain
enbodi niitien, fesesdstysial and the actively forming boule are drawn out of the melf.

Typically, the boule consists essentially of a single spinel phase, With no secondary phaées.,
25 According to another feature, the boule and the components processed thetefrom are free of impurities pu—.
and dopants. For example, Co is restricted from inclusion in the foregoing embodiment, which . k)
otherwise is a dopant for Q-switch applications. In contrast to Q-switch applications, it is generally
desired that a relatively pﬁre spinel is utilized substantially free of dopants that affect the basic and

novel properties of the device subsirates.

30 According to embodiments of the present invention, a single crystal spinel boule is formed
baving desirable properties. In addition to desired optical properties, the boules, and components
formed therefrom also generally have reduced mechanical stress and/or strain, as compared to
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 single crystal components that form
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10 understood that any one of a nunber of nelt-based techni ques, as distinct
fromflanme-fusion techni-ques, may be utilized. Such nelt- bazge\gar gr ques
al'so include the Bridgman nethod, the 1|iquefied encapsul até

nmet hod, ™e2m5rBrent al gr adi ent freeze nethod, and edgePcd:aﬂlrsmdmsgﬂaewth

met hod, the tocﬂg met hod r. theag opol us nethod. These nelt- based

t echni qui¥ef Aie ISF%}" W @'stse ﬂ%lﬂ&ﬁ“"fﬂe%?ﬁsﬁ‘&’e@a@?ﬁ:that

mel t - bas dideubsed e dsaildieritbelovaoul e froma 1 15 nelt. In contrast, flane
fusion does not create a batch nelt fromwhich a boule is grown, but r at her,
provi des a co@gl I to a hot
flame, and the no ec{tbmg) éuér%x%sgs}%%@r{&btrhéﬁect e% GCOOI%O%?WEI g%/l ng surface
on whi cheaeokieg sk fusihagnobldsschan slohf Wrihes. EVE@@thtrrabdlt;ag raﬂtdsmasbﬂgiheedseed crystal
-is copt ag t ' [ ' ) nd t he seed
crystal ct'c a%nrﬁ{tloe&{bg&glaﬁﬁ&tt%%m&hﬁlven%gts{lcﬂgsIﬁ gessgge tl]N():urr{‘ﬂs § “I's formed of

st oi chi oﬁ@l"@:ﬂlcursm gvest at a2g0e a?rgctaﬂaasmmhtblft B@P@JihmiryThn 1g¢1eqsmdraobl;ngam
=crystall g%ﬁa?o%hhgm%{iﬁ?&grfb%{ (gf){hetfz%ng L@X tng%ssafoffﬂ TBLEV%AI goec Qou? s]:n;x)dr fm:tl*%%) ul'e

growt h. e seed cryst be ro cruci ble, the
cruci bl etedesg ﬁlﬁéherﬂmlétl@t Ofrﬂelemrﬁ fabriqaiiorgarliasconfiingbadduee %SaBoulfmforbeft h the

cruci bl ea@Rdin %hﬁcoﬁ@eﬁ@on‘ﬂr prétleding E&Xraﬁ)?aré Q)toﬁﬁgﬂelatgéfy'l&gcoo %1%&:5 @y the seed

crys and the actively formng boule are drawn out melt. Typically,

t he @%ur gliepphigpecy et Baduhfuriae thy cwmeprgreﬁg [Howeyst, ﬁerordma*s ebaginients 4Hhs econdar y

phases. . pre®ht Mﬁl@fnﬂﬂh&l oolify Iara@fhaﬂre sﬁt@ﬁﬁtﬁhﬁ?mgﬁéﬂ geet bﬂ%r@w@dlﬁtaét'ﬁ&ﬂ&@ﬂﬁ@ nents
processed t he rom a free of urities pants. For exanple, Co is
restrict & Pr@fwrn@r% oL of PR rra%%ar&rﬂr?éﬁ? CTrgp; QeSS GRHERSN se i s a
dopant f aiolif mmbdseh ttpplet €fakysons. I n contrast to Qswitch applications, it
(s generally desr red that a relatively pure spinel is uti i zed

‘Substanti al y roperties of
t he device su frﬁ[grfe Cglgg% (E:f(?:nggrhgrae g%&% gﬁgeégﬁ%‘%n e pr%sfeh%t i nvention,
a si byl equlieysqnwntlerpllmqmddcwﬂ sebspfsxelﬁtm epebing, i aepiriaigd @esrﬁlﬁtablyehcp’rtummmcbs I n
addi ti on{ .08 slehmd p@;@&d'lé?l?dt gerIt&%E%cﬁ?SO Hoﬂl@ sQ&LQs Rt orARPmaPERRRE Bhes, for med

therefrom al so general ly have reduced nech ani cal stress and/or strain, as
conpar ed°Ttesen 24haRre piesridie i cespip prabodimenis, the pymepling is restiipted toggtime periodngt ¢ hj s
regard, gﬁbﬁdhaﬁaﬁﬁuﬁlm{ouiﬁhfﬁld&ﬁ%ﬂéﬂmg naay&ef bib@tantiapy wﬁipﬂb‘&:lgdﬁﬁrzhﬁa?édl erdbygh %/l el d ,
rates i n_connect ormation of sin t ents that form1
22 Nar ch®25§38P éeﬁgﬁ?ﬁt nglt Ugfbﬁoﬂ %’%‘@g@{'ﬁ" g‘?’mg%ytggm@ﬂ Y| ar ger
scal 80 opteigek uﬁ@ﬁ@hﬁﬂl@&m@k@naﬁ Soanpttem it themiitipgde zwd;tdl ipreoelessis agl straiat ur es,

i 505 floloatTDRP el i NRLE) U Sh Aol SRARRS wlfind BRERURH oy 00551 N9

features e coo |ng rdtes such as
not | essbartriar tesoyt ISWWéthat ﬂl@\?@mf-ﬂm agﬁeltm@bmﬁﬂmgd Mtnesthﬁhwlmm@m ized 5

accor di ng eh@o SRR Eﬁ@eﬁmefsuéhhem% 8eflind &M@ﬂ&ds QfbludddGRer@3edPlonlphss t han

about 100C hour, hour and even at a rate of greater than about
300C houf:lmnqqt,lgn 1) eélérggé:an%dp Wﬁ]baq-lgir@gcd cooling rates as nofed above,

C 25 According to another feature, the reduction in internal mechanical stress and strain are
quantified by yield rate, the number of intact components formed by machining the boule. Typically,
machim’ng is carried out by any one of several slicing techniques, most notably wire sawing, Asused
herein, yield rate may be quantified by the formula ¢/(c; + ¢¢) x 100%, wherein ¢; = the number of
intact components prodessed from the boule, and c; = the number of fractured components from the

30  boule due to internal mechanical siress or strain in the boule. Conventionally, this yield rate is very
low, such as on the order 10%. The unaccepiably low yield rate is a manifestation of excessive
internal stresses and strain in the boule. In contrast, yield rates according to embodiments of the
present invention are typically not less than about 25%, 30% or even 40%, Other embodiments show

increasingly high yield rates, such as not less than about 50, 60 or even 70%. Indeed, certain
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desirably inprove throughput of the fabrication process for formng single
crystal boules and further reduce the thermal budget of the,e tlcl:1§0
fabrication, and accordingly reduce costs. Boules formed accor |ng
convent i MFOOp’lﬂU@é'ém ng gener ally are cooled at relati vé’ICﬁ/WSGW%@ﬂﬂﬁng

t t i d | |
owever . TRkl Ry FERmistaPrE D0 wp; ThEFeRieB BiohpY prental 8765 SHE cool | ng
rates nas,traims guabisfied labdvaislnyst dﬂﬂ}gh%ntywhmsﬁel ak-fonpedimd boilast BiE blsdibeih@sesictt t he
as- cool eﬁjoujeg dias cor%(ﬂl@ﬁt%al:ﬁiﬂed%n Vb%nfe!: %ﬁus T g%%g‘!h@ ﬁ)fét:gﬁl{ng ﬁesgr el?’%og Pf %QC%SSQJ der of

40C/ hour or less, urring cool1ng peri Still
further, b@éﬁéé@@iﬂ%gde!l e@t‘?@@hﬂaﬁthevmmsnbﬂedéﬁpoﬁmokmmhﬁmngﬁanbw anneal i ng
of the 1&1&&%'1@11:%%14%'39@@&& carried out subsequent to cooling, is
restricted to a rélatively shor{g time period. Typically, the tinme period is
not greater than about 50 hours, such as not greater, than about 30 hours,
or even 20 hothrune tagepptiryley physicalapanipsiation ) digishins] materiply, embadiments My | s
restrictkde mlo&; debii@rip@biigiativgd. Fogexemple, thelnbdfiabig b nihme hﬁmrosapdlfgdfmd

post 1 or R G Rady 7 Bl RiBleo segETA TRtk CuRRr R e B Pl by
post-formn ¢conv I
t echnol ofist dqelmmalalcycumowwqmuteegerprﬂy dtert&ubwclalmsd aiphmnm;adallfmmomds | n an

at t egpt t.d.gat e for

| ow V\Tgf e%‘gﬂ |1 xs{clfg?sétﬁlglggszjéﬂ‘g%}ﬂfm@w @qd()ﬁ%r ac? &Eﬂ %‘Hrﬁi esuﬁa% | ng %‘(QJlJ be tied
to any palediegdng of 4 lawppujdedimissile fasexamplee §tili pibar ntawéestaé@nm@@ﬁh@ﬁ@b%nt er nal
stress apgn &ifba opd d’c!»m&:&f%ntQOUA Bar%%EﬂiLh&%n 1Bé}ud%§713% hﬁ%ﬁz‘tﬁahﬁ% mts such

fl exi bl e process ?doag condi tions, incl decreased or. co el i mi nation
of anneafifiEe et §Parﬁ%‘lﬁ9\é‘fgllﬂa§eﬂFﬁ&‘?dé°é§é‘Hm85%l‘$tﬁdn Pﬁ’ﬂ%"é‘"&%guﬂ’@c‘;étd above. g
25 Accor tifgadvResapediidiBrly inclatitg e labdi€avitgduct i on in internal mechanical stress
and strain are quantified by yield rate, the nunber of intact conponents
formge by mac ut by any
one o sover af AP SobARERML vhbRl S8 bna TR AfchBSRILLRGBL

herein, gitemihengt éammwwoqmaﬁmnigemmwas tﬁenerd@mrhylthe sojerag; least flyencg 100%

wher ei N e tdehiBqul URSHe Pfomidd hASiwiGR (RARANLS0 RE, Qpﬁlsiﬁc‘?d?énéé aﬂEﬂ: bi®, ppul e, and

cr= the nunber of fractured conponents fromthe 3 dué to internal
nmechani c B¥mbst pigies uakzeéfqr#ﬁmgiwffﬁ@d@ew@ywwﬁemv efrﬁam%/) e geryitel d rate i s

very | OWercis6 torie pBfdralll &ithin d edngd &%oul Beto gm%@&aﬁgtoyauleﬁl%amait driat e ls a
mani §stat|0n of .exces

|nt nal stress gl n th oul e.
cont Fst PresFEipYpntion, e lét:tg‘??} "8 a W&Wﬁﬁ?@gﬂg ftS ssﬁl?aé‘sag‘?’r‘f‘?f)ﬁvent i on ar e
t ypi cal | gWiat® & £ssvelehgih ofazlﬂﬁunmzﬁ% las30Hmeaye teeshoid Aﬁ%:ve@bh Bigheesbadis nent s show

i ncr easi an about 50, 60 or even
70% |nd%géd¥a“2"‘leb‘kg{a§¥5rf%g% ‘g%ﬁ/éa?‘gﬁd{ %&‘%ﬁ%‘%ﬁé%‘%om PCT/ uszoo4/ 030803
enmbodi nents have denpnstrated near 100% |eId Thi s reduce intg

mechani cal st A&isEsehpldiBvag gsngiafsd gl vaengthiof 8064 4o \Tbe srgt %tlef?smf?) ]’Si‘sesent

Wi t hin t Bsy @Rrohd r30Biks (e \WsteB QLH % of J0d shadd p%PsﬁE hreably 0SRweRmal R e Jata t he

co ent _nmachined fromboules, In this ar t he foregoi,ng description of
pr gg gg sedfa3ld spinel according to an embodiment of the present glvengcjion as c:cmtraste%g:lgaunstg P ( )

4

stoichimetric 1:1 spinel, as well as sapphire and YAG.
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boul es generally denotes boul es that have been subjected to post-cooling
machi ni ng steps, such as 5 grinding, |apping, polishing and @[ﬁﬁﬁfbgﬁq
Turning to the particul ar physical manifestation of the spin 7al S,
enbodi menws) avesr3iEve vari ous geonetric configurations. pEr/ueesMogss t he
material may be in the formof a polygonal planar w ndow such as a
rectangl e or square Al ternatively, the conponent nay be in the shape of a
flat di scd®ilng a circular or oval outer peri phery Certain speci alized
appl i catfrons™cal'T Tor nNore bHihLeTheagsas@aPes] SUCkhag: iledhdig Or M pPf a cone
or done.| SuaiATERTADNENtS may be swtagly utitized at = the |eading end of a
| aser guided nissile, flor exafft @ 0sm) | ot her naﬂpf‘b‘g?giwffﬁﬁs) | ncl pde i ght
tubes, [|akin to fiber gptic conponents. A pafticular appltcation Thcludes
-mrrors,; haviSgphrehi ghlly poli shedsssurface ofi ented ati1.83 particulaf angle to

refl ect rtfor—t+ransrt—t+—+tght—n—apphtecati-ons—such—as—+n—tastng
devi ces,| partiggylbarly iincluding rzgug | aser cavity. t $40 15 Turning to
wdurabi lijty testing, vardious matefials were tested in a controlled

environrent to determ ne user damage thresholds. Danage testing was carried
out by tihe sd-'caivtled | east fluené®’ failure fechnique, 26%ilizing a noninal
pul se wif[dth (FWTM ©f 20 Nns, at an i nci denc, angle of 0. The nunmper of
sites ut|ilized shwel testing was vapped, generally withimp@ range of| 60 to 90.
Shot s per—site —were-alls ALam—ad_geneLaJ-l_y—lAj—t-th—a_pange—gf_abgut 50 to

200. Accordin of the 20. present .invention ically, the

material has gs h@%‘ eddﬁ%ﬁﬁ@"%‘*ﬂ#ﬂ&?ﬂs&ﬁﬁs Sb‘f’erﬁ’g‘ﬁmqa%e rgsmtt?‘l’ﬁ?l 02{ P‘iﬁ,%g’o GWcn2 at
a wavel emgtably démob@6dngvn mdipertddais@ige taeshadot 4006Skomd may even be hi gher, such
as not |ess than about 3.25, or even 3.50 GNcnR at a wavel ength of 1064 nm

first set ofgfal &lo%%nﬂ;%ﬂﬁe‘é A Qs ﬁSP va%oé{é‘asyrﬁﬂﬂ@s%giﬁo% %ﬂ@ést&g Wras cEH%d spot

|arreter (1/e2) was m crons. tes were tested at a rate of 200

shot s Spe v ¢ @amw@r P tb%loéﬁﬁ@éﬁﬁaﬂqr%é@ spqh Blagietpraas 3 &5 gicrogs. Fo1 thg i net

accor di ngoﬁaﬁ—daﬁhd@dﬁiﬂ@th@w digetbd Vs PT0RSIEORs ah VEdRbis DL sitewert GilizbASihad agai nst
st oi chi 2% gll net, as well as sapphire and YAG 14 22 March 2007 WO
2005/ 031 PS84/ 030803 TABLE 1 Dammge Threshol d @ Damage Threshold @
MATERI AL 1064 nm (J/cnR) 1064 am (GNcnR) Sapphire 38.6 1.93 YAG 28.0 1.40
1:1 SpindlAB3E27 2.58 3:1 Spinel 80.0 4.00 As illustrated, the 3:1 Spinel

denonst ratessupertor ‘Id”ugﬁadxa%BiT&Eﬁb'lﬁe@t U TgESet B &nold @
MATERIAL 1540 nm (Vom?) 1540 nm (GW/om?)
Si;.pphire 36.7 1.8
YAG 65.9 33
_ 1:1 Spinel 118.0 59
Q‘ 3:1 Spinel 67.6 34
1:3 Spinel Co* 63.5 3.2

Further, damage threshold testing was carried out at a wavelength of 532 nm. Again, testing
10 was carried out in & manner similar to the 1064 nm testing unless otherwise indicated. Here, a spot
diameter of 300 microns was utilized, a pulse width of 18 ns and the number of sites was increased to

100, while carrying out 200 shots per site.
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not ably denonstrati ng an unexpected damage threshold of 4.00 GNcnR. Table 2

bel ow summarizes the data for various sanples at 1540 nm Thg
simlar to the 1064 nm data. Here,

carried

per sit
(J/ cnmR)
59 3:
testing
carried
i ndi cat
of 18 n
200 sho
TABLE 3
(GWcnZ

5 out

e.

KA 3 un (GWcm

in a manner
di amet er waeaoddfo04m crons.
was 170 m crons and 50 shots per site were utilized rather

For the

&t

e

N

1 Spinel 67.6 3
wasMedERidd ou
out in a nmanne

7 DadaSpieeholag+ 63

at aﬁ?ﬁkﬁﬁqﬂth of §

siml L 1064 |

. O SDdmépd MutéeHold @Wﬁgﬁ
32 nm testing

run té%f aé%NﬁFéks ot 1

ed. Here, a spo
S andSiphlrenunbe

di aneter of 300 m d

[
"
!
I of sitedé6d®,s i ncreas

(0]
2.
z

rons was utilized, a
ed to 10@.82while carr

s—per—stte—15
Damage,Fhr esho
) Sapphire 16

D | W, 5% I _oS9oNN7 AV.Y aWEsYaVa
Z valr C1r Z0U0T" Vo204

d @ Damaqg_GThr eshol d
8 0.82 YAG 15.61 0.78

L/ NATNA7Z DL LICO0NAL N
IO 1LUST r o7 OS2 U037 J

@ MATERI AL¢532 nm (J/
1.1 Spinet 44.97 2.2

1o was
Spot

cobal t - doped sanpl e, pChesspan3oanet er
t han 200 shots
TABLE 2 Damage Threshold @ Danage Threshold @ MATERI AL 1540 am
Sapphire 36.7 1.8 YAG 65.9 3.3 1:1 Spinel

118.0
t hreshol d
10 was
erw se
ul se width
yi ng out
0803
cm 532 m
5 3:1

Spi net

Testing
m 50 s
Thresho
Sapphi r

10.0 0.50 Still

was chPrndd out

further, Table 4 bela
at a pul*€d7 width of

w sunmmari zes testing §
40 ns, a%Pot di anet d

t 2100 nm
r of 140

tes were teste
d @Pbesgge Thr

0, at a density of 20

shots/site. TABLE 4

eshol d @ MAIERI AL 2100

Damage

nm (J/ cni)502100 urn (

GW cne)

26 0 1 75
~ Al T~ o [~ T

Still further, Table 4 below summarizes testing at 2100 nm. Testing was carried out at a pulse

width of 40 ns, a spot diameter of 140 um. 50 sites were tested, at a density of 200 shots/site.

C

TABLE 4
Damage Threshold @ Damage Threshold @
MATERIAL 2100 nm (Vom?) 2100 nm (GW/err)
Sapphire 35.0 1.75
YAG 53.0 2.65
1:1 Spinel 60.0 3.0
3:1 Spinel 50.0 2.5

Still further, testing was carried out at 3000 nm. Testing was carried out at a pulse width

of 10 ns, a spot diameter of 110 pum. 40 sites were tested, at a density of 200 shots/site.

N’

TABLE 5 7
Damage Threshold @ Damage Threshold @
MATERIAL 3200 nm (Vem?) 3200 nm (GW/enr®)
Sapphire 35.0 1.75
YAG 48.8 2.44
1:1 Spinel >55.0 >2.75
3:1 Spinel >55.0 >2.75
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YAG 53.0 2.65 1:1 Spinel 60.0 3.0 3:1 Spinet 50.0 2.5 5 Still further,
testing was carried out at 3000 rim Testing was carried out se
width of 10 ns, a spot dianeter of 110 m 40 sites were teg@%&aﬁéz
densi ty oV020&/shotrs/ site. TABLE 5 Danage Threshol d @ Danmgesiiw@sssl d @
MATERI AL 3200 urn (J/cn2) 3200 urn (GNcm) Sapphire 35.0 1.75 YAG 48.8 2. 44 |
1:1 Spinet >55.0 >2.75 3:1 Spinet >55.0 >2.75 16 22 March 2007 WO ‘
2005/ 031@4:6,pCT/ US2004/ 030803 Exanpl e Cruci bl e Charge Preparation: 392. Ig

of MBO were conbined with 2876.5g of A1203 al um num oxi de). The raw

material s wer embibkelafOprefanion: 339d. 1 eENg0iwe conlbindd fnbth 2896 55 1@AL,degr ees 5

centigra cruci ble. After transferred

into an %Fmiﬁlfqﬁl(rg??”@? %’fagnfffﬁ‘als‘#ﬁ%eﬂ’lxe i Wg?r@%ﬁtag%éga %%trtiluwaas@? st al

. G owt hi: ddaBgredd id baramic rruciblbl Aftencbling, the mintircl@asttaxdferred i@ ipHiacedcible 182 andar d
Czochr al Wi tation , and heated to the nelting point of the
oxi de m jgl'tgl—lm%[aﬁl%ttmaindqg@m?ﬁalfadl o frequency heating. An inert anbient

-at mosphere consisting of nitrogen with a small addition of 10 oxygen was
used around tHRestellrewth dhe inipecrueile viththewride mixdre Fefrlagechinsigedard seed crystal

of the lidochRiski@bysi debwittsiddon , Bkd lﬁﬁﬁecﬁtb't&@neltﬁgbéﬁtft@dmfoﬂdé RSPy rhéiﬁls drod was
used to injtjate the start of e crystal roces A si e crystal
boul e m%aq’ﬁrfﬁﬁﬁnﬁtlieﬁﬁmfl g eram ‘B‘Ptlawwgeﬁ?'gﬁté‘% B%ﬂ%ﬁ“t“i‘%@maj&ﬁdﬂ%ﬁ’f%fr 53 nm
| engith 166 gerinigs us@eebundtiik brsdile.r at e 2mm hr, seed rotation rate 4 rpm

cool -down tinme 6 hrs, total time 123 hrs. 15 After cooling the crystal was
visual l'y inspgg £k def ect s.
After visual m%g%ctl or?%lggélut?%Srﬂangéeg%@%l?ﬁfgl%(]‘]%%e@wg%\%e pdt&lo%l crystal
was subj eftarked tq ﬂ;e pailingyod wias ugadi ttemtratmﬂwrstaé lobbRk crysia e v reqesse ty snglecasihi que) .

@ ter paﬁ&ﬂms%tdwnluaﬁﬁﬁg%e ﬁﬂo‘h@gﬁ@ce&sa&&mﬁ hﬁlnetemsmﬁ 1966 1 B mnD&dea St 0CK”
preparation. The foregol ng description been E}éﬂzsent ed for purposes of

i |l ust raP‘f”(‘J‘fgf%FﬁamH’é’é’équﬁ?tﬁttﬂ‘imT‘lrPP’s"o"ké"“ﬁ’d’cmelW% tme §23d8s- exhausti ve or to
limt the scope to the precise formor enbodi nents disclosed, and
i5 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 crystal was subjected to
an x-ray orientation check (Laue diffraction technique). Afier passing all inspection tests the crystal

was used for “bar-stock™ preparation.

The foregoing description has been presented for purposes of illustration and description. It is
20 ot intended to be cxhaustive 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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nodi fications and variations are possible in light of the above teachings,

or may be acquired from practice of enbodi nents of the inve 5#@? 2%‘07 17 22
March 2007 CLAIMS 1. A single crystal spinet boule forned bg cih
processi ng, the boule having a non- stoichionetric conposition represented
by the general fornula aAD. bE2D3, wherein Ais selected fromthe group
consi sti ngClfiMey, Ca, Zn, M, Ba, Sr, Cd, Fe, and conbinations thereof, Eis
selected fromthe group consisting Al, In, C, Sc, Lu, Fe, and conbinations
thereof, and Dis selected fromthe group consisting 0, S, Se, and

c_omﬁi nat IE%B:S), tgsemi%ﬁlfe,%m?r@h#at a?lnatfi)@leb:h@>ae15:pioce§sn@h t%ehaéuléh naeyiﬁgo:armh- is

rich in . 2. The boule of cla , _havi r e chanj cal stress or
strain replFibiomesis %?p&g‘%néﬂ?fese}“ﬁé g’]'%‘&ge‘}e@é E"%E'ﬁ]ﬁﬁi%l)hg%@ 1 égrsélieﬁe‘{/i el d

[) atle is wgfdmht\gimmng&ming\/%@}h&ge oayziggmn,q;sa, iSB,thdcﬁtFe, Mﬂf%ﬁrgairﬁfi@ﬁgﬁéaﬁ Eriom sai d
oul e, an =t he nunber o ractured_ wafers from sai ou e to_ .

i nt ernal ﬁ@%ﬁ#]ﬁ%‘althesgrf’&gorﬁ}smﬁ f"gil?r Fin SeHeh: §6uind, coqbinpfigns ‘HFQ%’ 4 Riisyi m 2,
wher ei n t Relegtédeirén ﬂﬁtgeodp&oﬂmtheﬁs, Sdhamd eidiatioReredt; wilddéin Reatlosn: 20 561 ai m 3,
wherein the yjeld rate i.s not _less than about 40% 5. A single crystal

spi net  wafBH thal esainglys Heh ip EgPocessi ng, the wafer having a non-

stoichionetric conposition represented by the general fornula aAD. bE2D3,

wherein Ais selected fromthe group consisting My, Ca, Zn, Ba, Sr, Cd, Fe,

and conbi rfat i orf&e Pewds elorlaimel. hayings4 redycedi meghaping!ishess gF et wpiesmiedibig vmld | n,

Cr, Sc, Luate 6y le@NHaCIBR 1RL] WRSeif DRIEERTEe is %,ﬂ%ﬁo@%‘, SLRAndriRMof [kt 9r oup
eof ,

consisting 0, S, Se, and conbinations ther erein a ratio b:a>2.5:1
such t hat “affas pregseyed ffromssaid; hople; and @gpthe ngmbergbiragtyrgd watersyfiompsaikhauleetue faf er of

claimb5, vwhshaimchddGa\adf&lor 0@8n f Al Rt er of not less than about 1.75
inches. 7. The single crystal spinel wafer of claim5, wherein the wafer has

a dianeter of not less than about 2.0 inches. 8. The single crystal spinel

waf er of gl ai m’IﬁebM%f%ilJﬁn@b@hééﬁflﬂ%gﬁiﬁa%&g%cgE@%@En oul¥ls.| €ss  than about

2.5 inches. 9. The single ciysta claimb, wherein the boule
consists essentially of a single spinel phase, with substantially no

secondary 4phasq§e pdffe Sidh %9@11&&9 the yield rate is not less than about 40%.

5. A single crystal spinet wafer formed by melt processing, the wafer having a non-
stoichiometric composition represented by the general formula aAD.bE,D;, wherein A is selected
from the group consisting Mg, Ca, Zn, 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>2.5:1 such that the

spinel is rich in E;Ds.

6. The single crystal spinel wafer of claim 5, wherein the wafer has a diameter of not less

than about 1.75 inches.

7. The single crystal spinel wafer of claim 5, wherein the wafer has a diameter of not less

than about 2.0 inches.

8. The single crystal spinel wafer of claim 5, wherein the wafer has a diameter of not less

than about 2.5 inches.

9. The single crystal spinel wafer of claim 5, wherein the boule consists essentially of a

single spinel phase, with substantially no secondary phases.

18



10. The single crystal spinet wafer of claim5, wherein Ais My, Dis O and
Eis Al, such that the single crystal spinet has the forrruli%ﬁ;\i%ﬁ) 8@1

it. The single crystal spinet wafer of claimb5, wherein the B

about 3:1. 12. The single crystal spinet wafer of claimb5, wherein the
ratio b:a is about 2.9:1. 13. The single crystal spinet wafer of claim5,
wher ei n t he waflee sindscrastilapinelachfdrof ehifed, whelcdsSis Mg, [Bis I bid E épriesenthed by a

yield rate not |less. tha nyield rate is w/(w +wf)x 100%
W, -t he nuﬁ{?épg]c?fcrysﬁ pb\?ﬁ%%mﬂ‘? %‘Q&E‘ﬁﬁ??rom a boul e, and wj =t he number of
fractured wafers fromthe boul e due to nechanical stress or strain in the
boul e. 14.. The._single crystal i net, . er of claimb, erein the ratio b:a
i s not gr%éterTﬁ ﬁ&glﬁ%ﬂ%ﬁ Sp’ﬁelw %§f°1$¥5\€g’¥ﬁ“ﬂﬁ1“éﬁ%rﬁ9gb:ﬁFs ﬂi’%}“ﬁé- waf er of claim

5, wherein the wafer has a | ower mechanical stress and strain conpared to

stoichio ric t oel ectyoni c, substr consi sting
essenti al | é/ E&ﬂ@ﬁ%ﬁp’?&p@qﬁﬁ’hogi’?&%i‘v Erﬁ’i“ﬁ]éetm“oaﬁésraéf’ 22tatio bra>2.5:1

such t hat the spinet is rich in A1203, and the single crystal spinet is
formed by_a nel ?cess 17. The iubstrate of clajm 16, wherein the
'P

substrate %:orrpirf‘%% & cryial spinel pealer-ph glaigy 3, ayhereindheyater bas @ redyiced intemal sresne

substr at eof Qilh | &pRsatedi By fORER rhte ORBt e tifdh - aboilng zo%ewmtma erafRf iscl ai m
18, wherein the die is cleaved fromthe wafer. he substrate of claim

18, wher eM(tT%)d 094+ viathe nHmber of anfict walsrs Picessest féorfl érbo‘élﬁﬂ ang gyhe numbsieth of an
active | aygfukd®hRRFromlBe boule due to mechanical stress or strain in the boule.

14, The single crystal spinel wafer of claim 5, wherein the ratio b:a is not greater than about
4:1.
15. The single crystal spinel wafer of claim 5, wherein the wafer has a lower mechanical

stress and strain compared to stoichiometric spinel.

16. An optoelectronic substrate, consisting essentially of aMg0.bALO; single crystal spinel,
wherein a ratio b:a>2.5:1 such that the spinel is rich in ALOs, and the single crystal spinel is

formed by a melt process.

17. The substrate of claim 16, wherein the substrate comprises a wafer.

18. The substrate of claim 16, wherein the substrate comprises a die formed from a wafer.

i9, The substrate of claim 18, wherein the die is cleaved from the wafer.

20. The substraie of claim 18, wherein the substrate has a surface suitable for epitaxial

growth of an active layer thereon.
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