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& (57) Abstract: A semiconductor crystal and associated growth method are disclosed. The crystal includes a seed portion and a

growth portion on the seed portion. The seed portion and the growth portion form a substantially right cylindrical single crystal
of silicon carbide. A seed face defines an interface between the growth portion and the seed portion, with the seed face being
substantially parallel to the bases of the right cylindrical crystal and being off-axis with respect to a basal plane of the single crystal.
The growth portion replicates the polytype of the seed portion and the growth portion has a diameter of at least about 100 mm.
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ONE HUNDRED MILLIMETER 5JC CRYSTAL GROWN ON OFF-AXIS SERD

143 ﬂf-ﬁ

Backe

JO00 1] The present imvention relstos w senuconductor naterials and w particular relates
to the gronsth of very high crvstal quality {eg., low defect} large-diameter single ervstals

of siltcon carhide £y

HHHRY] The electronic propertioy of sendeonductons stem divecthy frovn thar physic
properties, meioding thoer orestad structure, Defuotx o a onestal stracture, when prasent i
farge cocmgh concomration, vy tmpair the desuwable plevsical aud olectronie properties of

8 seymconductor material, Some dufocts exiubi peobloms mnmediately, while others

1 over poriody of continued wse.

ok

5

HHHI3] AN orestals clade some structural defects, Indoed o some exiont, the oxistenee

3

of defocts provides the basts for covstad growth because the edges of contatn defecis may

]

wnder vertaim conditions provide th

wporhmty for comtinued ovdered growth,

Thus, the relevant lnguivy for semiconducior ronterials avad their application o elechmonie
devices bevowes the concentration of such defects (hvploally expressed as the mumber of

defects per it avead and thelr character ruther than thelr bagio presence or absence. Ax

rised herein, the e “dofoors™ mesns defeoix @ sad stvncture or sructural defoo,

J’
4*
,J_,

snd does nod include wnpanty oloments such {x that may b avtentionally or

unimtentinasily intveduced o 8 oovstal stractues,

{00041 Sihicon carbide has a sumber of properties that make 1 an sdvaniagema

sermiconducioy material, Physically, the matorial s very hard and has an extromedy high
o

wxtant to chomical stiack and thus oifors chemical stability as well as thermat

meiting podsd, gaving o robust teal charactovistics. Chemically, sthoon carbide i3

Bighly pos
dabulity, Porhaps raoxd smportantly, howeever, silicon carhide hag oxceliont electrome
proporties, including hgh hreskdows feld, 2 relatively wide bamd gap (about 3.2 0V st

rours femnperature for the 4

i satonrated elactron deift vl

H pshbetvped, and o b

These proporties give B0 signilivant advantages with respect e bigh

..,
sy
“rd
B
=
%
i
e
Lk
%
M
%
3
’L'/
=

Hagh fomperatoere opevation, sad radiation havdngss,

JOO0R 1 s oneddad Torms, however, siicon carbide can oxist in ovey §530 polvivpes G

orystal stvucturest, e of which are separated by relatively sipall thermaodynanne
diffrences, Thus, maimsining 3 single pobetype while growing & large S orystal
pepresenty @ fondamoentad challenge, Addiftonally, stlicon carbide tends to sublime vather

than mell at high temperatures {hat 15, SIC tends © transibion divectly oo the solid

NN
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phaze trthe gas phase a3 s emperaiore 1§ inomased)

S

The vaper phase spocie

that result from sublimation also rase difficulies s polytvpe comtrol.

A another fotr, SO tends to subdinne i nonestotchiometrie fashion and 1o feave hohingd

solid carbon.

006 Thus, cortsin of siblicon carldde™s phivsical and chontica] proportivs can cawse
diffwonlties during siheon carlude groseth, partioulardy groveth in sives, arnounts, and
puribes that ave uselil for commereial production of wators, watvrs with opitaxial layers,
aud conunercially viahle guantities of electromic devices.

00T The Brst sty in senviconductor device panufactaniag W g'wmiix comprises Hrmng

the thin laye ¢ the deviee. In

many applications, this takes the form of growing one o wmore !‘-?f‘a taxis lavers

{opalavees™y of serotcondecior material on g farge, “hull™ sabstuage t:f}fsmi of the sawe o

difforent sommivondector material, Epdasial lavers may be formed with ©

quabity wsing vory provise, woll-wderstood tochnigoos such as chomical vapor depostion

LUV, maodeoudar boam epits

v {MBE} and other methods, {n genersi, growth of lngh

o

guaiity, epiaxial 1 < sutiable for

5 vegpuives relatively slow groweth mtes. Balk ory

w a3 o substrate ave tvpically grown ot w rolatively Bt rate, Dt nseally af somewha

i3

fovesr quality than opataxaad byvevs, Noveribeloss, bocsuse an spitaniad fayver

fundanmonialiy repests the atonmis pattern of the substrate oa which the epuaxal byer w
formed, higher quuality subsiesies are both desrable and necessary For prodocing ngher

guality epilayers,

{HHIBY 1o the sthicon carbide i, epilavaer growith onoa sithoon carbude substrate oy be

cpfranced by growing the epilayer i an "off-anis” orensation. The senn “offaxis™ i bost

pnderstood by comprason 10 Con-axis” growth, On-axss grovetl refers fo orvsial growth

that takes place i a dircotion that provesds perpendivular o one of the defined fwes of

direstion i

the an carbide crvstal, The growi

el ervstal
Millor-Bravais notation such as [defe] mowihuch the brackets indicate that a divection 13

being given and the om along maginery orvstal axes

hon the Miller imdex is given i parontheses, the nolation refors o a plane. Thus, the

novraal (perpendienlard direction W the stheon faee of sthoon carbide 1 designated (0001

for the hevagonal {e. g0 8HL SH) podvtypes of sthicon carbids, while the stlicon foe neeli s

> ({HHH ) plane.

L}

[



WO 2008/005636 PCT/US2007/069946

BO0S] The J0001 ] divection 1 reforred fo ax the o-axis, while the plane that i vora! ©
k 1

the e-axis is called a e-face, coplane or & basd plane. The coplane 1w semetioses velorvad
o s the™ basal plane.
018 Figure 6 tHustrates @ onit eofl for g simple boxagona! eryvstal strocture. The o-fhwee

o - -

s caxis ane ingdicatod on Uie drswing, The [O0H | divection sad i opposite, the
U

divectiong are considesed «

#rrr

H Febrection are alzo indicated on Figare & TOME ] direction and the {E‘s{‘sﬂ i

quivalent divections, iy that the orientation of the ervstal s

srhitvary. o indisatod by the use of anghod trach Accordingly,

the aotation <G00 refurs to the Suvwily of divectivns squivalent to the [00M ] divection.

&

s s dexignated by brackets; eog (0001 One side of 8 B0 wakir ix

=

Families of plu
tornvinated by stlicon atoms and the other side by carbon atoms, By convention, the
siticon stde iz deooted (0001} and the carbon side 15 denoted (0001}, Depending upon

conrverion and tvpesetting, the “hee™ designation wmay also precode the vefovant integey
Lo {01

L E] The term off-axis refers to growth in o direction other than divectly perpendicnlay

and s pyprcally shightly ebdigue  relatiom to the c.axs which 1 notmal

o the erystal’s ofaee, These off axdy divections are constderad vivtoal, heing direetions

devisting shightly from the fundamental divectives or planes. Offeasis growth ray reduce

randor nacleation and thas ercoursge silicon carhide optlmvers o grow with greater

{attice acoursey. This i wdersiood s resulting from the grester mumbey of “steps™ that

s Hee in comparizon o an os-ax3s fee. Ina particutar example,

fertation From the < D00 > direction toward cither the <1120 % or < 110

direction has been fourd 1o be partioularly effes 1 igh-quality sthonn

carbide epitaxial grvwthy,
01 An exeopdary sffaxis gpitaxial growth mthoad s set forth i U8, Patont No.

912064 which 1 inoorporated entively horein by roference. 1o preparing subsivates for

tad o “howle™ of oneanis bull s

such grosth, a larger o ay carbide 18 oot g the

Ao fegn, B o provide the off-axis e, and wseaddy & mavber o balk wale

ot at the agpm‘upriaie angle.
{08 3] Novertheless, shoing oreaxis grown covstals of 80 ot an 8 anple w0 creale off-

the houle st be

axis wakors i g @ wadge-shaped peation of

=]
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shscarded

frones both top and bottoen in ordey © peovide the 8 off s subsirates for

gvonwth commonly akes place g sveded suldimation growth mothod

aved svstont as sot forth in commonty assigaod ULS, Patont Noo 4. 866,005 and s Redss

Ner REA 861, the contents of batdh of which are

weeis

imcoaporated entively berein Iy

roference. The natare of sublimstion growth s such that the direction of bosle prowth s

primnarily deterosined by the thennal gradiont between the source fusually, but oy

PR

pecessarily, 80 powder) and the seed. Thus, & seeded covstal with au 8 offagds sarlhee

will groww iy the divection of the theral gradiont Ovith the powder warney than the seued .

LS} One of the hntatisns o date o advaraang the wse of silicon carbide 18 3 e

factor. By way of comparison, i othey semennductor materials sueh sx silicon (80 amd

gatlivm arsenide Goas), ax neh dismreter walers ave conurnon snd some sthioon walers

are avatlable with dismcters as 3 miunetors (.

NG In coutrast, the physacal growtl challonges provided by siheon carbide ave such
that twa and three el waltrs {3008 mot and 76,2 mm) are considerad communcially

Deprieal, wdile waters 100 man ov larger are not widely avalable, Receut work in sificon

5 these tvpical sevs, For example, Dodulle of sl Free Groweh O

L FORUM Vol 457460 (2004} pa

carbide prowth cont

3 Method, MaTtii s B

O By Sublimatic Fos

FI-T vopon growth of 25 omBliseter and 45 nyillisieter dianster cvvstats, Nakamars, of

Y
[

e wealors

rather than extonding the growth or size of the subsirate walors ﬁat’ﬁwd\w et

Mucrodefec Generatian in 10 Single Urpstads Consed by Pelvtype Chasrges, MATIERIALS

SO

L FORUM VOL. 389303 (2002 pages 67-7, kowise rofor to 33 gun sngle
Wi, 338

wl

als, Anikin, Progeess in 30 8ult Grones, MAOtiERIALS SUmnce FORUM,

el

D
42

{26 pp 13418 voport 3 mslhometer dismoter orvstaly, Gupta ot sl 88 svnd HLSIC

ned deheamos sf PET 74PET

i

Bk Gronetl by PVT & AT RES. Sao, Byvsip. Proo, Voo, 813

L2004 report the use of 2 inch amd 3 inch sihicon carbide substrates,

g
HERY

0017 The ares of o circle {Iypical senvcondustor w: e civcubar with defined ©
oidge portions for sandardization snd alignmon purposes) is, of course, directly
proporiional 1o the sgoare of 1ts radies. Thaes, mereasing the duameter of appropwiate S1C
sewd orystaly, bulk crvstals grown on soed orystaly, snd walers cut from bull orystals,

potentialiy offors geometne, sather than i‘mmi}-" marginal, advantages provided that

appropriate wnmmal del oncentrations (Lo, high quabitv) can b presevved. Fuay
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exmmple, 245 muw diameter walfer has an arven of about 1590 mum™s while a 90 wa wafer

wid Baver an ares of abowt &

{Le, bwior the dismeter) wo

.

{018} In conventivma! technnyues for obtatung off

fepiealby ortonted sway from the eovstal normad olloswing whnch wadbrs dee ool agsing
e NPt Fog By TR e NP -3 £ e
the ortentation o prodace the offsaxas seed. Orionting the crystal away from the noenmal

roduces the effective thickness avatlabie to cut walors of the same stee ax the crvatal, The

cifeotive loss can be estimaded by the walvr swee {dinmeton) aod the tangent of the ot

& For example, fov an aight degeee (87 offcaxss cut on o 100 nullimeter diameter

cryxial, the tangeay of 87 {1403 defings 3 lovs of nearly 14 oilliosetery of nwtenal

{0018t one aspeet the invenbion 38 & semteonductor coestal, The orystal comprises
seod povticn and @ growih poction on the sead poctier. The seed portion and the growth
g

portion formt a substaotially rght ovlindrieal sigle evvstal of sithoon carbide. A seod face

defines & mterface bebwes the growth postion sl the s
defines s miterfare betwesy the growth poion ansd the s

{portion, with the seed {ace

e

hetng substantially parallel to the bases of the nght ovhindrical covstal and being between

X
Ylw

woud 3 qud 127 off-axes with respeet to o JEH G plane of the singhe crvstal, The
growth portion replicates the pabetvpe oF the sood pewtion and the growdh portion has a
charaeior of at least gbosy 100 mm.

i’ﬁﬁﬁﬁiﬁ In another as

comprising & single

al seed portion and & single crvsdal growtl postion on the seed povtion inowhich the

sead portion and the growth portion have 8 diamoter suffictent o defioe at least o 10U

stfieon carbade. A seod fhoe defines

aniianeter dlameter vight ovlindrical single crystal of

x

A iderfaee botween the growth portion and the seed poction wath the seed face being

substsntialiy paraliel 1o the bases of thy vight ovlindrival orvstal and being buatween show
{15

» ot the single arvstal, The growth

E *ONE EAAR R 's;'\“r‘ &

aped 129 aff-axis with respect to g {3001}
partion roplicates the podytvpe of the seod portion,

00T o another aspect e vanion i a samicotductor walor comprining o single
polvivpe of sthoon carbide witéru & dimmeter of af loast 108 mullimetors and & mioropipe
denwity of loss than 100 e

JOH22] I vor another aspact the invartion s a mathod for growing igh quality krge

dhamneter stogle covstals of slicon carbide. The method comprises cutling & sead eny

of ailicon carbide from a hulk singgde orvstad of silicon carlude at an angle with respect to



WO 2008/005636 PCT/US2007/069946

b

the ceavis of the bulk m.\* { that g}ma‘iuce% 8 soed orystal withy a face that i offaxy with

izﬁ"fém's eed erysial in g seeded growth ovstenn s dioction that s perpemdicuiar 1o the

seed face of the seed orvstal and nos-porpendicuiar with respect o the o-face entid 8 ik

s

al of desirod size s olained, and cuttag an offaxiy waler from the bulk orvstal by

cutiing the bulk crystad paradiel o the onginal face of the soed erystal o produce a sead

watir with # face that i offaxis wi

{023 The foregom

th respaot o the caaxis of the soud waler.
2 and other ebjecty and advantages of the invention aud the manner

i which the ssne ave sccomplinhed will beconse clearer based ow the followed detadad

description taken wn conpunchion wath the .:as;mm-pe;m-}rémg srawings.

Bri

Frgupe 1 1s @ schomatio viow of a bulk orystal according

{O28] Frgure 219 o schonatic diagram of 1 orystal accovding to the presam ivadion,

{0026} Fioure 3 iy a schomatio diagram of another embodiment of & orvstal according to

e

the prosent i

HII2TY Fige 4 is o schematic

sthor cndndivsent of & evestal according W
the present Inyentiog,

¢ & 13 3 schomnatio viow of & waler socording

o

tor the prosent in

e 688 8 sehurnatic diagram of coriein asponts of hexagonal

{36 Frpure 71 g st ol theee photographs of the high gualsty sorface of & water fonmed

15y

accovding 1o the prosiy invamion.

{0031 Figore ¥ iy sehomatio view of g bulk ervstal according o the prosent iyvention,

.ﬂ‘"\ O

rant o 3 conventional welmigue for obtsiung off-axix

siltoon corbide walors, By general, 2 bulk ¢

oy

el broadhe dosignated st T B grosers inan

on-axis ovientativn, Figese 1 acvordingly Hustrstes that the coaxis M S
perpendicular i the o-face (0001} 14 of the covstal 100 Ty ovder e obtain offtaxis seads
for eftfhaxis groovth, the orystal My ot along a plursiity of Hoes 13 that are gone
porpetdicular fofl-axis) to he caxis 15 aud thus aee not-pavallel wth vespect o the o

face 14,

- fe
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R

{0033} As noted iy the background, certans problems vesult. Fist, outting the erysiad 10

i this manner defines respoctive wagte portions 12 af both the bottom and top of the

fe proster the degrer o which the desired cuts 13 {whis

ave olf-axis, the greater the amount of masterial tal will be wasted

034 Second, in secordance with basic principlos of sohid snd plane goometry, i the

erystal HE i the form of & oyvlinder, thes culting & plane at an angle other than pavallel

o the Fapes ponduces an oflipseshaped shee rathor than @ circulay cow, Although Gus i

ad & problom waith respedt o micrascopie groth of silicon cerbade, i mscroseopic
sense, souds wsd walers are comversionalby oircular fwith orthosonal Hss m Jefined
focations} and tha it elbipseshaped shoes vt be aither handled 1o s customieed
fashana o trinmmed o 2 conventional shape,

HO035] Figure 21y g schomatic ilustration of & Hest onbodivont of & covstal, beoadly

perated af 3 scoprding to the present iveation. The orystal 20 inclwles g seed
povtion 21 and & geoswth portion 22 on the seed portion 21, The seed poction 21 and the

wrowth portion 22 ogether form & sulsstantially right evlindrical singhe ervstal of sthoon

catiade. The seed face 33 defines an interface betwoean the growth portion 22 and the

sosd powtion 1. ogrdzed by persons skilled i othis art ina

grown arvstal, the seed fioe 23 mae be historicad rathor thay observable, The sead faee
234sw 3% s 35 of the ripht evlindrical evestal 20 and g

seith rexpect 0 the o-face of the single erestgd
a0 T ) planes, The

groeadh portion 22 rephiostes the polyvtype of the seed portion 21 and the grosth porlion

200 The (0001 o-faoe s, of cowrss, o meanber of the Bty of

,, e,

23 has a dampetey of @t foast abonss 100 mlhasds
{0036} The degree to which the oneotation (s off angle s oot limited by 8 pumerical

3

vatue por a2, but rather by logieal fonctions! consderations. For exampde, aml to

,imtiaiiij; TIOHNE QrOWINE O &t

diffevent crvstel face, Sumilarly, using an off &
sffevence from the basal plave selll Thus, it will he wnderstond that althoosgh suecessfd

groneth has boen domonstratod at ofl axis ongaiations of up to 8%, success af larger angles

is Dikowise expocied and B doos pot represont an aheolate upper Bmit for the ivention

U3 Figure 2 glso dustestes the caxm 27 of the ervstal M and |
thorreal gradiond 3 thay devves the growih direetion of the (:v“g"smi during sublimation, As

wegdi understond o this arl, the thermad gradient repre peraiure
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differonce sovoss o plovsical distance; o.p. degress contigrmde per centivaeter. Generally

speaking, i the prosence of a thermal gradient, soblimed {and other paseous) species
wugrake from & woenmer lecation o @ felatively cooler sng. Accordingly, controlling the
thermal gradionty in s envstal growth gystem s o signifieant factor i controliing the
natur and diveetion of crystal growth, I the fgures horeln, the respootive avrows {16,
3, & schomateally reprosent axal thormal gradients

FI3ET Figune 2 sceordingly ilusteates that i contrast o the crvsiad ilfasiraied in Figure
£ grovwtin does not oo novial 10 the o-face 28, bt wstesd i3 vonmal to the sead face
23 In g covresporsding manner, the therms! prachient 30 and the e-axds 27 ave oo longy
parsliel to oo another v are they intended o be paralled o one another.

IS The seod portion 21 and the growth partion 22 typically have a polytype selocted

fron the geonp cousisting of the 3C, 4H, 6 and 3R polvtypes of silicon carbide with

the 4H polytvpe being partioulardy {hat not oxclusively) benchicist for igh froqueney,

high powsr devices, Simlarhy, both the 4H and 6H polvtypes are partioudarly bonefictad
fur hugh temperatune devices, optocizeironie devices and deposition of Group HE niinde
wiaterials, 1wl be ynderstond that these sve favorable iy 3 relatiee sense with respect to

one anothor and that e srvention provides advastages e ¢ podyvtvpe of thy

mut}; The degree 1o which the seed faee s odfeanis with respect 0 the o-ace 5 o some

Lo muastter of doxi

chadce, typioally ronging botseeon (U5 anad 127, bat has been

)-

for 68 and ai about 8 off-asis for 44, both expressed with respeet o

wsed at abont 3
th o-fhose.
M Figares 3 and 9 dlostrate sdiditional ombodipnends of the pressot iavention.
partioniar, e nature of sooded silicon carbide grosdthy, including subloation growih, i3

iy demonstrate af least

such that sven wader the best contiions, some as-growa oryssals

that ave drregelar sad potastiadly include non-sisgle pobetepe muaterisd, and in some

;

s ONE OF tvone suviiees may be pote-planar, somctimes depending upon the nranngr i

which they ave phiysically mosated W or romoved rom & growih 8y

0042} Accordinaly, it,,\m: 3 dlustrates a somiconductor orvsial breadly designated @ 3

that inchades o single sed portion 335 and a single ovestal growily povtion 36 on the
sewd portion 33, with the xead portion 33 and the growth portion 36 having the samg
pobvtvpe. The eryvstal 3 also tnchudes edge portions schenatically iloasorted of 37

rent froan the seed and growth poations), of

can inchade other po

SR
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pobyorystaliine matenal thet s inoonsistent with the single orvsial matenial ofte desired

X

y electronic apphoations.
{043 The seed portion gad the growth poriion 36 st neventheless of a sufficiem
sHamseter o define &t loast g 10U nullieter dametor right ovlindrical single crestal of

.
B34

o curbidy indopendent of sy of the different podytype wmatenal, As In the provions

spbhosdient, 3 seed face MY dofines o serface bobwean the growth portion 38 and the
sewdd portion 35 with the sced fhoe 40 being substantially parallel 1o the bases 41 and 42 of
the right evlindriesl orvstal 3 and being between abonat (05 and 137 degrees off-aas with
sesprect o the o-fsce 43 of the single orvated 34, As m the other enbodiments, the growth

portion 3 replicates the polytype of the seed portion 35,

I Figune 3 also tHustrstes the oaxas 57 and the divection of s applind thermst
eradivot & ilosrating he same podits as adsed with respect to the cavhor erobodiments,
{045] &

ncludes o seed povtion 48 sad 2 growth portion $ and edge portions 47 of non-single

wr erysial 44 aovonting o the prosent tovention that

i material slong with surfaces 30 and 31 that sy be moaeplanar, The causes of

SUCH

b non-planar surfaces soch as 30 and ST are variable, but do not necessarily pﬂmiuds:

Thus., the seed ;“;:t::w.w:im«lz‘- sl e growih portion 46 have 8 dismeter “DY

carbide witlun the overall orvstal 44,

10046] Ax in the other ombodimenis, | os a seed faee 53 defining the

interface hotween the growll portion 46 and the sced portion 43 with the seed faee 33

belng substantially parallel o the bases 54 and 35 of the right oylindvicsl coyvstal porbion

33, The seed face 33 ix sgam bovwoeey about (5% mud 127 degrees offtaas with respect to

S of the single orvstal 320 Ay i the olher cmbodisnents, the growdh pq}r‘ii-un 46
sephicates the polvivpe of the sead portion 45,
{047} In e

senmicondhictor wafer 62 having a diameter ©

v deast 100 puiliacions consistent
witlt movrnad standaeds for wator or dismeter mossuremont as de sl 1Y VETTOUS SOUTEes
pdEMAT-CATALOG.O0G pd! {online] {Apnl
20061, The waler 62 tncludes substantially pavalle] ees 63 and 84 and a

i

wirker 18 charsctorieed in it the o-face 66 of the single erestad it ooy the waler s

o

foag bt dhvww orec.comvpradus

circuntzrantial odge 63 that is substantially perpendicudar to the fees 63 and 64 The

43

I
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botweon abowt 3% and 127 degrees off avis with rexpect 10 the bases 63 amd 64 of the

Fweadbr &2,

IFRIT JP—
simgle orvst

FO048T T weator form, the 10O s single ervstal s swatatle for covontsonal w
handling and handling eguipment. Tnwalor form the crystal also can sorve as & substeste
for epitayisd g«;‘s'mwih m" stitcon carhide oy other 'ms‘m:-rmi@, particularty Group HE mitedes
for eptoclectronie devicsy such as blue-onmtting baht emitting diodes, and blhue baser

giiodes,

{049] Thus, in anothor aspect, the Wwvention 18 & combiaation of & waler scconding o the
present imvention sl opiaxaal lovers form ow the waler, The walors with epitaxial lavers

offer aumerans sdvantages (ypeally a <1 For cxample, the walors and

-

can orm e basts for wotal semiconaducier feld offent transistors {MESFETs)

.

’)'"f

eptlsvars

avpd rolated deovices, Single crvstal wators secording o the reention provide g oloss

e

fattice matol with beth siican carbide and Croup HH airides. The walees have sthivon
carhide’s tugh thernal concdnctity offeving groster powar handling sod uvprosved
reMatulity, The wye of Group HE mitnnde epibyers onn Si0 subateates oftors 8 fvorable
approach for short wavelength fager diodes that can significantly weresse optcal storage

CHPRCHIS I companisen o longer wavelongth diodes. Ax snother advantage, stlicon

cirbide can be formed with olectrieal condustivaty maging Hom msulating fov patorowave

devices {e.g LS. Fatent Ny 6,316,793 1 1o conducting for o Tipht emitting diodes g,

UL, Patont No, 45318497 o LLS, Patont No, 3392 301

JROS6] Crystals and walies acconding to the present tovention have & mioropipe density

foxs than HEY per square contimeter (om ) in all smbodiments, in some embodiments less

hodinvents Jues thas 15 om™ ", and s some oophoskinnents 3 om

than 30 am™, ig sone oo ¥l

fows,

1

0081} The crvatals and waltes acoording 1o the prosent sivvention can also b catogortand

ysine other critenta fhe d

¢ guality. Sonte of these ontoris can be doseribed o one

oy more of the following oo,

sy o thie surface in loeal

{O082] "L Area) conlanmation” rolors Lo any Baroign mal

sreas that 13 revealed uader Mgh-imtensity or diffuse thumination as discolored, motled,

or clondy w appearance resalbng from sopriges, stams, OF wiler §pas.
IS “Cracke™ redir o fracture o clegvage of the walor that oxtends from the front
stcde of the waler (o He back stde sorthes of the seador, Por qualivy doseriphion purposes a

S R

wrack” nust exceud G018 a length wader igheintensity luntination, Ties helps

T
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shsorivminate fracture lines from allowable crvsiailine stnations. Such Haotere lHnes

k
sh

typically extubi
{034] “Bude

excess of 13 oullirocters i either vadist depth or wilth, As

sy thin hnes of'y

-~

s 1o any edge snonaly Gocluding waler saw oxidt k) in

W

diffras

iHuminatzon, edge chips wre detenmined as unmiontionally nssing makerial from the edge
of the water,

{HISS °F *rfors 1o g delined outer sumsluy of the walbr which i

desygnated a3 @ wator handbiag e and 18 excluded from surface Gosh ontenis,

agonal shaped platelots oo the surface of the waler that

spposr sthver m colur o the wnaided ove under difflse dhamnation,
HHIRT] "Masking defoots™ {'*"_s‘_«fim_ami "} rofor to distine! srcas radsod abesve the wakor ront

side surface gs viewsed with diffuse thuvdnation,

aoe roughonimg whan viewed vader

{38 “Orange peel” relfons o visually dotegiable s

diffuese iumination.

HHISS] P vefors o an undividusl distinguishable surfsce awvraly which appesrs ax a

depression iy the waler surface with a levgth and width ratio me less than S o 1 and that s

v intensity dhunisation.

ihle under W

{006B] “Foretgn pobytepes™ {Minchsions™ or Vovestalies™ " rofor 1o vogiows of the wator

atlography that sre polyvorysialime or are othey dilfer poly

vpe material than the

rernainder of the waler (e, 3H mied i with 68HY Poly regiong froguently exhibit color

aes oF distinet bounsdary hoes snd are judged nterms of area poreent under diffuse

hanination

fiHisd] “Noratches™ are dofined as stogudar onss or grooves into the ot sude waler

gurfhoe with o longth w width vatio of greator than § 01, and vizible ander high istensaty

humination.

mﬂ{ilii “Rirtationg” are delined ag lnear or

e anbing mn,m“ i the

e strface of the wader which pray oF gy not pass through

-

wiler and generally follow @

alographic planes over their longth.
063 “Tolal usshie area”™ refors 1 & cumulative subtraction of all noted defect arcas
fron the froat stde wader quality area within the edge exehssion zone, The romvianing

percent value indicates the proportion of the frout side swrfaes w b froe of all noted

defeots notinclading the baeo vaiilivneter &
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{0064] With these ovtenia ax backgroand, walers according to the presand invention

demonstrate odge chips m a concetration of les

¢ aeeording
o the invention domonstrate orange peel o pits of oo nweee than 30 percent of the waler
aven and v some omboadinrens ne more than 1 pevcent of the waler ares

063 Waltrs acconding to the invention demonsizatos strigtinn of 20 or less por waloy

and i other embodinsents 3 or less por wader, Wattrs secording o the fivvention are froe

of arcy confanmnation or craeks, The concentration of hexagonal g.zims:fzs 15 Josy than 3

povcont of the cwmudative aves of the s thaay 1 poresg
of the cunmalative ares of the walen

{66 Walers acoording to the imvention bave no more thay cight sortches o i some
cmbodunents no wmore thay fve soralehes,

{00671 Walbrs secording o the nvention are npected for suasking defects Dmoands)

snder & 200X microscope. o all emboduments the wators have 1 or fowey defects e 3or

fess of the § fields wspocted i & oross patiom, of o other embodimengs 1) or Rower

defocts i 5 or foss of the 9 elds mepected w5 ovoss pattern. The waters ave free of

N

contamination. Expressed as a comulative fotal, the cwvnlative area delects ave 30

i some cnbodiments 19 hess of they waler

peroent ov loss of the walor anes, amd

{68}t another aspect, the inveniion & mothod ftw greswing high quality e

diamseter siogle covstals of xilicon carbide. o this aspect, the ovention cotaprises outling

3 sved crystal of silicon carbide from g bulk single crvstal of silicon carbide at an angle

with respect 10 the c-axis of the bulk evestal that produces a seed orystal with a fnee that 35
eiV-gxis with rospect to the o-fBee of the bulk erystal, spplving a prodomisant thormal

gradient s the offanas seod oredal in o seoded growth systom wr g divection that §

porpenstivutar s the seed o of the seod crvstal avd non-perpemdioutas with respect o

the o-face uutl 8 badk ¢

9 of desire

I face of the sead

from the bk crvstal E}}e‘ cm&iag the bulk crvstal paradiol o the :a‘:;?r:'zgisn

al tor prosd seed wator with & face that s offaxas with vespoct 10 the c-axis of the

seed waler.,
HHIBS In prerticolar, the method tepieally corpprises cuitmg o pluralily of walors from the

bl orwstal,
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00T As noted with respect to other aspects of the npveadion, the resriting walker

provides an appropriate seed Tor seeding a bulk growth systes with the ow, off

waler, Buld growth of sthoos carbide can then he carried out in such a seeded system,
07 The method can further compprise growing at loast vue, and poteatially @ phurality,
of pptiaxist kovers o the offaxis face of the sced wadbr, with epitayisl lavers of silices
carbide sad of Group HE mimde material boing parbicularly sdvaniageous,

JOO72] Figare 718 a 501 of three photographs of 2 stheon varbide walvr fomed according
o he prosent vention, Figwess TUAY and T8 are taken ot & stight nov-porpendiondar

sapie aud thus the waler appears elhiptical iy the pholograph. The waler is ciroular,

however, a8 Hhustrated by the hesdeon photogrsph of Figure T These photogmphs

dernonstrate the 10 nun walers produced according W the prosent invvention,

UK é.gjs'.i e § 15 a schomatic x‘ii&agmm Hhsirating aspects of the rothod and s

advan ol byoadiv

s ¥ ilus igm&ted & T i which the
opposite Tees T and 72 are off~axis with respet o the claee T30 For refovens
murposes, the ceaxis 74 ix aiso showne For olarity’s sake, Figure B exaggerates the extent

of ofl-axis griomaion

s T1, 72 of the grovwn covstad awe

0] Conststont with the method, bocsuse

3%

ady offaxis with respoct 1o the o-face of the orystal, and asswming diat tie cvestal 7

5 gronwn {as is typreal) 1n the Do of & sobid night oviinder, the orvsial 76 can be out

-

parpechicular o its oviindeioad ws to define individual walbrs T3 with offeaxis swrfsces

st i the fovm of wircles rather than ellipses,

HTE] B owill be anderstood that although the techaiques desertbed heretn have heon

desvribed with sospeet o the (00} face and the (00 ] axis of B, the teohaigues can

b neorpornied wing other frees {o.g, the JB00T planes) and wath respect to other axes.

For & mumber of reagony, the (0001 aud {0001 faces are convendent for halk growth of

on carbide, g not exclusiv

<tha oladmed invent

Hearpor
horeiy.
HTE] T will also be understood by those Tamibiae with the growth of silicon carbide

thai the erm “single oredal” can be wsed © desortbe Jarge bowle ervatals that

have sovne 1

abe chavacter, As further knowa 1o those skilled o e art, crvstals with

ek

s charavior are grown with moltiple puclosting rogtons hat grow ogether o form a
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axded by dislocations or other defects, but

bvred wath weollamdersiood fechoques,

won. The aggregate of ¢ s may have g mosar

&

vartrciiarty Xovay &

strocture with vory soeadl Gl regions bebwesn the grains, bat i

toaether o forns the single orvsisl.

HHIZTY o torms of Xavay dilfraction, the single orystal charsotonstios of orystals grown
aogording o the presemt ivvention will have an aogudar sprad from the diffesction angle

af Between about 36 and 130 are seconds. Thas s well withun the normad vange of single

crvstal toleranse i the art vowhich an anpnder spread of J0-60 mre sceonds fse

N

reprosents & high-quabity single orystsd. The angudar sprosd v mcasored as &l wadth

Bl moonmam (FWHMY o the Brage sngle comnsstent with well understood stamds

HEEENE
78] v the drawings and specification there has been set forth 8 preferred conbodiment
of the nvention, sl althongh specific oo huve boen ovaploeed, they ave used s

e and deseriptvve sense only and not for purposes of haststion, the seope of the

fnvention being defined i the claims.
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a soed portion; amd

@ growil portion on said sead portiong

sdd seed portion and sad growth portion forming & substantially right ovitmdrical

single orestad of stheon carkide;

a sond face defining an interface botween said gronwth portion and said seed
poartiony; satd seed face hoeing substantiadly pavatiol v the bases of sald right cylindriead
crystal and being off-axis with respect to 2 basal plane of said single crystal;

3

said greswth portion rephicating the palyvbype of said seod portion and

said growth portion having a diameter of ot loast about 108 man,

T whorain said seed fage

A senpicondusior on

betwoen abowt .5 and 127 offaxes frone s 001 plane of sand crystal,

A sermoondustor covstal accondiog o Ulaim 1 ederewm sand sead portion and

said growth portion bave g polvivpe selocted from the group conststng of 8

&M and 1AR polyiypes of sithoon carinde.

-

-y

W

A sornbcomductor ervstal acconding to Clatm §whoretn said polytvpe is

seleeted Hrom the group consiating o 4H and 6H and sad seod faco e

angd 8 off-axis with rospect o a (OB0TY plane of said crvstall

acconding w wherein said sead faee i offs

& A semivondnctor ervsial

axis towsrds g < I » divection,

T sendeoanduonsr ervstal acconding w i 2 wherein said sead face koff-

axis towands g < UG » duection.

¢
=
3

Fo o
“
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A senpeonductor ervstal according to O } having @ mieropipe dunsity of

) . 3
foss than HEY o™

A semmeonductor orysial according i 1 having & paoropipe density of

foas than 2 em™,

foA seanieonductor covstal sceording e Clatny | having » nacropipe density of

-~

Jous than § o

i density of

L A sonuconduetor erystal according o Claim | having aomu

3

foxs than ¥ o™

a single coestad sead portrow; and

a single crystal growth pootion on said seed portion;

sand seed portion and said growth poron baving s diameter saificient to define o

B eavbide:

1 evlinddrical single orvstal of s

feast o OO s laeror digmetere v

- hotwoen savd growth portion and sad sead

¢ shefining an nierd
poation; said seed Baoe betay substaniially paraliel 1o the bases of sawd nght ovlindrical

ot foa {0001} plane of

sapd singhe crvstal: sngd

sadd growth portion roplicating the pobylype of said seed portion.

FA seviconductor waler according to Clanos 12 wheretn sad seed porbion and

said growth portion bave s polvivpe selocted from the proup consisting of the 2H, 30, 8K,

HH and 158 polyvivpes of stheon carbide,

MLA sevmcondietor waltr scoording to Clairs 12 whored sand polylype i

seferted from the group comaisting of 48 and 61

150 A somieonducior water acconding 1 Clatm 12 whorin said seed face s off-

axis towsrds g < VI3 > divection.
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A,

N A sennconducior waler sccordime o Ol 17 wd

Rt

v cirbide.

A sevmoonductor walor sceording to Claim 17 whuerehy said epitaxiad layer

conyrises 3 Chroup B minde.

2 A somieondnotoy walvr acvording 1o Clasm 17 comprising a plurality of

i

eptgial lavers,

A medlend for geowang high guality large dumstor single af sihoon

carhade, the method comprising

cutting & seed credad of stlicon carbide from a balk smgle erystal of silicon

Ly

wrbice at an angls with respeet oy the coapus of the bl orvstal that produces s seed

~eslal wath & faoe that s off-axis with rospect o the o-face ol th

Pradk crvstal;

appdyving & predoannant thermal gradisat B the off-axis sead orvstal in a seaded

growth systony sooas o prsfoce a resulting holk ervslal rophosting the sxial cnentation of

$
&

he somd; and

P

o

g s walvr fronn the bull crvstal by cutting the balk covstad pavalielio the

al face of the w

{ervstal 1o produce @ waler with a face that s offbans with respect

o {0001 plave of the seod walker,

A method ae m'\inw fer Ulatry 21 comipriss

wtling & phivaldy of walos
from the bulk erystal.

3

230 A mw 21 further comprising seeding & balk growth
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thod sccovding to Claim 23 comprising canrving out the hulk gronth of

e

ircon carlade i a seeded subdimation xvs

feon that 1s seeded sl the out offsaax waler,

35 & oothod according 1o Claim 21 Hather comprising growing at leas{ ong

opttaxial boper on the off axis face of the seed waler,

groewing & pharality of epitaxiad

m

e
%
w5

14 & 4

A method aecording to Clatm 25 compuising gronving an epitaasd laver of

sthicon carbide,

28 A mothod secovding o Clasm 28 comprising growisg aa op

s 5

siad fayer of
Crroup HY nitnde.

29, A oothod secording o Clasn 212

sl

3 the thermal gradient o the

seed orestal iy o seeded growth systent
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