; Wwxyz{| e3e&T6T&Tu! WO 001 13211 p 2 APR 2003 PCT/ US99/ 19958 | WI VWV (5 LARROMNIDN
| NSULATOR S¥&613RE FROM LOW DEFECT DENSI TY SI NGLE CRYSTAL Sﬁﬁ%\;ww 53
BACKGROUND OF THE | NVENTI ON The present invention is directe 0 a’sificon
on insulator (SAO) structure 5 having a | ow defect density device |ayer.
More specifically, the present invention is directed to a SO stpucture
wherein the device layer is derived froma single crystal silicon wafer

which is substantially free of agglonmerated intrinsic point
Additionally, the present invention is directed to a SOT stmm,mmmmwﬂwng a
single crystal silicon handle wafer which is capable of formng, ani I,
non-uni form depth 10 distribution of oxygen precipitates, upon being

ek Tonc device RS ICONDRIRLER O SERpLORb b oy
conprises a handl y@\,\g‘? ; #EQ%‘F@%S@H@%%%?&#@% film Y

(typically an oxide |ayer) between the handl e wafer and the device | ayer.
Ceneral |y, tHRcdeYROEGNBYS THE BOIMREIONR- 5 and 20 microneters thick. Such a
15 wafer may be prepared using vari ous techni ques known in the art. For
exanpl e, wafer thlpregertenventignesdinmyede asbehn wfinsratoe{SOL) etudtareas back
etch SO, (i.e., BESQ), rein.a.siJicon wafer .i.s bound to the handl e

waf er ami tﬁgﬁi@lg@l“ﬁlaﬁ@%ﬂﬁmvl% VF“QWPV S@W‘ﬁf’ﬂ&’ HEHN WVERSon t he
handl e waf erdifegi¥Bitd % SOBRictiRe Yherdih the dRIRNAy NG dRivi8 ForPPYingle crystal
Alternatively, a single wafer may be used wherein nol ecul ar oXygen 20 ions

(02+) or at onlieonoxatgewhians sgtetantially éreergflagglomgrates iowinsteepodntrdeacts. of t he
wafer to for 1_oxide | ayer. . Thi r0gess .i.s erally referred.to as
SINDX (1. e Aadlianally: She BSSmh T antoR 1oiresTesnes gt slrtignueiaying 4 fisgle pag ot

No. 5,436, | 7c|\1}g§'l"ﬂ sHll s Banld e s ﬂﬁichqgcéﬁ’ﬁbh@@ﬁ@hhiﬂ% af MdeaBRBh GAMEHE 4OHth
Processi ng, terials Chem stry and Physics 46 ( 1996) 132-139). Such a

processl@s cbsisbakored! oxiesn pasevtrtesbepenibeng sulistedioghs beat erdatment dyelasunber

of silicon fers.which are consuped, as.conpared to the nore conventional
vafer ¢ hi nniGeisnLE Ds B By AR RS SRR aelct ur . S0

structures may be gEPRARerd f@TRAlY dorRpriRe haasdle WabRth ddvidB 181804 A YSt al
silicon ingots grown in accordance with the Czochral ski nethod. In recent

years, it hdssuwang filsedgmicedly antexidedayenbervesh thedtandlegvaler asidribe devigey st al
il f ' * x . , . 9/ 19958
> growth pr OEets CREelE: e SRYEP RyersbelyPaTo 3¢ 3 Ml il oifec: <

arise, 13 pavifer il bt @réfaccdnrsepentRdud techfi@Xs Bssvi( in.tRe art.aF 606REIIY, Atafan
above the solubility limt) of intrinsic point defects, which_are known as
vacanci es arfbinsiagfte¢hniopestmay b used itgrcisiereadyie enbark O i 6mBESRIt

typical Iy copfahf a XN St aeRr RiboBRE tPthe AR 2hy Qﬁen%flowly etched away

until only a thin layer of silicon on the handle wafer remains. (See, e.g., U.S. Patent

No. 5,189,500). Alternatively, a single wafer may be used wherein molecular oxygen

20  ions (O,") or atomic oxygen ions (O") are implanted below the surface of the wafer to
form an oxide layer. This process is generally referred to as SIMOX (i.e., separation
by implantation of oxygen; see, e.g., U.S. Patent No. 5,436,175 and Plasma

Immersion Ion Implantation For Semiconductor Processing, Materials Chemistry and
Physics 46 (1996) 132-139). Such a process is considered advantageous because it

25  acts to reduce the number of silicon wafers which are consumed, as compared to the
more conventional wafer thinning processes, in the preparation of a SOI structure.
SOI structures may be prepared from silicon wafers sliced from single crystal
silicon ingots grown in accordance with the Czochralski method. In recent years, it .

has been recognized that a number of defects in single crystal silicon form during the
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5 intrinsic point defect, either crystal lattice vacancies or sili ccgﬂ2 %éf
interstitials. It has been suggested that the type and initial 07 A
concentration of these point defects in the silicon are determ ned at the
time of sowodefibg@ti on and, if these concentrations reach a %@i’/ﬁk%‘?{%ss
critical supersaturation in the systemand the nobility of t P

defects is suff ciently high, a reaction, or an aggl oneration event, wll

| i kely occur. 10 Agglonerated intrinsic point defects in silicon can
severely inpact the yield potential of the material in the production of
conplex and highly integrated circuits, such as those utilizing SO
structures. Vacancy-type defects are recognized to be the origin of such
observabl e crystal defects as D-defects, Flow Pattern Defects (FPDs), Gate
xide Integrity (GJ) 15 Defects, Crystal Oiginated Particle (COP)

ol assos of B bR Rty dHb et EGENT Lo Rt ol filcl

such as Scaatidigesdiice of efleddesy (085 aRYnMtati@bHovSCRIWdlNGliTamagy ephy. Al so
present in regions of excess vacancies are defects which act as the nuclei

for ring odp@@sicRintfpiRetsdwaichars kepwmas vasagaipssmy selftinfesstigiplse (Hikieard t hat

this 20 parti t ] | e | A
agg oner ar S Bl S EEE s Bpl) RBRCLOMUES FiRe SERBORINIENGT  on (o
t he abave- igthinkieRin Gt @jthéricpystalddteics Sacahdied 6r silicon HlihryRilialddt has

aggl oner at i’ld vacancgl defects, or voids, may be the cause of "HF defects"
(i.e., metdeepiyggesicddrat g ey e igytial cpncgairationofdhese ppint detestsda thg her
vacancy-t ypeg;.def . | der : fi bl A rent
S0t oennof fsaf g paeneE Rl AAERE bRiREinahl i ftsr BEABMERM Raid

studi ed. Thewel af eriged) suphdayurategeindbelsysenh endie noobilitgredithid peinodefects is
interstitial-fype, dis]ocation |oops ?r net wor ks. SL{ h defects are not

r esponsi bl duffisicryltligh,a rgection: Iran agglamgratignayenty ik ﬁlisele/togﬁw-mfer p z APR
2003 00/ : ' i :

wi del yﬁr ecoé% zeglﬁtgc? lt@% t9 {%i’%?‘zﬁ’g%"%? ﬁ%gﬁg?@%}ﬁsggéﬂebﬁnh&%\% @g%glh §¥eg§5§sual ly
associ at ed ofitliedmateriabmtthd prakegonmicbmpie:. anddgighdyritegretdd icirtuits) such goi nt
defects can create. pe wnce probl ems for SOT substrates if silicon

waf ers cont Sﬁi"ﬁﬁ';‘zg&c‘[rfg €U - are utilized as the source of the S device

| ayer. Perform ) : i 1 nants
present in the hrvz;%dap Ej’\%ﬁ ﬁfeg%ﬁﬁgﬁgg(#%%ﬁgtb%g{@%%? %Jdrdgcob%ua?ltaﬁlgl t he heat

t r eat ment s ceyspd] dgéattdns D-HefeSE Flpwdattsm, Defecta(FRIs)cOateddiidahttegrityr(&€ht i n

t he handl f ul t . of ' d handl.i ng. of th . structure,
s g ok e BTk e Y R ele kAL T e e S i
bet <veen t i rhandl BDYyRiAlelPRtehR JRNELE Huly@dfectd §b57e9vcrd€li§;0ihﬁ(é:ed{°ﬁdé}ﬁ0u9h

general | y speaki ng these ITTBUI’I ties may not pass through the oxide |ayer
and into tlseatttemigdechnigues suchiae Soxingeg Indspead Micrescppie fied bager &cawsiing for t he

precipitati,on of thesg inpurities. Thi.s precipitatio cts. .t.o disrypt the
ox de | ayerl CHETHIDart &) BTt ERlonnaf PPrarisaaft ¢hdeBEs yiith puos the
Accor di ngl VuclRi i ethgloxidatibn Bflut&d axdishg falts OISE). RUPsIcalaedhbiCRiscont ai ns a
1S device layer which is substantially free of agglonmerated intrinsic point

def ect2d. Agditicutanalefept is a highetgmpersturp naeleated exyzen agglomgrateratglyzed bxutke whi ch
contains a _handl e fer capable of inhibiting the precipitation of netallic
i mpuriti es PEERTC Qfé%FeSFH%C %%e layer/silicon interface. SUWARY OF THE

| NVENTI ON 20 Amgp@ddifien @pthe 866we-@EntidiRd Raemeit e dessttd, ois alsbdelibvde, is the
provision of a silicon on insulator structure having a device |ayer

cont ai ni ngthat 2agglomerated vagaaytdeifects; g veids.araysketbe spuse o “Bidledectsy @eh whi ch

is substantjally free. of C | 1 erat | f crystal
| attioe vaBbrbeBERGR e BEleT CHF deRR e e REL B SRALEPRAR LS TTVS

structasr e badidéred tdeeiéiticabhoblen withictien\o@ tesinblygyng capabilities; the

2S provision of such a structure wherein the handl e waf er conprises a

silicon wafer wivefbcts elating sorelf-inferstitinls anadess avell studied. nEhRy a9 graerally

essentially an rhitrary el ectrani i f I of -
form ng an¥?5§é‘§eld?asEP5W53ﬂ‘i¥@8?%'%geogﬁﬂ{%rsq@%&ﬁ&gg%ﬁ&g%gbg? T tﬁ@?}ggrs'\) of. oxygen
preci pi t at g§ch abfdctstaRendd FRYbiRdiIB f6 gaddiotid@intdgiing Failueesydn fthipdrtant @aser
susceptible to the formation of netal precipitate defects during device

fabrication.



Briefly, therefore, the present invention is directed to a silicon on 5
insul ator structure, the structure conprising: a single crystal s0Ii AR 2003
device layer having a central axis, a circunferential edge, a radius
extendi ng fwompasmicentral axis to the circunferential edge, gRgy@ofibdsgt
axially symetric region, in which there is a predom nant intrinsic point
defect, which is substantially free of 1 o agglonerated intrinsic point
defects; a handle wafer having a central axis, a circunferential edge, a
radi us extending fromthe central axis 3o the circunferential edge, and a
second axially symretric region; and, an insulating |ayer between the
handl e wafer and the device layer. 15 The present invention is further
directed to a silicon on insulator structure which conprises (i) a handle
waf er, the handle wafer conprising a Czochral ski single crystal silicon

waf er havi ngpdri@inimEetritegenanalthey faraldlg keca%mﬁ&p@soe tRO8aRE oPBihetyhss dihe
a

front surface and the other of which is the ck surface of the silicon

waf er, a cendqvige fsilures usuallymssoriated twith quitgnt leaksge bradtitersuir f aces, a

Whi ch compri ses 2 Relpirel g AL eER caReSaR e B s R e R s
surface and aubdirsfe@{fedlicor wafefs cahtdifiag kucklietctsldde TiiGrNRIES Sour@oMEBaAsSUr ed
fromthe front surface and toward the central plane, and a bulk |ayer which
conpri sed a dvienlayerediesiormanceproblemsimaycadse reaiilefromaneieldia conleminantsy al pl ane
and the fir I I1d maf ' ' ' t it has
a non-unifor n%e%ﬁ%g%r?l elhtapglﬁ%{égff{mgﬁé}gpgﬁfhggﬁlggugtg%%'lsrg@ té’mgg ﬁét? ﬁégﬁ’?‘ents
concentr at i csmploy¥dibp i SO procéddemetallic doayedinded, pesghciatied hdndtwifefasa

o Concent r USRI B} GFRNGS AR hANANRE ISR, SakeIrichie TORMETDS FrauaRSRUFoBT  t he
a concentr atf S t [ af the
tacan es | R8N o E SRR AL AR P GAPESTHE Bl AP GRRT o1 Y
surfacel®f trieecHedndilthongh generélly spaakivignidse impyrdicdlmai Adt@ass tHevigh ¢hd ayer,

and (iii) an insulating Ia%‘er bet ween t he handl e wafer s and the device

|l ayer. The prddeluyes #iddntq Ba devicgdayer theotidelayer s @ preferendalsitg foritbon on

i nsul ator st i 4-SeSThil . ) er
compr sing. & COBRTeA AAARRENEE Thi breifalCH Fef] Stmuol HE NRRTARME
general | y panterfeet with thape&mmanee of thetSiGikevise.t he front surface and the 10

ot her of which is, the bagk surface.of the.silic fer, .central 02
APR 2003 WD 00/ 1329¢0THE8/ ) 336F 99‘5‘8’“85151%%&%%%%@?” CORIANY A c k

surfacegs a g I | alsueeags iR £ ; ; ces, a
denuded§zone‘fel\/‘(All;c'fectzlE;'égc‘)’frrﬂpé}li gesggt %gnir gjg?%ér}ggggtgﬁig%s?l lln?g)&%lﬁg?étr&?{cg% the front
surface to aAddisibmallysa nBed carftinates teeadst farleoSMI sibSrate svhachedoatains alsandbasur ed

in the directipn of the.ceptral _ plane, and ich contains interstiti.gl
oxygen, 1t he BT e it GBI g tHE PER I AR e0 e icAMPHAT Y 267 EOH B ¥Rt  on
of interstitihady/ba8Retmcd he denuded zone at a di stance equal to about
one-half of D, is at |east about 75% of the maxi num concentration of
interstitial oxygen in the denuded zone, (ii) a single crystal silicon
devi ce | ayerg Y ' I N 'lO g | ayer bet<veen the handl e wafer and
P—et et —obietts—ahd features of this invention will be

in parta@pparent Ap@nk thdedjbctd OF tHegWesenttinti@tieh Nakletre, is the provision of a

silicon on insulator structure having a device layer containing an axially symmetric

region of substantial radial width which is substantially free of defects resulting from
an agglomeration of crystal lattice vacancies or silicon self-interstitials; the provision
of such a structure having a handle wafer with improved gettering capabilities; the

25  provision of such a structure wherein the handle wafer comprises a silicon wafer
which is capable, during the heat treatment cycles of essentially any arbitrary

electronic device manufacturing process, of forming an ideal, non-uniform depth



BRI EF DESCRI PTI ON OF THE DRAWNGS Fig. 1 is a schematic depiction of the

i deal precipitating wafer process. Fig. 2 is a photograph of a 2 APR 2003
cross-section of a wafer (sanple 4-7) which was 15 processed as descri bed
in Exanple 1. Fig. 3 is a photograph of a cross-section of a wafer (sanple
4-8) which was subjected to the series of steps described in Exanple 1.

Fig. 4 is a photograph of a cross-section of a wafer (sanple 3-14) which
was subjected to the series of steps described in Exanple 1. 20 Fig. 5is a
graph of the log of platinumconcentration (atons/cm) versus depth from
the surface of a wafer (sanple 4-7) which was subjected to the series of

steps set forth digribifioRbeodygdn Srechithfes? aRBOHRASRRIH ofsfdCS Strii8kié on of
a wafer (sanple 3-4) which was subjected to the series of steps set forth

in Exanple 2. 25viktlyis Esksuacepiitiety thehfoomation 0bswstslquecipitatsf defeatst er
(sanpl e 3-5) whigch wa sub{ag)c.te to the series of steps set forth in
Exampl e 2. Fig. ®MNI PRGN of a cross-section of a wafer (sanple

3-6) which was subje t i ; i i : 2. 0
2 APR 2003 WD 00l 132%@%R@égﬂg’gggepge%rg%\g&ﬁ@ggSﬁ%??grﬂgﬁgg?g@bﬁ

cross-section ofinsulafatruCkaephe stru8juratvoetprisasy:subj ected to the series of
steps set forth in Exanple 3. FIG. 10 is logarithm c graph of the nunber
density of bul k ni cr cigihgle gysiahsjicor devisedayertiavingad cepEakarie af oxygen

present In the a4nARNRIRaAUIAES FARIdeAChRRE TR 0SB ALAL i5iRol ©

crystal silicon Wwarers in acc nce Wt recr pi I Ng waf er

process, as desdjiichatletgntiBkedde, earl a fifsbaxikllyisyningtriapbgiohi BhwBRBWEeRN
exanpl e of how the initial concentration of self interstitials, [I], and
vacanci es, [V], izRdgdeminan intinsinacitgteieet, which/igisyestemtialefreadfo v/ co,
wher e is the gro [ .and_. L e .average axial tenperature

gr adi e%?. 10 FI %gq%p@%égﬁgﬁﬂ%@#e&%& an exanple of how ~G, the
change in free energy h&Sdehpstef RAViRGQ deHtrB RN aQiircaRTeRMBEPEGSE, a
interstitial defects, increases as the tenperature, T, decreases, for a
given initial coadestexdaendingdfonstid cénttadaxis toi the circiimferehtigl edge, iadaa gr aph
whi ch shows an exan‘RI e of howthe initial concentration of self

interstitials, [P d fxia)ly symmelsic region: 88/ change along the radius of an
ingot or 15 wafer, a?rﬁﬁ\%u@%ﬁhﬁ%%r HtebAthO h¥AGR STeF 8AT §e deVReUSYAD

increase in the valu

15 The present invention is further directed to a silicon on insulator
structure which comprises (i) a handle wafer, the handle wafer
comprising a Czochralski single crystal silicon wafer having two major,
generally parallel surfaces, one of which is the front surface and the
other of which is the back surface of the silicon wafer, a central plane

20 between the front and back surfaces, a circumferential edge joining the
front and back surfaces, a surface layer which comprises a first region of
the silicon wafer between the front surface and a distance, D,, of at least
about 10 micrometers, as measured from the front surface and toward
the central plane, and a bulk layer which comprises a second region of

25 the silicon wafer between the central plane and the first region, the
silicon wafer being characterized in that it has a non-uniform distribution
of crystal lattice vacancies with the concentration of vacancies in the bulk

layer being greater than the concentration of vacancies in the surface

layer, with the vacancies having a concentration profile in which the peak



Note that at the VIl boundary a transition occurs fromvacancy dom nated
material to self interstitial dominated material. FIG 14 is a tdp? pAPRn2003
view of a single crystal silicon ingot or ~, vafer show ng regi ons of
vacancy, V, and self interstitial, I, domnated nmaterials respectively, as
well 20 as the V/1 boundary that exists hgtween them FIG 15 is a

| ongi tudi nal, cross-sectional view of a single crystal silicon ingot
showing, in detail, an axially symmetric region of a constant dianeter
portion of the ingot. FIG 16 is an inmage produced by a scan of the
mnority carrier lifetinme of an 25 axial cut of the ingot following a
series of oxygendersiyi¢gfithetviacantieats &t eangmrths centralhplageiwithdtheai | a
generally cylindrical region of vacancy domi nated material, a , generally
annul ar shaped awrmqwraé@m&qne.r%"yr%qr@a&ag fepan the pesitian of paak depsiained

nootorer at eq 1 nt BEHERBMoERE R OARYEB R S WA, P fofoual 10058
7FG ~7is a Qﬁ@cﬂhd@fnc@lﬂéﬂerraﬁ:@(lﬁ} aﬁms@eﬁﬁ‘g; laiyét Detden thengindwefer

crystal length, showing howthe pull rate is creased linearly over a
portionSof the |engthe deVIDﬁéayﬁfystal FIG 18 is an i nmage pr oduced by a

scan of the mnority rrier lifetime .of of the in

fol | ow ng a series of Ifsﬁfé%??rﬁr‘@fﬁrﬂpf‘d? |58ﬁﬂ+{§}ﬁr Jt'rreggetdrgé)n? §'|'03§0 escrl bed in
xample 6 PG h8ulztordstricile WhicRiddmdrite’ (3% RandiB4dfaR 188 nahdRS @afdrendt h
for each of f our S|ng e crystal silicon ingots, |abeled 1-4 respectively,
whi ch are used tcompesidga Caovleraldkabiagkcrysialsilicas widschaieg two niajanpl e 6.

IO FIG 20 is a graph of the average axial tenperature gradient t?\ﬁothe
mel t/solid inter@gpReralicpargiiel sUFaeRS 059 fowh'ﬁhll'saﬁhepf&nttﬁ%(ﬁ%}c

di fferent cases agJet@Hdes the. b@éﬂ@@b?cé grfﬁ%séjf liédn Wafé, Qrcae‘ﬁ*ﬂran the

initial concentration of vacanci es



interstitials, [I], as a function of radial position, for two di ffdage‘@iR 2003
cases as described 15 Exanple 7. FIG 22 is a graph of tenperature

function ofWawMai2ipositi on, showi ng the axial tenperature profdt/essomopssgot s
for two different cases as described in Exanple 8. FIG 23 is a graph of
the self interstitial concentrations resulting fromthe two cooling
conditions illustrated in Fig. 22 and @s nore fully described in Exanple 8.
20 FIG 24 is an inage produced by a sctcan of the mnority carrier lifetine
of an axial cut of an entire ingot following a series of oxygen
precipitation heat treatnments, as described in Exanple 9. FIG 25 is a
graph illustrating the position of the VII boundary as a function of the

| ength of the single crystal silicon ingot, as described in Exanple 10. 25
FIG 26a |spmebmnpbh@ﬂuntee@dtb}clasmns,cafcutchmfcnenmluetdgegxamngehe frofiedridme  of

an axi al f egment of, an in ran fr.om about...100 o about
D80 it r omoeshoEREEs Adtnufed Rne PSR o IR reEaN et walph Bam

preci pi tati gre fgdlsut &%raem;t&ncca@ Qﬁ%?[éag%ohﬁlmf@hﬁte}%asm&s&e@? {ﬁe2003
wo oon32i 1 PCT/ US991 19958 FIG 26b is an i mage produced by a scan o

m nority cadiredionl dfftee pentrabplane aadivdliclecantaifis mtereigtialrexygén, sre mhgm wafeangl ng

f b h [ 1
ool B80s Mk e BRRh it ind Tk AR ARG RHOE o Bach B el Bhacdsfone oL

. 5 FIG 28%ta8istngd éfita] &f abollCordxhal of B{TRa fatt Bott 789465 ithe @AxindlmVar i ous
axial positions for an ingot, as described in Exanple 12. FIG 28 is a

graph of t heorcgatrationefiinterstisakoxygen iethevdsnuded zerealii)reingle enysiabsifjeeni ent |
Co, at vari %%'\%CJ ﬁgferagnél ?ﬂ%ﬂ 1n%§la8§§ % ))ep g&we@n %é%%dfé wz?fer and the device
layer.
10 Other objects and features of this invention will be in part apparent and in part

pointed out hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a schematic depiction of the ideal precipitating wafer process.
Fig. 2 is a photograph of a cross-section of a wafer (sample 4-7) which was
15  processed as described in Example 1.
Fig. 3 is a photograph of a cross-section of a wafer (sample 4-8) which was
subjected to the series of steps described in Example 1.
Fig. 4 is a photograph of a cross-section of a wafer (sample 3-14) which was
subjected to the series of steps described in Example 1.
20 Fig. 5 is a graph of the log of platinum concentration (atoms/cm’) versus depth
from the surface of a wafer (sample 4-7) which was subjected to the series of steps set
forth in Example 1.
Fig. 6 is a photograph of a cross-section of a wafer (sample 3-4) which was
subjected to the series of steps set forth in Example 2.
25 Fig. 7 is a photograph of a cross-section of a wafer (sample 3-5) which was
subjected to the series of steps set forth in Example 2.
Fig. 8 is a photograph of a cross-section of a wafer (sample 3-6) which was

subjected to the series of steps set forth in Example 2.



FIG 29 is a graph illustrating the relationship between the w giphARK 2008e
axially 1Q@syigsefyic region and the cooling rate, as descri ' | e
] 9’?&“}’%&5@ L

12. FIG 30 1s a photograph of an axial cut of a segment of

rangi ng from about 235 nmto about 350 nm fromthe shoul der of the ingot,
foll ow ng copper decoration and a defect-delineating etch, described in
Example 12. FIG 31 is a photograph ofg an axial cut of a segnent of an

i ngot, ranging from 15 about 305 nmto about 460 mm fromthe shoul der of
the ingot, follow ng copper decoration and a defect-delineating etch,
described in Exanple 12. FIG 32 is a photograph of an axial cut of a
segnent of an ingot, ranging fromabout 140 mmto about 275 mm fromthe

shoul der of the Li.ngot, follow copper decoratio nd def ect - del i neat i ng‘
etch, described ﬁ‘ﬁ' _ %Bq‘cgoi"??ggéaﬁf)%s'sg%m“so% ‘ﬁ?%’té@‘i“ﬁ%ﬂ'@fw}é‘ﬁhéﬁ@isal cut
of a segmendybRbtedNo kORLHes Bﬁgﬁ#ﬁ&tffétﬂ{ﬂrﬁ@%ﬁplégp mmto about 730 mmfrom -,

t he shoul der ‘of the ingot, follow ng copper ‘decoration and a
def ect - del i neat i Fl§. d0ah]ogdatiunicigzaph of tEx anmber désitFoibulBmicrodefegisaph

illustrati radial variations in the average, axial fenperature

grad ent - CONS VR fe R BRURE ot RV EPUES T i S F el SO RRHEE 8] ons. 25
FIG 3515 tReretadBindalinp ot Sl \@yitatsiRedrl afe TR Ar84Re Wil the fiehPr an ingot
in four different hot Zone configurations. FIG 36 is a photograph taken
under magnifreapitdtong wifenprocesss aseasciibed iofExamp¢ ér (whi t e backgr ound) which

has been t her nal nneal ed, in accordance wi,th.the.. .0.2 APR 2003

001 9551 por Uedd b J3058 eimadieB SERLALEGANE Brhelf thedind! EielRIANGT, 1 ¢ he
absence of san-igRbARGRA[19Xdndesac@yeds, [V chaWed &/ ithnlredse i @RtvERRtof e G 37

i s a photograph, taken under greater magnification than in Fig. 36, of a

portion of ratievis whersroisdhe gravith mats BBSMiintheiagerageaxisiompergtura gudieat. t he
essenti@l 5 abseiee 9t :ﬁlgg%rﬂl{gl%gh €005 an example of how AG,, the change in free
energy required for the formation of agglomerated interstitial defects, increases as the
temperature, T, decreases, for a given initial concentration of self-interstitials, [I].

FIG. 13 is a graph which shows an example of how the initial concentration of

self-interstitials, [I], and vacancies, [V], can change along the radius of an ingot or

15  wafer, as the value of the ratio v/G, decreases, due to an increase in the value of G,
Note that at the V/I boundary a transition occurs from vacancy dominated material to
self-interstitial dominated material.

FIG. 14 is a top plan view of a single crystal silicon ingot or wafer showing
regions of vacancy, V, and self-interstitial, I, dominated materials respectively, as well

20  asthe V/I boundary that exists between them.

FIG. 15 is a longitudinal, cross-sectional view of a single crystal silicon ingot
showing, in detail, an axially symmetric region of a constant diameter portion of the
ingot.

FIG. 16 is an image produced by a scan of the minority carrier lifetime of an

25  axial cut of the ingot following a series of oxygen precipitation heat treatments,
showing in detail a generally cylindrical region of vacancy dominated material, a
generally annular shaped axially symmetric region of self-interstitial dominated
material, the V/I boundary present between them, and a region of agglomerated

interstitial defects.



FIG 38 is a photograph taken under magnification of a cross-section of a
waf er (white background) which has been thernally anneal ed, in acdd d&Rc2803
with the present invention, in a nitriding atnosphere in the absence of an
enhanced oxvdeo/j®yer and which was subsequently subjected to @ hR6ARIss
oxidation treatnent. 10 FIG 39 is a photograph, taken under greater

magni fication than in Fig. 38, of a portion of the wafer cross-section
shown in FIG 38, showing in detail the presence of a denuded zone. FIG 40
i s a photograph taken under magnifi cat irzgn of a cross-section of a wafer
(whi te background) which has been therrmally anneal ed, m accordance with the
15 present invention, in a nitriding atnosphere in the absence of an
enhanced oxi de |ayer and which was subsequently subjected to a thernal

oxi dation treatnment on only one side of the wafer. FIG 41 is a photograph,
t aken under greater magnification than in Fig. 40, of a portion of the

waf er cross-sect ildf. dAasa graphpIf@ull4gte (stosded dif) as dBmstion oheystsllergthal 20
absence of a, denude one.on. t.he_shiel.ded side of the er. | LED
DESCR Py oo s R BBl B8 patiib T TrneRe ik Sent
invention, @ngtdli con on insulator structure possesses a device |ayer of

single crystal silicon having an axially symretric region of substanti al
radi al width whi diG. 484 ipsimanc nipdyred by GRn alfge snreriy éarrientifating of agoi nt 25
def ect s, sugh: ) of Llicon, sed f .1 nt 41 al Vi ce
ayer 18 pr eRaf SuPAEHEL A Touahy b SEeSchork AR o R 88
defects, a JekribledusBxampleg, be obtai ned having i nproved performance
capabilities. Additionally, the SO structure ° may possess a handl e wafer
with inproved gethIExilAgdy 2 graphednyll satqas afunssiongf erypableagth foy sachpRiopoo3 WO
00/ 13211 P 9 . f ' ' ' t

di'siri buti of"SIe Sy bR erointais BBl PR iRy, (AR UL U B S8R burve,

treat ment cyabetedof (£ 3edéscebbd iraByanaslbiét rary el ectroni c device
manuf act uri ng prQgcess, .Handl e fer 5 The, handl e wafer _of the pr(?Fsie, t
0

i nventildh may be Fobt &P ivtiSTapB o SusRyiirass| iRl P erriire sragierd ahte A e art
por prepar: Rgerile ¥, Ml theSon Sialial BolHas, (e Qo SABRM dafes KRR,
ﬁan(ﬁ e t ent % usi ng

however, the ivaf er o e pre I'nvention w e prepare
an "ideal pEzempid@Ating” single crystal silicon wafer. As described

uri ng 10 essent (AT 14 SBPBEL ArNEIEdT CErHaRGF JEFepg rGERs, w11
form a denudadaQ08 @Y as a function of radial position, for two different cases as described
15 Example 7.
FIG. 22 is a graph of temperature as a function of axial position, showing the
axial temperature profile in ingots for two different cases as described in Example 8.
FIG. 23 is a graph of the self-interstitial concentrations resulting from the two
cooling conditions illustrated in Fig. 22 and as more fully described in Example 8.
20 FIG. 24 is an image produced by a scan of the minority carrier lifetime of an
axial cut of an entire ingot following a series of oxygen precipitation heat treatments,
as described in Example 9.
FIG. 25 is a graph illustrating the position of the V/I boundary as a function of
the Iength of the single crystal silicon ingot, as described in Example 10.
25 FIG. 26a is an image produced by a scan of the minority carrier lifetime of an
axial cut of a segment of an ingot, ranging from about 100 mm to about 250 mm from
the shoulder of the ingot, following a series of oxygen precipitation heat treatments, as

described in Example 11.



sufficient depth and a wafer bulk containing a sufficient density of oxygen
precipitates for internal gettering ("I G') purposes. Advantageouslly? APRi 203 .
i deal precia&i@§inﬂ waf er nmay be prepared in a matter of m nutes using
tool s which "B#common use in the semiconductor silicon napgi&g%yﬁhgg
industry. This process creates a "tenplate"” in 15 the silicon whic

detem ines or "prints" the manner in which oxygen will precipitate during
the el ectronic device manufacturing process. The starting material for the
ideal precipitating wafer is a single grystal silicon wafer which has been
sliced froma single crystal ingot grown in accordance with conventi onal
Czochral ski crystal grow ng nethods. Such nethods, as well as 20 standard
silicon slicing, |apping, etching, and polishing techniques are disclosed,
for exanple, in F. Shinura, Sem conductor Silicon C stal Technol oQy,

Academ c Press, 1 ,.and Sjlicon em cal Etchine,. (J. Gabmajer ed.)

Spri nger - Verl ag, E@Z@HR?“WWP%?}%F&F%‘HO%FQIHSW)’ GeEiEiEpERy of an
Czochr al ski - g 'g'g%;&_,q b ERNbY rHR% XHEIE RARREQRL ' i By the
25 range of %ggwtﬁtérxgl ' nt gpéérg%&t 5 X %’%ﬂgatgnﬂ cnB (Asag%lhts?gonx\cqﬂ{a’{rgb&
F-121-83). Btheabswdehs thxipgen fgtednpkisatidsaf daggavprecipabtidrhizeatafeetmednes; asres
essentially ecog@r.edsff rom L]?e oxygen concentration in the ideal

preci pi tati n{FSRPEHn 1@t Hrting” 0 2 APR 2003 WD 001 13211 PCT/ US99/ 19958
11 waf ersmay havepgs MXQ%&pﬁQﬂQ%‘HﬁttkrﬁEerﬁﬁH EREiADMN e wiridut Bk@l or even
outside the range attainable by the Czochral ski process. Depending upon the
cool i ng r at epwitiansdosamigeet, &y §escabedksiniExamplé hyot from the tenperature of

the melting point i.licon out 1410, t hrough the r.apge of about 750
C to about 350 ¢ Fitiyin grbbi o aedieh v Sthpt 10 8 ape =Ha) RRsRrefs t he
single crystghdighl, (508 vaRS&! fof bR MR ia6 AedchiBeddf Exarhsleghi ced. The presence

or absence of these nucleation centers in the starting material is not
critical to the pFEse&ftispguaphtillesiraping thedelitionshiebetweer Heswidtle nf teaxially

capabl e, of bei ng di ssol ved heat -treatiing.the. silicon,at tenperatures not
in ex_ce_@ of YEBBE I 1556n gnd ‘%éf?%ﬁ?ﬁ%éﬂaﬁi??gaﬁfgﬁ ’fa”gﬂ?:lllilo as anneal i ng
the silicon at a FERWPeriak Ph&opfaph@uh aBR0cutof Bke@heNtlof bR igdi O Sing M
stabilize these centers such that they are incapable of belng di ssol ved at

t enper at ur esahest 23 hmax weabuol5Casufrom thesshoglder pé thedngait fodlewWingteppeor oxygen
precipitates,] Urr I . . IRl . The presence (or
density) of %éfyg/rgagl nﬁgg%id%!)fl'e?g?#@ﬁgtﬁ%rgc%%gtdigécﬁ%ggr11 g?‘%ﬁé%ﬁ()t be directly
measur ed using prERRMIiya phatog@bhef dnatielcdut bflyesgmamit ansndot Gangigy Edmmay be
used, however, to indirectly detect their presence. Aseg{levi ously

di scussédl, pRteBk3& miytoRyWetp (omacirem tha honlder ehttiednedetollordng eoRpsE sili con
can be st abl ddeRtoRNd PhERLLIAEN A, e AN BhahiR2. ST LS DY
ati on heat

subjecting the silicon to an oxygerr préci pi treatnment. Thus, the

presence of theseFItiGRésd plastograph ef sn edal dundf & eedrhant b€ amriragotirenkiag fiem an
oxygen precipitation heat 20 treatpent, e.g,, annealing ﬁhe,vvaf er at a

t enper at ur e BPUBHY ma PEPOFIRAS HBLFAM ShrshoRidr gt thy ngaipiavingcarpenooo C
for Sixteen fadfafipn HPTbbeHINMRAIGAIAD ResHBE IPERSRAL 195 an [Mmpurity in

singl e cryst Icon, has t ab1ity to catalyze The formation of oxygen
preci pi 2@t e nucl eBlG.46a icephaograpkof art diisl candf otdpenent efiswirgot, rreging foen 1t

| ow concent RGP LRTRABON 7PAHM fam Tig o8 ict p b Gt cio PRSP oUl d
Pt or ably 2R B R L o proforably | ess
than 5 x 10's at o). 4tk a graph illustrating the radial variations in the average axial
temperature gradient, G,(r), which may occur in hot 2ones of various configurations.
25 FIG. 35 is a graph illustrating the axial temperature profile for an ingot in four
different hot zone configurations.
FIG. 36 is a photograph taken under magnification of a cross-section of a

wafer (white background) which has been thermally annealed, in accordance with the



0 2 APR 2003 WO 00/1321 1 PCT/US99/19958 |12 Referring now to Fig. (9 AARe2003
starting naterial for the ideal precipitating wafer) single crystal silicon
wafer 1, hA9%%1¥bnt surface 3, a back surface 5, and an i mE&GTASPY/ 18Rt r al
pl ane 7 between the firont and back surfaces. The terns "front" and "back”
in this context are used to distinguish the rivo major, generally planar
surfaces of the 5 wafer; the front su;gface of the wafer as that termis
used herein is not necessarily the sufface onto which an el ectronic device
wi || subsequently be fabricated nor is the back surface of the wafer as
that termis used herein necessarily the major surface of the wafer which
is opposite the surface onto which the electronic device is fabricated. In
addi tion, because silicon wafers typically have sone total thickness

vari ati on IprefemTppeessaping rirtlinpatmosphererindtheabtenbeo fareenhaavet gxigolager, on t he
front surfaésgﬁ and e %4 poi nt _on the back surface may not precisely fall
within a pl 8\,vm§§m§$% A58 at t er, however, the TTV, warp and bow are
typically so slipgts 3t hed phdiograph,ABEnAREECKENRE nfnifib&idH BRRINEFR. s8N fhe said
to fall within an imaginary central plane which Ts approximately

equi di st anta pastioeehthe faférrcgess-saettbnoshondn FiGcds shawisglin datafliths essemtfeddi nent ,
waf er lsis r%eat-tre ted idn an oxygen-contai ning atnosphere in step S, to
grow a supearfc‘ﬂ?leg a %“bdg |289%r 9 which envel opes wafer 1. In general, the

oxi de layer wilIFIGa8e iPa pRit6LASH ki ikder ifacdifRALSH of HarbstlEctidaldrye oxide
| ayer which fornms upon silicon (about | S t~ngstrons); preferably, the

oxi de | ayerw#as(whitethagkgieund) athich hasdwen thepoally amealedsinr aseerdanet, with theone

A gst r oot FRtion B A0k Rutoshat HERR BlesSy B ofbuaRR oBERES (e

oxi de | ayermdhaici@adsubbéqienes sutgéted wra thbawal aRkiddtios Geatagsit.r ons, while not
interfering wwth the desired effect, provide little or no additional

benefi}0 I n stedlG23 ixreprhierarh. Jakenninden greateomagnibeatian than indfie. 31.@§ i n
whi ch the : ( t.ur d

ther by | natih FPRREM SRk briioh iy P16 e, PIRAREIH oBelitod BeRiBeT
wafer | . Rifefdenededyzbné.his heat-treatnent step is carried out in a rapid

t hermal anneal er_in which the wafers are rapidly heated to a target

t enper at ur e and FAHné81sephatogragh takempdenmagaificalionok & Fress-setipn ohdrt peri od

T150 C  rHEIBRs hat R FhiciinS SRk el gt BEPE R datoe B BRSSO
1175 Q5 norpespntafre¢raidhyinad nitrithisg ataloapiterd 20be @bsenteslo fms entpneddedddd mybet ween

about 1200 C and 1275 C. In the first enpodi nent, the rapid thernal
anneal i ng Sa[ngbv dcgl \gésrs(qbéqﬂusﬁt@y sybigoted to a thermal oxidation treatrnpent on only one

side of the wafer.

FIG. 41 is a photograph, taken under greater magnification than in Fig. 40, of
a portion of the wafer cross-section shown in FIG. 40, showing in detail the essential

20 absence of a denuded zone on the shielded side of the wafer.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
In accordance with the present invention, a silicon on insulator structure
possesses a device layer of single crystal silicon having an axially symmetric region
of substantial radial width which is substantially free of agglomerated intrinsic point
25 defects, such as vacancies or silicon self-interstitials. Such a device layer is preferred
because, due to the absence of these agglomerated defects, a SOI structure may be
obtained having improved performance capabilities. Additionally, the SOI structure \

may possess a handle wafer with improved gettering, the handle wafer being capable



presence of a nitriding atnosphere, that is, an atnosphere contaiqgﬁgg, 003
nitrogen gas (N~) 5 or a nitrogen-containing conpound gas such as A‘g
which is C%a§R2ﬁ2§f nitriding an exposed silicon surface. The atnDsPhere
may thus consi htirely of nitrogen or nitrogen compound gRETEPY1995kay
additionally conprise a non-nitriding gas such as argon. An increase in
vacancy concentration throughout the wafer is achieved nearly, if not

i mredi ately, upon achieving the annealjyng tenperature. The wafer will 10
generally be maintained at this tenperature for at |east one second,
typically for at |east several seconds (e.g., at least 3), preferably for
several tens of seconds (e.g., 20, 30, 40, or 50 seconds) and, depending
upon the desired characteristics of the wafer, for a period which may range.
up to about E? seconds, (which | s nearﬂépe,Linit gor comercially available
rapi d t her mSf [URiRS R pdepl nepunifoan depihfisiabution 9] 9xyigan aresipiiates upen bajag v
uni f orm vac I I WY £ 1 I 3 f.er. Based
upon experiﬁe %ﬁﬁpgﬁfﬁgﬁ?EwﬁﬁPé?ﬂgg%fggﬁﬂﬁﬂﬁ’%ﬂ@*ﬁ%ﬁ%ﬁ%ﬁ@?@ﬂﬁ# Si ch t he
rapi d ther nmtanafaetaingnmosssep is carried out preferably has no nore than a
relatively small partial pressure of oxygen, water vapor and ot her
oxi di zi ng gases; that is, the atnosphere has a total absence of oxidizing
gases or a pahlledlafpressure of such gases 20 which is insufficient to
inject sufficrent quantities of silicon self interstitial atoms which
suppress the bui [Tiehpndie wederaxfdhe prasemnnveatipnmay battaned&omeesentialiyri t  of

Gormonat 1 ot o FARTED o RioR i ARarE B el SR ER s B B A her o8 -
(atm), or L5000, PaitbBbRehoWkddrl 913 RO WadRITitHApresfR i RAHGRARAL b Vacancy

concentration and no 25 effect is observed. Thus, it is preferred that the
at nospher e Ipeepered usmgtdndlidgst pesipitatiog” sirglgernystaldilobhevafoxiAdidesanpedases of

| than 0.01 at 10,0 : ferably.th tial f
hese. gases PRVIE (st Ep a0 seohaoR) SBiaipRiay b6 Porwararticn Buggg " © °
ppt ua) ,10Mor @ssphtRi B A eledhdnIBerideABERAin Op R ssativill fdrRy D@RuBA 268k ofand

nost preferably no nore than about 0.001 atm__(I, 000 pptua). Q 2 APR 2003
WO 00/ | 3211 syéiTiasbdepth gnda walarbudly epntpisingtaosudBeisntrdgnsineof axysen prepipiptes

i Lot uti on BB BN 13 SR AR e PR F M T RRRSAARE b o

are present nay belpeeguréd Qmatardfimiguresusing abols Whiiears iiCtmhb®tisedather s my
be forned, for, exanple, during the growth of the single crystal silicon 5

i ngot fr om s#imispndustongaticop mand faqtpdegiindastrys sThis prassesfresiesed demplatee int her
event iR th ' [ ISk ' ‘ ' .. from
which the wirayen WA B Mt bt it the b dfTh Rini Ol el M) bRl

nucl eati on defigths elgttrohie detvire mharmfamidg wbedss. not critical, provided these
centers are capabl e of  being ,d@sol ved duri, n?qt,t he rapid thernmal annealing

step. 10 The rapitgesReingmasrakior thided Precipifatiag valer 15 g Sge Gystal sflifBer of

comerci al | i: L | o i N v )in kg which
nafers are F o O e el ot B i e P ces
are capabl ecafvendgal Grotiealskinyystabglomimgmetibds., Sectgmethblie s wekkacapabl e of

heating a wafer fromroomt erature to 120Q .Cin few seconds. e such
conmrer &Pal | §tanaasg F‘é’tﬁP’éSW%’ig’pﬁlﬂg’rﬁ@En&é‘n%ﬁéﬁ%%Fecgﬁlﬁuﬁﬁ’?\ ‘égo ag}abl e

from AG Assqg] ( LN 4 s i f ; nci es

and sili conggg?élg’isiﬁt ersty ta%aé 4 ?&nd%)mbs Li2bh cF5e 11%%%%9 ‘@sﬂf?%% e

crystal sil 128 and Bilicoh€heatien] &tcldné, f(lGrabmbir ed.) Spripgerel artag, Nepéfuthnt . The

concentrati OQZE(EO“ le of .intrj nsifcwgoi nt defects, therefore, is a function

20 of the dif¥ _é;’i"iﬂl?‘ifa'ﬁfi hewrin PRIFEREFD: poi nt def ect s and the reconbination

rate as a functi @Eofﬁeralglﬂ- S0 AHion @Ealyﬁﬁp&n%x B cofrbhtriRDhGvifkdh Bfe defects
I i

are relatively no at Tenperatur the vicinity of the tenperature at
whi ch 28e wehge of sbamfeal 02ttoiabouh® xrldfiatornslemibh SENhetandardgF 42 bB3wher eas .
they are esgentially i mobile.faor co rciall ractical .tinme period at
t enper at ur eée@ps%@emgeweq@aa@n gy@?ﬁ@?ﬁ}%‘ﬁ? Fgggméﬁgéﬁb%lyai ned to-date
suggest s { hiloohiRaHdrP Helokgadh EdishRRidndhOldedAGRIIG Ao AUG HeRRSHAET APl ¥

at tenperatures’less t ou and perhaps as




great as 800 C, 900 C, or even 1,000 C, the vacancies can be considered to
be immobile for any commercially practical tinme period. 0 2 APR 200Q3ARD 2003
00/ 1321 1 PCT/ US99/ 19958 15 Upon conpletion of step S2, the wafer is
rapidly co step S3 through the range of tenperatures

crystal | a?\b':ﬁébg) %acanm es are relatively nobile in the singl ?(&%E@élwss
silicon. As the tenperature of the wafer is decreased through this range of
tenperatures, the vacancies diffuse to the oxide layer 9 and are

anni hilated, thus 5 leading to a changg in the vacancy concentration
profile with the extent of change dependi ng upon the length of tine the
wafer is maintained at a tenperature within this range. If the wafer were
held at this tenperature within this range for an infinite period of tine,
the vacancy concentration would once again becone substantially uniform

t hroughout wafer bulk 11 with the conceng%ﬁ%j%on ei ng.an equilibrju vaI ue
10 which is “QRIBSMARNAYS 210X YEEH CORCRAAHRN oWitin oz eyen oytsids thei e

vacanci es i ﬁ'a%a%lc#*ﬁe&‘?ﬂaec@mhﬁtﬁk?gr&fes t he heat treatnent step. By
rapi dly cooll th however non-uni form di stribution of crystal
| attice vacanci eqummdhgwp:olmlthve@blmgtrhtetdfehmglwmsmmnmymgohﬁemtthat| on

b t tral pl 7. t d
n e di r cdPRBFFaGRe b enRORRERAFT AL Son ot AgcE) CuPr e beams A Eotlaf or

In general, 15'0@@%68{11%51%9@9@ Bgygeatpﬁecmxia*fe ﬁhctléh'n%nrc@rﬂ&%nﬁ%{ foRAREHRISHAS | S
at | east about C per second and prefera | east about 20 C per

second. DepmmtﬁgllmonngMeerngfnddthde‘{ﬂfﬁ l@ﬁyqelde The prrserreasrbsench of Beer age

cooling rate ref er abl st abo r_sec still nore
preferably a{i“”%a@? C?ﬁﬁ’ﬁt‘ni%&a%n% \‘Rf fﬂ%@\?lqr?ﬁﬁn&&%’gwnﬂ t he
range of abqithvided hotwewer, Mcherﬁ@rs%Q@&pBSFe o?%@@@dhé@@]v@@b?h@ﬁ&%ahﬁo Heef erred
for sone applications. Once the wafer is cooled to a t enper at ure out si de

t he range ofsmc@mérqmnre@r@tnqmn etvesrafabant 13890t 1(G Cartapmhent-dreatmants, siclit i vel y

S oni 11 Kot 15 PG RS kER abempetayt 0F EREsRIPC AL Ry Bl 0BT S ana

thus, does nedbilRnAsde detdPSsubAthAWhSY £k iddaf@le o OBEINE Bis&INddyat téxﬁﬁer@l@fﬂsi ng
step may be carried 25 out in the sane atnmosphere in which the heating step

is carried dwtinexpess efrbont 113" Galbe detsctiapimis foreaxygen BisCORYIGR it

pr eci pltatl I r aled at a
tenperature of-Jg g@b @l’ﬁ xn$6ﬁﬁr65§%$t§§§ﬁg ’ﬁheeé]xjégetn‘ég ?éirerpe tg g?% 1000 C
for sixteen giedipiatiof duRldatibh \¢etyrs chh&t%fdﬁﬁcﬂﬁmbmd&thstﬂymesenﬂyramatnble\/\hi ch

is at a tenperature of about 800 C as_the first step g APR 2003
WO 00/ 15911 tpebniqusso Veoigsgterhnighesanay i ESfdeb?‘E%Veﬁsémﬁda@PﬁY fetgctihtiEess. When

| oaded into ﬁ'egeHE Rﬁg?évlcglﬂ 1P disGRRE e‘éii\‘jsﬂn%ﬁ%@%hi\‘é #é’ndc%'ngh)éeﬂtgﬁrml

anneal ed waf'er WI ve separate zb ferently wth
respect to qnmlxmmnmambxhzed dnd piréedpitatepcav de gnoyn atetgeaersste{byne waf er

bul k), oxygen clusters rapidly as the wafer enters the rnage. Bé-xS hhe
tinme the Ioaséfpﬁﬁtlﬁ% Siligonta aPé’xV%eé’d?f@ﬁp”i‘tFPé‘ Qﬁah%ffaémFWnglP dBERISSAICE Phi shed

and a distrig Hége'n‘ﬁgle%or?lf*é{ﬁ&% cin irﬁixx@&?f@@ﬁl !‘{&%E@Bﬁ@ﬁé%éﬁ;ﬂré’cxfﬂ?ﬁﬁﬂh@ﬁ

initial concentration of vacancies oW vacancy ions (near the
waf er s20 f acem)menthegyafimzaling tizo esfet atetempamturalof 86F °eC fovfoshhauas kxd then

pre-exi sting o0x r ecl. pi a,t nucl eat.i on centers; that is, oxygen
clustering |a§aﬁé%pg3 ?9};3@6.60 fHSHERRAUS ure is i ncreased above
Substitutional carbon, when present as an impurity in single crystal silicon,

has the ability to catalyze the formation of oxygen precipitate nucleation centers. For
this and other reasons, therefore, it is preferred that the single crystal silicon starting

25  material have a low concentration of carbon. That is, the single crystal silicon should
have a concentration of carbon which is less than about 5 x 10'¢ atoms/cm’, preferably
which is less than 1 x 106 atoms/cm’, and more preferably less than 5 x 10"

atoms/cm’.



10 800 C or if the tenperature remains constant, the clusters in tg® app 203
vacancy rich zone grow into precipitates and are thereby consuned, ereas
in the vacq8§%8|ean zone not hi ng happens. By dividing the wafer into

various zon #33hcancy concentration, a tenplate is effectiREVYSOAENSd

t hrough which is witten an oxygen precipitate pattern which is fixed the
nonment the wafer is loaded into the furnace. 15 As illustrated in Fig. 1,
the resulting depth distribution of oxpgen precipitates in the handl e wafer
is characterized by clear regions of oxygen precipitate-free materi al
(denuded zones) 15 and 15' extending fromthe front surface 3 and back
surface 5 to a depth t, t', respectively. Between the oxygen
precipitate-free regions, 15 and 15, there is a region 17 which contains a .

b iall [ d ' of ipi The. [
of oxygen’ pr vcl piRGFBLS Fo llF Bnt e RENEEERE O iR R RURE Balrea | ng

step and secpipl@Edyktal 8ilicti Wak@n, Bis 4 AEntGAThid Y aNAkesurkdte $SREd & imddheary
concentrati on of oxygen preci pl tates increases with increasi ng terrper ature

and i ncr easiosptralrpiend 7 hgiweenthe front andbankasurfaeess fldp tervist"firopt’eandfback"dn

densities in.the r e 25.of ..about x. 10" to about 5,x 10~

preci pitat eg]/-“é ﬁgmﬁg{%& %‘bﬁ (Hgtfrﬁ;gu%'gtg? RSP, °38%f6{‘¥. p{a,na{ surfalpgsrﬁftth% front
and backs suni e she frésixefaty 6f the wafer@¥ @€ term P L&A HekdiRd{EndimReessmg thal
(denuded zones) 15 and 15 is primarily a function of the cooling rate

t hr ough t he suEpgredTHe (Yhick amglectraniofsvess wilsbasquentit befabrigetad aows tha e

Gocrenst ny Dt A Subd SRRr ot PoBERE' Bpoca B B Ratly e I ARBEEQL L
denuded zoneh&epiehsvinEh ﬁtongﬁﬁetthﬁbﬁtHce b8to Which &2 eltPronfdevide i9fabeikead 100

m croneters bei n.% at t ai nabl Significantly, the depth of the denuded zone

i s essenti allnpddifigapkargrsesiligontwrserd dyrically hiswe sorae tqteldhickngss vasatioze

manuf ac{dur i S i i1 :

out - 1 o1 GATE SEPSR v, @bl B eBR el B BRI IRREAR %M, 1 api

t her mal tr eavemiointespihepack surfach ity poopesiselydyl] witkin 4 plafe;tda@ poadticdi f f usi on

of a small anount of oxygen fromthe surface of the _front and back surfaces

of the waf emMatiehdoNRYGhtNGT T Yutvamp 3nd ponaare hpicallysp slightthaytoagloset han what

i s observed i i : iR BBt zones.

As a result ab@rg&?ﬁ%&%fgg{?ﬁg?@gﬁ%??g? ?ﬁg?%a?g? l':,E}fuﬁave gggu sctegﬁ?ilbg%%y uni form

i nterstitialwhiolyiseappeaximerety afuidistamtbetwdennthe fromt anfl belcls suarfames.f r om t he

silicon surface. For_exanple, prior tqQ fhe oxygen precipitatign

heat - t rat ment, tR& %?@walllnl:’[‘)thgé ré‘%%ﬁ%ﬁﬁ%&&? OX}ECRS PRI ent r at i on

of interstit, %l;tg, :Off 5o f ] I he, waf er

whi ch are w’ta%rﬁ(:')sﬁﬂg%eggg tJerSD'anb ronggﬁeﬂgﬂg osxituiﬂ?elg%% ggﬁ?l%ggé,@a%?égére#'erﬁlabl y

from 15 t he gemsrtlptheodxitihysi Willclave aghickugso mhiabfis greetentifaarthevhatofe caiide wi t hi n

about 10 m grons,of fhe silicon surf .z even nore preferably from.the

center of "t e piLS e pofia ASEPTh PE TP bR THer ER A

mcrons of GLhgicRAdsk At RHdtf86@)209hstBmE akd, 9h 86@bEMbbAieiBrtd) 8 legnt er of the
f the wafer which are thin about 3 mcrons of the

silicon to regions_o . !
si | i cor20sur fabowt.251 Angdtiosnscarrevencat, least shaws 8O mtngatroms. uBk fesimental wyislance
concentratiop 20 shall nean a variance in.the o en _congcentratjon of no
nore than aﬁgiﬂnegd%dab‘?’@f’&’%% Vgﬁﬁ?ﬁﬁ%oﬁlﬂ%ﬁygﬁﬁé n 6&}?“:&'“?5 Ig{)eg}er B erably
no nore thagyahaet A4St omky WhiahbdinteP¥MEE WitANRE ARirk@ L0, PRMdIREALFREL S dO
not result in a substantial anount of oxygen outdiffusion fromthe
heat - t r eat eddditibmal.beasfia result, the concentration of interstitial oxygen

in the denuded zone, at. di st ances e th A M _Grons.fr t he

waf er surface w I?P sﬁBtSZSt;hama? ré%‘ﬂ{ﬁ"?{;?egﬁg%glee?gt\sfgag%%rgﬁsg’e qlll}garﬁ Iéh%) »?ar?grs )
preci piasati qfe Heaadd-tblaaldvRk terpéraictdfben and thehy desrextedhengbeidehkiey waf er
consists of the I’E?I on of the wafer between the surface of the silicon and

a di st ance, ofrygtahlattice ecanci¢sddsin wales Proferabdy. drisheatdyeatmenstepused from
the front surface and toward the centra I e. 09X co tration at’
a position Wﬁg Hufl He? @8%‘&8@”?8%6 il%hhrcéﬁﬂgwﬁeps ardtpldt) nedldd ' ‘

target temperature and annealed at that temperature for a relatively short period of

time. In general, the wafer is subjected to a temperature in excess of 1150 °C,



12 APR 2003 WD 00/ 13211 PCT/US99/ 19958 18 at a distance fromthe sig4 QPR 2003
~surface equal to one-half of D, wll typically be at |east about 75% of the
peak concewOro@iiBzin of the interstitial oxygen concentration mmywvwésresssn t he
denuded zone. For sone oxygen precipitation heat-treatnents, the
interstitial oxygen concentration at this position will be even greater,
i.e., at least 80% 85% 90% or even 95% of the maxi num oxygen
concentration anywhere in the denudedl%one. In a second enbodi nent, a
non-nitriding atnosphere is used instead of the nitriding atnosphere used
in the heating (rapid thermal annealing) and cooling steps of the first
enbodi nent. Suitable non-nitriding atnospheres include argon, helium 10
neon, carbon di oxi de, and other such non-oxidizing, non-nitriding el enental
and conpoungte@stsls at RastTil X$ ACemond prafegdbl garsiesst addig 1200°C bid HHosg

at nosphere, like the nitrjdi n% at nosphere, _may contain a relatively snall
partial prergareblypeiegnaboutil2z@0 "Cangdeiy af. pressure less than 0.01 atm (

I 0,000 t , | ] ; .
preferabl y | oss PR fBiaroRRshe 58 Bk BB i s s LR Bung V' P
than 0. 001 presence ofa A}Adippatiagsphtre, that i) dntatebsidta®sttainSigafitrSgen gRENHher mal

oxidation step).is omtted and the starting wafer has no nore than a native
oxi de |ayerOr APEReentgniggramprdnd gaeiriaas smanis whish srcapebls oiprding

nowever g, efet L &ttscd T AH0 RN £ UR.ODRSK UG AR ARI S havi ng

an oxi de | ayer I's greater 1 n thicknes an a native oOxl | ayer
("enhanced mixioden taygnin) gas oaiteay adllilionally comgese a Wérenittibimgvmk suckcaznt ai ni ng
an enhanced oxi de l.ayer iis annealed in a n%rtr gen at m)tspherg, a

subst ant i al FF§O/NIMIARITFISALT VALERCY FPICARITANIQRA 898it%‘ﬁ81§n‘t’% st ISGRhieyedBeATRY ed

throughout #he; M&B@&iat@@?ﬁﬂ;ﬁaéhﬁe MY the Wg@%ggﬁzerﬂﬁ%ﬂ Trh%%ﬂ*éf‘ﬂgl he

anneal i ng tenperature; ernore, the v concentration does not
appear 1@ o sgegwrdliydenhdiytained netseteapermtifrel fimtat tmstafneancma| typicdliyrfer 25 at a

gi ven annealing tenperature. |If the wafer |acks anything nor han_a native
oxi de | 2y or B ST ISRETES (k- %frl_aa%ﬁbwr%fifﬁ?lﬁegseaﬁ IS RRFEOTES & roal ed in
ni trogen, ,3d1Q0EYES0 sekhhis) SRULEDMINMAIRN tHE ddsirBRYRar ot MAGRO Y tHAREEAL r at i on
(nunber densi’ty) profile which is genérally "U-shaped” for a cross-section
of the waf efor atpheed whjchanay rangé wpita abonté&hsacandsdwhigh is nezratbe limit for wi t hi n

several m cronet eraz1 of ihf frgﬂ‘h anq 0, 2 A?g 2003. WO O /13@1}1

PCT/ US9911 FOEATG AT &ailabis BRIEherma! 2neaiesy); JAp jeCBing 4o THAPF ek er
concenis at i @MWkl unPofH vaddat P dem@Hiratidnudber dehsity) phbfilR ih Mige Wtk TUM
concentration in"the wafer bulk initially being approximtely equal to the
concentrati on whBeadediugombxperimedtal avidefcsrobtdinad taglaten therdtemsphtroxi whichayer .

iR N N T T e S
| ayer. small partial pressure of oxygen, water vapor and other oxidizing gases; that is, the
atmosphere has a total absence of oxidizing gases or a partial pressure of such gases
20  which is insufficient to inject sufficient quantities of silicon self-interstitial atoms
which suppress the build-up of vacancy concentrations. While the lower limit of
oxidizing gas concentration has not been precisely determined, it has been
demonstrated that for partial pressures of oxygen of 0.01 atmospheres (atm.), or
10,000 parts per million atomic (ppma), no increase in vacancy concentration and no
25 effect is observed. Thus, it is preferred that the atmosphere have a partial pressure of
oxygen and other oxidizing gases of less than 0.01 atm. (10,000 ppma); more
preferably the partial pressure of these gases in the atmosphere is no more than about
0.005 atm. (5,000 ppma), more preferably no more than about 0.002 atm. (2,000
ppma), and most preferably no more than about 0.001 atm. (1,000 ppma).



Experimental evidence further suggests that this difference in beh ViAPR Hfy
waf ers having no nore than a native oxide layer and wafers having an
enhanced ¢ hgyer can be avoided by including nolecular

anot her o§¥gﬁgrtgygas in the I O atnosphere. Stated anotheroﬁigﬁgaﬁ%ﬁs

waf ers having no nore than a native oxide are annealed in a nitrogen

at nosphere containing a snmall partial pressure of oxygen, the wafer behaves
the sane as wafers having an enhancedi4goxi de | ayer. Wthout being bound to
any theory, it appears that superficial oxide |layers which are greater in

t hi ckness than a native oxide | ayer serve as a shield which inhibits
nitridization of the 15 silicon. This oxide |ayer may thus be present on
the starting wafer or formed, in situ, by growi ng an enhanced oxi de | ayer

during the annegling..s ol i the .i deal precjpitating waf er
process, then efal_grag,gmtohgggfdr%ns%ﬁg?é Eg)?’nogcbﬁéal@B'fedv"icﬁggﬁﬁﬁhgﬁ ®aling step
preferably theiadhifeaingdteh icabsep tRsdisotutidn dftany @astkbidbedbx PddQPdipitad (100 -
pptua), nore Egejerably a partial pressure 20 of at |east about 0.0002 atm

(200 ppt ua)nuckeaiion ernters 3disisarp PESsERUBIthe tilicensiawiag masewale rThescmicisation al

pressure of rab neft . 0 tm (10, 000..0ptua), and
is nore pre g?rég%ﬁ& Bgeggs eﬁa@SQ%ﬁ@%&ﬁ%“%?%%ﬁ%ﬁ% Lt}ge)s,m%l icws?ag&hggn
preferadl y ihgsSrdnh amidh thO ¥ afdrivas(sBc@)Or pPh beseqadide BOSEmP befee el i thess
than 0.001 atm (1,000 pptua). 25 However, it is to be noted that as an

al ter nat i vePreBoRR themmal hepteny oAtho¥pieprohiae inapt opuvhichithpmaseis diced. oxygen,
the siliconryafGe oFRYncE gFablerRE oPHRLEEIA: 0N Bk TR < BANGRhate i i BRI

t hermal anneal’, t PEatment _Unaer an oxygen at nbsphere Al ter anneéﬁlng under
a ni trogen aiticasploeidedohesa catatsraad catabizsqiiveing, dissoladclutidgnherapid thergiabp SZ,
is conplete. The oxygen annealing step may be perforned after the wafer has
p 2 APR 20(37$AHNEGIP3211 PCTNS99/ 19958 20 been al | owed to cool or,
alterngfively, (4 : i he wafer is
still ﬁz)t after t erQ ﬁ?ﬁa lit erapnéaqla&ggﬁea H?Pgbn(é{g?flge%h%%r?gl eted). ' .
Fur t her nor epmintdrsialdy yehbimpidl thatred anmaaling ('IRNAT) furnaeespiarttiredfefsoare any  of
t he above-descri bed enbodi pents as.a neans b ich to further tailor or
profile then vigye E‘?ﬁt%‘i’%g‘?‘?ﬁk@é’f glﬁli RM‘Y%%“R%&A@%FFWF@?P%}?&? as such,
the resul tlBgaRHedthe RUHER Walth e RAIHCSd tdab D r4RLGE o Wabdtn RBHNY hel d
to any particular theory, it Is believed that oxygen -annealing results in

t he oxi dat itemperitutdite 100 °€oin astewf sgcendsn Onesuclacompgtdillagtaglable Rdideat e an
inward, flux, of silicon,self interstitials. This inward.flux .of .self

nter ot 11 fBasels eE0R p Bt bl B AU At OraaBvies,
concentraticyy profile by causing reconbinations to occur, beginning at the

surface and then noving inward. A region of |ow vacancy concentrati on nmay
t heref ore be cr dnirigdic\pleins idefects| (venanpigs and silgereselpintarbtitiala)tdre papablatof

treatment, results in. a.denuded, zone hayin d .optimzed for the

par 11 cul ar SRR robntheo RELAfi K st St BR b B FPatl <1 1 con

wafer. 1 S depdndgnt, iTHREoNEdRIat of pMIfE of HitriRePKoIAONTENE, tRérefite,Qf 2 HAGAGET €S

within the bulk 17 of the silicon wafer, the depth t and t' of regions 15

and 1520 r ofpectiffusviy ofthy infainsie pedtt idefects and dheresembipption nate o3 4 fungtiethe rat e

at which oxi.dation of & he surf rs. . khe rate of. oxjdathon is in tum

dependent 6’6 SAEST qﬂ??bel:ﬁor 8?@%}8’?@?2?8@%% ﬁgglégf:ﬁgtsgfenﬁgaéwgﬁ %‘oélil)ena itions,

t enper at ur eeraedardtsat tHViethity BE theQ¥mgedatued atswkigh tieowafex faiineale2 thoie rate

of oxidation will increase as the concentration_ of oxgqen in the atnosphere
i

i ncreases, ragid thermal anaedlingestepywhereas Bsy amgfssentigiy iamopile feranyi s enpl oyed.

It istob ted that t . I L4 i ive treatnent
may be errpi%?'lqghgﬁl@ﬁ%l%&agﬁ%?Hg{g%%bggaf%s |e{r‘1z'l'gt‘9ﬂtg 8P?srerrx%%§?%‘fzdr)ég?édurati on of the
anneal25and Exbemraemer évidened dbfainet So-datesuggdshrethaiabip effedtiverdi ffisibhateasmospher e,
as well as the oxygen 25 partial pressure) in order to optimze the depth t
and/ or t'. vpesneigeslowsiconsiderablly i temrnesaiures dg8s Pranabeys, J¥h érang)y?fbﬁérﬁsc st eam-
i s enpl oye [ | &\t LEess o [ will be at
| cast abou s boud (CBg SpeRsebio oG, e AEhdld chl Be BATIIANLRSIL | 0003
(200 ppt uakmmbobilé Rirsny @emmtkréiblly praticdieinoseeiddt hat the |initations placed
upon the oxygen content, or partial pressure, for the thernmal anneal Qz
APR 2003 WD 00/ 132t 1 PCT/US99/ 19958 21 step SZ are not applicable for this
optional step of the process. Furthernore, if the peak concentration of
vacancies for region 17 is to be substantially retained, the tenperature of
this oxidative treatnent is preferably in excess of about 1150C. More
preferably, the tenperature is at |east about equal to the tenperature

enpl oyed during



5 the thermal treatnent of step S2. Wthout being held to any parﬁ' CABRRhO03
theory, it is believed that if the tenperature is |ess than that enhploye
during the thermal treatnent, the peak concentration of vacancies in region
17 may actWQW04132dcr ease because of the direct reconbi nati onPOT/USERERA%S es
and self interstitials. Once the oxidative treatnent has been conpl eted,
the wafer may be rapidly 10 cooled, as in step S3 above, through the range
of tenperatures at which crystal latti (S‘e vacancies are relatively nobile in
the single crystal silicon. By rapi dI)} cooling the wafer, the vacancy
concentration profile is effectively "frozen" within the silicon matriXx,

t hus establishing a non-uniformdistribution of crystal |attice vacanci es.
It is therefore desirable to cool at an average rate within this range of
tenperatures of at 15 | east about 5 C per second, in order to avoid the
vacancy concent r lpoarompidtione fistepcsy, thasvaierds rasdlyitobkdan sfep Spttverghght ost  or
erased. Preferably, however he cooling rate is at |east abqut .20 C per
Second. It FEeE O BRRRiGS chybi Vel 180i6F Frigneiee e elalew garpiiedn e

resul ting pegkiel ; furd bl keE0k: i i n the
desired pr o?liﬂ lgc?}c])ﬂ%ééﬂg%tn éi%\setg,@E?‘ﬂg&gtvmefgég@%%gr?%g&%atsg@%@j}%etﬂigtr east
about 50 C 20tepperaeresytbie vadancies d{ffuse ® peroxsdedlayet,9 rd arp atrdhiddied; thi800 C
per secqnd or .nore. ce .the wafer is cooled to t enper at ure. qut si de the
ange of 1 elfBARLG RS0 it Hakenss eIeoR A o) B X anbOr hES vel y

mobi | e in tRehentin@upofiiNSleAbthSdf tirkOthe WdTer iQPrQJiﬁtBEer%E;éﬂr%?am%Rviﬁi&P% to
significantly influénce the precipitating characteristics of the wafer and
t hus, does range.apithawater vase Ralldraﬁ\miytmnemtwlwitlﬂl)nhiemr@#tfblyan infirit®5 cool i ng
step may be carried o in the sane atnops re in which the. heating step is
carrieq” out P & nddbaibabey saf TR Rl FRR s Bedip bR RuRER BT o el ve
to control | yRigorhd@r DEWaPBARNET with e dohedrittgioR belRaneqaflibadnUatlicng t he
rate of cooling, as described in detail above. Accordingly, when this

oxi dat i e t whinhrie aebstantisHy lasy dennt the cerseniraepn oforystalfmtico v&Fange00/ 13211

PCTNS99/ 19958 22 rate of step.S4 reater th th her.ein descri bed.
In additi onfrg{?gﬁaée?)f ﬁ%comﬁgtm ﬂgﬁ‘gﬁ‘gﬁé%s%‘%gﬂe\?e@eréa?dﬁké%‘%”i“% rt‘}bar eferred
when the degiafeechdi@fieh aGfonturfforin dibtsibiifloresfc@gstal latticevaébies 64n d Cr ons,
several tens of mcrons, or nore. It is to be further noted that the
f1exibilityadievedeadtibihesnaximum, eacanesraneeitrajor hshiges of Reas cappl oler 7t o be
successful | r.f E r.atd unber
density) pr%?ﬂﬁg V\%ﬁ% c?{gcegter\ég{xgPF%Q%&%HS%%%?Q&%rOg%@%? ?{(%%{Bya,([{aas not ed
above, 15f abyekisurfabes iofl heordfyr. alnngenenat; tixavdeagdeayelingaté ithinethBraggerdface i s
subjected to the thermal anneal step SZ, the resulting wafer will possess a
vacancy pr ofSmInsTaipies i 3tdeagbaRaul 5| PQ&SE‘FP&‘S@G.‘LW@”%’%?%EQSF RPUE L RC RNt er

to this 10 oxidat i g t t ' file
may be-ai t v iy pebertiit@on hE AR acpli\t HEARNIALI GORE Y B0 0| |
order to yi edtemay gexferably bect deusy a0 °€ pensadond pstipombee prefetablyha lcageal

Dt ci pi t at| APAPEF CRrepgeoad. i Spoliia S e brdrhenrheoldr < fosbgus
precipitati r > er may
be expoged ' x{%ﬁﬂé fRaed ftfsoidi dpBlidatioRBY gwafane or
nor e n???i d??\%c@oéérﬁg%%gi ingﬁgggpég.ﬁ-gor&éggﬁpa?g,l tlﬁggbgg%urfgce of the
waf er may beoddethtoseidntperaturaiontsidh thg rangews pimeperatarsestahwhichomystal Uatfiece i s

dt -nitridi. t h . At tivel l.tipl f
(oo et O Pt werpietivdly el ehn e sindle GRABR SIS e frtuirednt A0 ng
stacked in fafer {o%i%xgﬁéarﬁl&riﬁﬂﬁﬁ{& Mhe pra€igiattiy @ik Rekristics Hf the WARAEAA tHuse

faces which dre in Tace-to0-face 20 contact are nechanically shielded from
t he at mosphdess ndtieppegr take wamreadly icnigical AGoarerientlis the cophigg dep orai begcangash t he

oy gen B ecPiip A e reR i PR M ey s RPR °P 2N LY rred o
only upon the siggsted S|, liee wafeels sibjestedab ah beygarpreeigitaivicheastredtabned, e. g.,

front surface 3 ofthe wafer (see Fig. 1). 25 The starting naterial for the
pr epar at i onForf example)dke wpﬁeémapjihe@npajed,@faetpm@ggpngg of 800 °C for four hours and

then at a temperature of 1000 °C for sixteen hours. Alternatively, the wafer is loaded

into a furnace which is at a temperature of about 800 °C as the first step of an



a polished silicon wafer, or alternatively, a silicon wafer which B&sAPBRe003
| apped and . . etched but not polished. In addition, the wafer nay have
vacancy or wedo/sniierstitial point defects as the predom nantpdatrigivdbss

poi nt defect. For exanple, the wafer may be vacancy dom nated from center
to edge, self interstitial domnated fromcenter to p 2 AP R 2003 WO

00/ 1321 1 PCT/US99/ 19958 23 edge, or it nmay contain a central core of
vacancy of domi nated material surroundd® by an axially symetric ring of
self interstitial dom nated material. Utilization of an ideal precipitating
wafer as the handle wafer for the SO structure of the present invention is
preferred because it affords the neans by which to effectively trap
metallic inmpurities within the bulk of the wafer, away for the insulating
oxi de layer gfecttdific B6ASE Fanuiié R ProceNS WhéLRHbEd inkf £RirRAdedtk BFs f or m ng due
to the precipitation of nmetallic irnpurities occurs within the wafer bulk
and away frofmpseatene; theqaevioksiy sapidly shermatangealpd svafesyall have sdparagcrones

: i . he ' | f the,. f th
oresent 1 nventlbehlitsredl et G 1o BBt BealBudiymibh Mendafa®y [ ogi on
whi ch i s subgdgidnisigielwaftr BEkNfoxf GG chigedratpily A fHenwifer @drs thedRbRieé SByW t h

regard to the formation of a single crystal silicon wafer which is

subst ant ? al | heftimegethgfloagding tegemesattrs is faaghadwiicchistaring paeogseis finashed apdg be
obtai ned, it 4is: LY tialy COok [WelcI0)
nt i nsi & pof itpAoRSs BRRER Eened ErlcRRRARE ohfY R o BNEbAGhRuRe

cool s from t hecaheef elnathe i v Fhcamoy redidrisqasar tie wafesurfaay)Uthe Whi&Gehbvesa
tenperature greater than 1300C (i.e., at, |east about K 132SC, at | east about
1350C or evehkag nomead wadeioihich daekepre-gistingioxygempreeipiiate aueleatnn Gegfers;

concentrat | O{hans %y%}"ggﬁ gﬂ%g&ﬁg%f ﬂ&teob%&%&.oJ\L gt tP%PEl}aﬁlrg i%tih&eé(!e@ﬁgo\‘/g‘er evis

the growth vel oci € average axi al tenperature gradient over
this 2010 enmpeo@tQobeiffthe gempdratues tetmasconstim, the glusierd in thovadaney getszomg val ues
of v/IGo, a transjtion from decreaﬁi ngly self interstitial dom nated growh
to i ncreasi ngIoy RRRISEIPIAtHRA pedheEBENsBREd eheeasin hecfaraicydeanzange of

v/ Go whi ch, C nt I J L about
2 105 onZiorE EEAhC Y Bi(ie MU JaNbBL AT B vaciBP el B0
axi al t enper atampdatgiselifemivelyscremed thamtghwiitith is wriittert anrpxggen preeipitategattelf | ned

above. At this.critical value, the concentratiops.of these intrinsic point
defects are % lcgd%?‘?‘?‘gmedﬂ?m ?/3’??“ 01?‘#'@ ”\'VQIQE%W“WGO exceeds the

criticahsval ue, tJ&@u@&%?éatihqii&.qnt&frem%pﬁﬁdikﬁ%ﬁ&?@%x ek BYdcfiatds the
value of v/GQ falls below p 2 APR 2003 00/ 13711 PCT/ US099/ 19958 24 t he

critical val inghe hivellevaferns clharaaserizstl by slekr regicns of bxygeh préaipitaterfies. | f t hese
F the mobi | PEygFeRGied e s Bete et FERaRt FeutERt 1 pEaik on. o
an aggl omer agirfaBe 5 to a depth t, t', respectively. Between the oxygen precipitate-free regions,
15 and 15°, there is a region 17 which contains a substantially uniform density of
20 oXygen precipitates.
The concentration of oxygen precipitates in region 17 is primarily a function
of the heating step and secondarily a function of the cooling rate. In general, the
concentration of oxygen precipitates increases with increasing temperature and
increasing annealing times in the heating step, with precipitate densities in the range
25  ofabout 1 x 107 to about 5 x 10'° precipitates/cm® being routinely obtained.
The depth t, t' from the front and back surfaces, respectively, of oxygen
precipitate-free material (denuded zones) 15 and 15’ is primarily a function of the
cooling rate through the temperature range at which crystal lattice vacancies are

relatively mobile in silicon. In general, the depth t, t' increases with decreasing



event, will likely occur. 5 Accordingly, as reported el sewhere (s$e, sg%
PCT/ LJS98/ 07365 and PCT/ US98/ 07304), it has been di scovered that OreAPR 2003
reactions in which vacancies or self interstitials agglonmerate to produce
def ect s carwbeogizipr essed. Wt hout being bound to a particul @cThis®onygssi t
is generally believed that these reactions can be suppressed if the
concentration of vacancies or self interstitials is controlled during 10
the gromh and cooling of the crystal L?got, such that the change in free
energy (~G of the system never exceeds'a critical value at which these
aggl onerati on reacti ons spontaneously occur. In other words, it is believed
that the aggloneration of vacancies and interstitials can be avoided as the
i ngot cools fromthe tenperature of solidification by preventing the system
frombecomng critically supersaturated in 15 vacancies or interstitials.
Preventi ng t beolingrmates) withdémsiatthombedepdtsmf(aahaﬁabamriiOeQ@,cBG)yO,eﬂl,abldr:ehémg an

initial conc ration_ of  vacanci o.i |t| nt.r ol v/Go(r)
where v/ Go(r ;&5 BUCTRESHRTS Dring a%agnajﬁef u‘%‘&ﬂ %ﬁpgh S{)‘gg deR ZBE fSur t her
di scussed belguhiaMy imlepehdasitiof el d?:fhtills%f kt&%l&‘t&%ﬁlctcﬂ@fce %dxﬁx‘f&ﬂnn ToCess
supersaturation Is- never achieved. In practice, 20 however, suc

concent r at i oand, & edditibhj dogk nottdcpatdmmmdhaoutachﬁ’uann eﬁoxyg;n(as ystal radius

and, in general H Lﬁore critical supersaturation nay be avoi ded by
suppress?Png FHYERHPRALY PradfiSdcy concentration or the initial interstitial

concentration subgegueiMe rifid Merfilateatifétéehbloaéd Hﬂh&'pr@cess fnld $E8UGALhd O
establishing the initial concentration as determned by v/Go(r)). 25 Due to

the rel ati vepyt-diffbgionredlai smailmnnts@ﬂcfxygm Bomtthe surfase @‘ﬁ/thedk’ontsn@)bm ally

about 10' " cnRlLseco ext ent. the anC| es,
PO Soesi SPTRES 8 Moy e dpub CRSATbl T o SIEG AR Lo B MRE R Lo
over relati VSlbs\ér\}eﬂrlﬁQoﬂv&In@ﬂﬂ?ﬁodekseQfor tHé ﬁira;aﬁ&&omen@b@dlion‘és cAstaGegiQut 10

cmor nore) by the radial usi on of interstitials to sinks |ocated
at the d&Pyst Hie ideal prasipitating wvalese baveye senbﬁsamaqllefdlm@gmmgrsnnpl OXYgF R 2003 WO

be e fect .P CepreRRtAaI A £ Rt REBr Btk Moy 1n3SRbY Shfhee, FRF ERImSle, dAGBT o0

vacanci es, pthe\wx§géh precipigii@iiieat-troRmest, dd wyRHwilDhaviehesubadhtadllydirdiforsm on of
the initi aI concentration of intrinsic point defects. In general, the

di ffusion tieRACRRIFIQNfRtrifalPxyBen fram the coneriofthewalenta eeionapf thel 5
concent rati o

variaci ons. ¢ Saft wHi aeiBlebih F5 Ridlly SORBUTLET suich bl kB,
t enper atifir e Ufe&émeﬂbf theasilidon ¢o mgsms oat:heavaffeummmb Ere&fflthlﬂ(aba&tsllOnglcr@tH ofs for

single cryst silicon, which is 0 cording to_the. Czochral ski t hod.
This meanst REsilione Pt o pesN fs%%ﬁ?@aﬁw of Heqifcon 1 £983QES Al t he

radius of anuigat: wARnArd GRtthab6l; S RiconkRrRl iRthn hbcd YRE pRRMpIRLD!

concentration of Intrinsic point defects is not constant e crit
val ue of v/ Gipmdheotmdr ofthésitson th3eginos dﬂthawafdnevtﬁﬁh arbeuithitaalyou? @, micsons
reached at so

Jj nt al ong radi us 4 the material wll
switch from ﬁéﬁ\‘/’SBéHEf?/CedéHr}’I‘r%?%’éFxﬁ’()a F %B&%ﬁ?@lwg%‘iﬂ%aﬁ%wm n
addi t1080 ! NeheliHk 44 drtan ORI be)?%n%h@eln HiGYSITRS hbie thghR Shyisel T 15

interstitial m nated nmateri al initia concentratlon of
sili con sel f pieferably miotmeie thancitrsuti Zﬂ%,eaademsapreﬁerihlmnmnmre ¢HaniaboneH¥ong

radi us), surrounding. eneraII |indrical .regiqn of vacancy.doni.nated
mmter; Al 80 (1n vAVEIERG F AR GBS £0 PRLINDT ot HEEPBHEDs as a
function of kRGERITINYgEPslitdisthsionFroa the ReRltrRAAIEY, NGs Arc¥lt, tUNdary is
cooled fromthe te erature of 20 solidification, radial diffusion of

interstitial ccmcgmtsatmmcbﬁla@ant;ﬂ@stygmgébe éenudqd aqme)at drsmcgs whre than peverad VI |

boundary.due to a reco tiop of . W th
¥5 microns from the wa er surface wi noI sxgm 1can fy C ange as a consequence of the

precipitation heat-treatment. For example, if the denuded zone of the wafer consists
of the region of the wafer between the surface of the silicon and a distance, D, (which
is at least about 10 micrometers) as measured from the front surface and toward the

central plane, the oxygen concentration at a position within the denuded zone which is



vacancies. In addition, radial diffusion of self interstitials to_he
surface of the crystal will occur as the crystal cools. The surf a8 PR HB
crystal is capable of maintaining near equilibrium point defect
concentrat i WOP0AR1ihe crystal cools. Radial diffusion of 25 ppcnvusstefoess s
will tend to reduce the self interstitial concentration outside the.- V/I
boundary and the vacancy concentration inside the V/I boundary. If enough
time is allowed for diffusion, therefore, the concentration of vacancy and
interstitials everywhere may be such thht the free energy of these
respective systens will be less than the critical values at which

aggl oneration reactions occur. p 2 APR 2003 WO 001 13211 PCT/ US99/ 19958 26
Referring to Fig. 15, the crystal growth conditions, including growth
velocity, v, the average axial tenperature gradient, Ga, and the cooling
rate are pr eiteydibthicecostitiod dikcbr surfagelsqual ttﬁorﬁ@hﬁﬁbeEwﬂi tybisdllyHeant teayst al
silicon ingot 100, grown in accordance_w th the Czochral ski nethod,

conpri si ng adkoshys%iofdhe Reakzgncentiation of hisdntsrsilsial oxyigen fRnGEStTatiamaNAYRere
constant di ajgt | I t = nd- . The
constant di anet %?erg%re ? ?%E\E ol{:ét% ﬂgl%io\#gg'?], ﬁ%ragﬁngﬁmﬂ} gﬁi?? ﬁ%@%&%@gﬁrﬁgﬂgr esent
i nventi on casxygen cbhcntretion dtakis position wifl be enen gteatedde., 200:aa80%, §334dj us 40
ext endi ng fr%pthe ce&gg/ral axi s .120 to the circunferential e %e 200. The
growt h condi Y9781E EHeiy® e of St RaTIMuE P%YEen GeRcenationpmathesh inthe denuded
substantial | y,defect-free Z O axially symretric region of interstitial

dom nated nmaterial 60, and/or (ii) an axially symretric region of vacancy
domni nat ed mat eri aln 8fecond emnbadimeat, powhimmidify atfnospherdisiwsed dinss¢adrdfitlad | y

defect-free. Wign present, the axiall) ric regiqns, 60, and. 90 may have
Varying w di HEdiae BreepRat vrie be Brpihe WHBLG eI G e R, S COR IRBAARC (y.
v, and the aympagestibBHint@RPShidbI SorPhRSdiaB latm&Phered fnclRPAredh, Heflh,
defined) are typically controlled such that "the ratio v/ Go ranges I n val ue

from abd0t On<®ni carhdrodiox@lebartd ather suplenen-oxidizing, wentnitriding/¢lemeqial end about
1x10-5 cnR/sK t o ahout 5x10:§ chésK based,ﬂlgon curyr entlx’[oavai I ell}%e

i nf or mat i on FOPAHRE B376s PITRIIYEY BRSSP B37%En) Fe BRI AMosRAGrG ks 19 oo
will range 'ﬂtﬂ@hglﬁtrﬁdsgmr@,t}ﬁé'} céhtfintaQeRROUY sthall pahti® Brdsfifre ©Foki gl i.¥ahue of
v/iGo (i.e., about™1.3x10'5 cm/sK to about 3x10"5 cmZ/sK 20 based upon
current |y avpartialiyressineflessrihari ®A1 pan. (1 BE0C ppmia); anore graferably legsabyn 01005t

f bly, th ' / il [ f b
D 25t mes (A G P00 Banke Rt pispér sy .8 e B o g FBef o apou

2.1x10" %5 crrérgfgrmwpégs tHa .U ratantl,000epphd)abl e i nformation for the critical
value of v/&). In one particularly greferred enbodi ment, v/ Go within the
PP

axi al l'y symmet ri cloregird endodifeantstepad éhe Bemal gxidatipr sigabis amidted and theal
valve o ) Sl oo BB A O iy | 900 i, o,
60 has a . ,inwalitiegdnadtinofishebs; homeveraihe wffett diffetsifros tHabevhich fsicbadrvedl ue of
v/ Co and t hew}(xzerni éiwgfaelr hg\z/iilllgj gn g;id\éllg%i‘ which is greater in thickness than a native oxide
20  layer ("enhanced oxide layer") is annealed in nitrogen. When the wafer containing an
enhanced oxide layer is annealed in a nitrogen atmosphere, a substantially uniform
increase in the vacancy concentration is achieved throughout the wafer nearly, if not
immediately, upon reaching the annealing temperature; furthermore, the vacancy
concentration does not appear to significantly increase as a function of annealing time
25 at a given annealing temperature. If the wafer lacks anything more than a native oxide
layer and if the front and back surfaces of the wafer are annealed in nitrogen,
however, the resulting wafer will have a vacancy concentration (number density)
profile which is generally "U-shaped" for a cross-section of the wafer; that is, a

maximum concentration will occur at or within several micrometers of the front and



p-2 APR 2003 WO 00/ 1321 1 PCT/US99/ 19958 27 To nuximni ze the width of the
axially symretric region 60 or 90, it is preferred that the ingot0BeARHANEd
fromthe solidification tenperature to a tenperature in excess of about
1050 C ovelYOlHétilod of (i) at |east about 5 hours, preferabPQTESIVIOK
about 10 hours, and nore preferably at |east about 15 hours for 150 mMm
nom nal diameter 5 silicon crystals, (ii) at |east about 5 hours,
preferably at |east about 10 hours, nmre preferably at |east about 20
hours, still nore preferably at |east about 25 hours, and nost preferably
at | east about 30 hours for 200 nm nom nal dianeter silicon crystals, and
(iii1) at least about 20 hours, preferably at |east about 40 hours, nore
preferably at |east about 60 hours, and nost preferably at |east about 75
hours for sjlicon crystals 10 having a nom nal diamet er_Igr eater than 200
mm  Cont r ol bask stirfaces 6o B igjati valy constanb andalepice genseniyatingi Wil egepr thsawghout

currently i . . M Nl . Z] :pgd udipg the use
of insul at (lgfr?1 g%%%“‘é‘?‘gftﬁﬁ% i a lfng]ﬁm és%ét%g?gglﬁgleyaag%@ﬁ% 1q1}1§ﬁ§§8’ﬂ ntrol of
Ij he aver ?g e?]mbﬁmatmaato]l}he cgmc&dirahinl, wl@alia lisrwb;aibed M&!ﬁb&ﬂﬁhvﬁrﬁgh ailg h( t he
esign of t "hot zone" of_ the crysta uller, i.e., the graphjte (or
other 15 naf %wlqoeﬂayermeg CRPTERB IRISASE A0 anealing Hmsrvilhrestlt brg

radi ati en shi : : b I i i S may
Vary dependSaeton ARG shaRlah i BRere Sk RO IR st ARnDARdE R
Go may be clap¢nm ol | ed using any of the means currently known in the art for
controlling heat_transfer at, the |tlsolid interface, ingludin

reflectors, _radiE{RmegmlerﬂsecepﬁaggaSP_a%éés,th?ﬁt ﬁtd‘%?rﬁ_%"se_, m}?ﬁawegf%rs. In 20
general, raghfls H’a@f)dgﬁl-{d MO thah £RarfV %xﬁeﬂh%r%ﬁg Wer?ﬁ?iﬁ%?ﬂ'eﬂﬂaxﬁ@&ﬂxﬁ@

e
apparatus wthin a one crystal diameter above t t/solid interface.
Go can be clem¢raahbedvéided bemchdingiinaktilagoxyzen posndtharoxadizingegaappteat us

latiye to the nelt tal. This i li shed eit her by.adj usti
e polft i oHiiRPioRe SRR AORE’ P oo uaters BRGRE B miRye am ARTHS SHE bt 1 o
of the el laguilcats ?ilﬁjrro?&?atﬂ{&spﬁé?@i@c;mt!aiﬂin%%nﬁdlP;S’hrtié(ﬁiﬁéhsﬁré%)@éeﬂ,$he25

enpl oyed, Go ma her controlled by adjusting the power "Supplied to

t he heat er . wafgy behavesathé saroé ag wefees havingousenbancet oxidsdalyatuWilout bsmge h
Czochral ski, prqcess jin which nelt volune.is depleted, during the.process. It
i s general I?/&“ﬁ‘ﬁg? 8‘”%‘809’0# ARBTHRS @%%‘(HF@W SX%FR?W S?‘%’E&%gﬁ%{& B{) eparing a
subst ant i al thickéledsehdr 4 fiftive WRidRMNagdh 8érvé Bea shieldaae ciridhitst i irRREAIOHOE the
gradient, Go, be p Z AP R 2003 WO 001 13211 PCT/ US99119958 28 rel atively
const ah? assilicany s eridelayemay fhasbe areset onitbe staging Walenesformed.in sifoul d be
not ed t hat | egEPE I N: i I for variations in Go to
be mnim ze%?gﬂﬁewg%%nl ca fegsol%é%qgggsrggﬁggg% a\?’\nﬂfﬁinﬁaﬁﬁt ai ni ng a const ant

growt h rate becohfacestdamervadsihe ddeal prepipitathiy whier prcessTihesefor, tiecause the

growt h process hecones 5 nuch nore sensitive to any variation in the pull
rate, whi chetimespheraduingdbe rapiditheansl anpesling stspirefembly captainga paitigs of
process co I LL Haf o
W ondi £ 1 oireis St BaEA03 00901 it | ROLPURATHOR RGP bR ER I Re 0,
val ue 20 Goof dndeasiadbout o002 £81(200 pprer).| Boghe eanoesyreabusly didcusset f
interstitials generally increasing toward e, waf er edg nd, therehy,

i ncrease t MOVHVER R AATS) PRoFSURG Of ar}‘&jntm%ferf%{]wqﬂeﬁam il Oié@tran@(ﬁéﬁgd
intrinsic i fs i j

vl ves. a e ip ok pleferiblf S nah U0 HRACHOUD parkd, ST HIGh: pirély

mai nt ai ni ngle§sthan 8.602 ator. §2,666 ppma}, and mostmteferabiyslessihan @00 1yatm Hled®Y ore, t he
pull rate after about one dianeter of the crystal length will range from
about 0.2 MiA®nute to about 0.8 mininute. Preferably, the 15 pull rate
wll renge fromg Wer,%i%go ggrf]meawa&&a%éti@-tgu%ﬁi%%ta%am refor e

e
preferably, from about m nute to about O. mnute. I't is to be

not ed t hat havingmapdrtial pressure of eppegenetie silison wadtrmayhsimpiybe subjefitedtotaer and
crystal pullet desigp. The stated ranges, are typical for 200 di.amet er
crystals. Ithe‘&lag@%ﬂ%ﬂ of F@x$§1cmﬁépge%gfqanag§rugégreanaqgcygﬁxéa@gﬁg@ﬁa Fanet er
I ncreases. mwi&%rund&xfk?ni%g&{ 2mdephdr@br DRt APt dnedcdrdaelvdi pul | .
rates in excess of those stfated here. As a result, nost preferably the
crystal pulStent Samis domipdetel e Eheyprengen anesaking step mayhelnerfoamed afenthe yaferfags as
possible while still allowing for the formation of an axially symetric
region or regions in accordance with the present invention. The anount of
self interstitial diffusion is controlled by controlling the 25 cooling
rate as the ingot is cooled fromthe solidification tenperature (about
1410C) to the tenperature at which silicon self interstitials becone

i mobile for commercially practical purposes. Silicon self interstitials

. o o, M o, o o o,



p 2 APR 2003 WD 001 13211 PCT/ US99/ 19958 29 silicon ingot decreases.
Cenerally, the diffusion rate of self interstitials slows such a 02 APR 2003
consi derabl e degree that they are essentially inmobile for comrercially
practical WO®II32tl ods at tenperatures |less than about 700 Q@cTaURi/peEIsBaps
at tenperatures as great as 800C, 900C, 1000C, or even 1050C. 5 It is to be
noted in this regard that, although the tenperature at which a self
interstitial aggloneration reaction oczgpgrs may in theory vary over a w de
range of tenperatures, as a practical tter this range appears to be
relatively narrow for conventional, Czochral ski-grown silicon. This is a
consequence of the relatively narrow range of initial self interstitial
concentrations which are typically obtained in 10 silicon grown accordi ng
to the Czochral ski nethod. In general, therefore, a self interstitial

aggl oner at i deer dlotdadon coalyorpeltemativiely, abayalhd performied apengtemtas (We.f White t he

f about 00C.. bgut ., 800C, d i call t t f about
10506, *Accorih Wiy sl Ale e e Rgma el e pBL o R ODel
| nter sti ti ArprARARRL, (i d9ebPaiihl i maPdoraRantcitraEy o egngrature in

the hot zone, the cooling rate will ‘typically fange from abou
C/ mi nut e t o abdjeudes@ribed emimdimentPiae f aneaps Py whineh wdotthergarer ar papfile theange from

about 0..1 C ninute to about 5 d.nut e, .nor r ef.erabl romabout 0.1
& o nut S o A CancieR R winin e SLEPh Mo RS, Rreh e e RO 0 1
¢/ m nute t o pplgifatOpAtertinthdwager. 20 By controlling the cooling rate of the
ingot wwthin a range of tenperatures in which self interstitials appear to

be nobile, the sdYViheuibeingtheld Wlanympatiqawdardhapsy, inisrhglieyedethatooxyiget use to

where thoy Ay alat KRR ITOR e tRESE neiceR ARG HE. RN BRART, 1y

t her ef ore bens$iwRd FRed silibh gbif-antrstifialel quRNhwar S@obOEELatdraniaB\Rsthd rom
occurring. Uilizing 25 the diffusivity of interstitials by controlling the

g .
cool i ng0r at &ffaetof grasiualdy alieringthe Veangy sanceniratineprofilg WHcausti@ r enent s t hat

b ded i : . R
ngol oner at edrquPuBORS f eBE sBkBnfl R hirke® WAHER ol R RFedlin, (e
cool i ng r at &f feyvdranepedrcentratbni rhayothdesfoleberdatad wWhich/ Sllotvigd sn oWygentime to

0 2 APR 2003 WD, 00/13211 PCT/ US991 19958 30_diffuse, a |l arger range of v/ o
val ues, rel ®fScipitatign hpat trepimend Jesulig)in @ degpded zoae bewpe @ depth quivyerdder of
obtaining a L hC Ledi : ﬁg? To
achi eve sucﬁh%ﬁdﬁ% e?iﬁ{ﬁé%&%@%rdegi%%?ﬂ%%}g ﬁ%g%gng h@@ﬁﬁ%%@%@&aﬁ &

di amet &5 porti onFof siliben enfest Bdving thegiedle caricentatiansdf vak aridsewvighiv e Hudk t he

rowth procegs_ .5 of .the end-cone of t i.ngot, as wel |l as the treatnment of
'? he i nggt oﬁ?é’f g’r‘?cf—“&“(ﬂ‘?é”ﬁ?‘mﬁ&‘arqup@ E?ﬂfi;fé’_lf & ’Wp}i%caé‘g!elf,’rﬁiﬁfﬁt"éwaé’tqeon of
the growt h QfjedifiRnCiARRh@AlbydAIBLRE tROFt Qtrkvm_t:hmﬁatiaﬂe?thetsttlgfag%bcdrﬁt e

will be increased’in order 'to begin the tapering necessary ormthe

end- cone. Hdhevate pf sxidhticmisiimtwre depenidantuyioh arraimebemay facears,| such as thhe | ower
segnent of the constant,. di aneter porti cqol i .or. ui ckly_ 10 within the
Cenper at ur e SREBRATC G EBpelire af Qudfin of fig BHANTR e UpdrexanEle

di scuspd ahvgte ADxfiafiBR Will indr&R8 8s Y @nsddtiatish %in@;V%eﬂ% theMRoShkld Ci ent

tine to diff_use to si nks to be anni hil at ed; tha}t I's, he concentration in
this | ower dnegpaees, withtheoate being grsptest whben pyrogenjc steamiie amnpthygdee and

200 omerati on o 1 24k s AEEELSS A3 b RUAIIETA BRI A7 (1
empirically determined by adjusting the temperature, duration of the anneal and
atmospheric conditions (i.e., the composition of the atmosphere, as well as the oxygen

25  partial pressure) in order to optimize the depth t and/or t'. However, if something
other than pure oxygen or pyrogenic steam is employed, preferable the pressure of
oxygen in the atmosphere will be at least about 0.0001 (100 ppma), and more
preferably at least about 0.0002 (200 ppma). In this regard it is to be noted that the

limitations placed upon the oxygen content, or partial pressure, for the thermal anneal



15 segnment of the ingot, it is preferred that the constant di arretﬁr R}S’ﬁt2bd§n
of the ingot have a uniformthermal history in accordance with th 2
Czochral ski nmethod. A uniformthermal history may be achi eved by pulling
the i ngot MQM/A3RH silicon nelt at a relatively constant rat@cadwsspgosshe
grow h of not only the constant dianeter portion, but also during the
grom h of the end-cone of the crystal and possibly subsequent to 20 the
grow h of the end-cone. Mre specificallly, it is preferred that when the
grow h of the end-cone is initiated a™pull rate for the end-cone is

establ i shed which ensures any segnent of the constant dianeter portion of
the ingot remaining at a tenperature in excess of about 1050C w ||
experience the sanme thermal history as other segnments) of the constant

di ameter portion of the ingot which contain an axially symretric 25 region
free of aggblepSs ateaubtiapplidahls for pk aptianat step of tisiprbedssvEurthiermangyifdlbol ed to a
tenperature_of |ess than about 1050C A rel.atively co ant .pul |, rate may
be achi eved?g?kocrong%{%’log,O?B'?ca(qc}esffgrcfﬁ%'i%&%tlﬁ&:0 ?%?%étaf}?zﬁiyoﬁe&t“%énlh& t he
cruci bl e anengieyatrl ofdhisiorHative t@a@nbhisGirefei®EitexeeRdf hB R ¥6°C.OMdre

cruci ble and crystal rotation rates during the tg{rowth of the constant

di anet er poPIafesAdblys thefemperplire Is atdgagh ahout equal fo e dempasgsure gsnployed duringo3 WO

001 1321% P OWR: ‘] d..to heat
the sil ijscoﬁyﬁeqﬁ%% u?'i%%tgﬂe?‘ %8f§§%\%ﬁ'\é\%$§t{ ﬁ%mfﬁ%@l@%éﬁfgﬁﬁl@@h?@?t1rt1§e$°power
convent i onabélyeved it i fttle chmipergtuedid-lese titanghatvdniiploydiedigingdhlé thieamall

adj ustnents of the process variables may occur either individually or in
conbi nat i ontre&mest, saepqakgoneniwtion of vacaneipnimpesiod I maf actyrdly\dsersasey

dom nated regi ' Lch: g [ mer at ed
interstiti a?gég%e%§§%§étgéc%§%¢%%& @Eg&@%ﬁg%@;ﬁ{nﬁggﬁl‘%} mum r adi us
depends on v/ Go( Oncartit ddidatdeatdangent hhebechAontplatd | thpwhieeynaghd ripitiyzone
designs will vary, .the ranges presented aboye for v/ Go(%, pull rate, and
cool i nd ¥ at 8°0kF9:ias it 6P vaphove: HREHRISaS FANSE OF LomRAretiEsa 4t WhiFhwaysiRl thery t he
|l ength 10 o 1 : , : i : he
interstiti apaﬁg%%%gegglagg%ﬁ?gﬁ&bfﬂrﬁ%%ﬁg%lglgéﬁ%rl g?fgé&i F{%’g&éﬁy? :og “Pédtg ects is
pref erabl y waferjthe edcancy csmoeatretitwoprhiofibnits ffedtinedy “frozen’s withéi thalsilieoh o

intain th i dth of i i { lL.ue. which i | ) i bl
o P ot e i ot e i v e Vi 18R o ©
m ni mum r adigdefofe debRatie PN aamm%%qa{e%txﬁﬁ G %gelt)hfelr}}pl%mﬁﬂes 8fatl5 the

growing crystal in a given crystal pulley. The crystal p rate profile
needed 1iSn oledstrabbot SréKiper sezontiginwirdiirito evoid thieavdcgneyycomeentiation prifidewhéh and

90 f i t al. Il hot desi be det i .

i 11 cal 1y hexasenASplsti o heiPe e O i HaefEPabiy BoRENer Mo gholing s o1
obt ai ni ng r padidayt MHoat bAPCedsécdnaNtif & Behdibd HRMMEMB LHsItgranfis brarfged, an
ingot grown in 20 a particular crystal pulley, as well as the radial

vari ations the reqwdting/profileemay g Ifurt ek Aepoxdinglyt ddpending uperye grown in

crystal s | PRk ergue 1o Hialted, BeanaRb Srafpd RS b Rk legBBoRLagTep® <119 @
aggl onmeyoat efer sat&ds hbduit 300 H€f eitsscontilort il 15 abBt 2G01° @ périsBtbhdtimoreat €
profile can be determned. 25 In addition to the radial variations in v/ o

resul ting from aRPncathearafer isgoaledde a temprsaturepuiside thegange) af gerpergtuws atmy

al so vary ayh.akl . eV 1 tural
var i at 1 ons. sRiR Ryt R oty o PUDAE ridbiltin e AP ERlhodt o 1N
process, V téolimglretecideafiotidppesmtolsighificanily irflljerisd the prdeipitaghg vharsdierigicowt h
cycle, in order to nmaintain the ingot at a constant dianeter. These

adj ust ment sof e wafer and gpuspdoerptappeap o bonarrqydycoded; Cooxenientlys enges, in
the pulys rage i 2 ) ant
di anet éZrS po%ﬁlig% s}:#;%%?gb'?%agﬂé{c&%xé@éyﬁ%ﬁn%ﬁéﬁfoﬁﬁﬁ?g irfﬂ%%g{}%‘;hg%xz%l&?g ein
t he present carried out.

This separate oxidative treatment is an acceptable alternative to controlling the
vacancy concentration profile by means of adjusting the rate of cooling, as described

in detail above. Accordingly, when this oxidative treatment is employed the cooling



process to control the pull rate in order to maximze the w dth of étF;R 2003
axially symmetric region of the ingot. As a result, however, vaﬂaﬂ ns In
the radius_of the 5 ingot may occur. In order to ensure that the resulting
i ngot has Y@8USEHnt diameter, the ingot is therefore preferBETHSHWIMBto a
di aneter |l arger than that which is desired. The ingot is then subjected to
processes standard in the art to renove excess material fromthe surface,

t hus ensuring that an ingot having a nstant di ameter portion is obtained.
10 Referring again to Fig. 15, wafers Trom which the device |ayer of the
present invention may be obtained are sliced froma single crystal silicon
i ngot 100. This ingot nmay contain an axially symretric region of self
interstitial dom nated material 60, which nay additionally surround a ]
generally cylindrical regjon of vacancg dom nated mater.i.al 80, a portion or

al | of whi chaiedf stePsts TahbagiFatee iz thapBergif caicrleds dn additienarit isdp by npiede of
a0g1 omer at edbiihis! etV YeRlmd? 1Sk Rrre@WhER FRIdLRVaet'Sh 51 ¢ i REELAL 11 2
dom nat ed regi on é) may exten rrom center 0 edge, 8I’ € vacancy

domi nat ed r egfites dTenidPohspsdveratiteng offimieoisgbr dreedge. | n anot her enbodi nent,
an axially symmetric region 90 ha?l a w dth, as_neasured along the radius 40
ext endi ng f r om /It 18 hsdarthernptedhatihe flgxipility, affered by oxidavye frgat@enhhout 15

mmin wiglt h’erﬁFﬂgs %?5@@%Wto%§u&eﬁﬂ%?m&ggioﬁ aﬁaf&ﬁﬁ%}nﬁ?&%g%u5% nore

preferably at [east about 15% sti e preferably at t 25%
and nost pr efoacaittayionnirebatdeatity) prafiesbichtin genenaliyiSJ-stfapethé Monst ant

di aneter portia the | t. Ih a ti.culgrly preferred enbodi nent,

axi a1y symBERREA g GAtegaop i HARe PRI TRy ahalHEoT iy Grer o Be WaTHe

axial ly symgtpidisisgieedd 9 tlﬁﬂﬂeﬁﬁ?m%ﬁﬁs&fﬁ $%t et \Whfef @il gsg_bgrh 80
d h i ngot 100 1nc |1

coi nci de. Stated anot’her way, es a generally cylindrical
regi on of vaceacy piofiieneliekl isgeeralln"Ushapet” Byssbjeatingouch arwafer tfthish i s

free of, aggl onerated defects. In addition, axi.all mretric region 90
ext ends! B aroKEA TR GIRC b oA 8% SORN SIbTaPB PACIDRGY BE alteBecabour 40%
mor e pref er alihysud cbfBfibns beinschRRvA) A3eMANRRAH 3211 RS4R3, about
60% and still nore preferably at |east about 80% of 'the | ength of the

const ant di aprefilerwlpoh compows with ¢he idegd precipitajing wafsprasessenbodi ment, such

wafers may be obtained froma single.crystal.silic i ngot .10Q conprising
A i al Ty symetOe SRR Ao Bl pieg s G RO e Bob A, '

neasur ed fr agick kurfaoek OF @it attr R8EBe &fdséEdi dffbrént dtBiphefeaVicH of @Midhal axi s
120, of at |east about 30% and in sone enbodi nents at | east about 40% at

| east abbut BELEONERIN @pe AT FoT¢ Rifrsding poRAN-Boiding gasee Fergxawmplss theheckonst ant

di . : o ' ol | .
genor ai 1y oLk Stk Mok be ¢-aBh Wapul il e o o3y BBR SBad 01 20
| east about &PBsedn®daaopimiritimdtinosghete askterailivebg miulfleovadersl (s 2,13 oor e

preferably at | east about 80% of the Ienqth of the constant_ diangeter
portion of tIAYEWA®S) mpy be simytapeousht agedipdvhilp beipg giapkegrindzseqtorfpcesy et ri ¢

regi ons 60 Y -vari at | I th. of central
axis 120. Fi#gga&%%a Fgﬂlg@‘ﬁ%@ rl %gﬁgr @gﬁ"%?f t@% ?Jaagsg%\gfeépl afég%é? %e?{ot %géraef ore, the
w dt h 220 ofcoatattedrt ynexjianieiliy shicldedr fogh dte fthosphecedigingitixeshdeglin®asuri ng t he
di stance fromthe, circunferential edge 200 . X

Alternatively, and depending upon the atmosphere employed during the rapid thermal

annealing step and the desired oxygen precipitation profile of the wafer, the oxide

layer may be formed only upon the side of the wafer at which the denuded zone is

desired, e.g., front surface 3 of the wafer (see Fig. 1).

25 The starting material for the preparation of an ideal precipitating wafer may be

a polished silicon wafer, or alternatively, a silicon wafer which has been lapped and

etched but not polished. In addition, the wafer may have vacancy or self-interstitial

point defects as the predominant intrinsic point defect. For example, the wafer may

be vacancy dominated from center to edge, self-interstitial dominated from center to



of the ingot 100 radially toward a point which is farthest fromthﬁ cg&&r@a
axis. In other words, the width is nmeasured such that the m ni num s (?
within the given length of the axially symetric region 60 is determ ned.
Simlarly, Wpaousdth of axially symretric region 90 is deter mdgredsdor9oss
measuring the distance fromthe VII 20 boundary 20 radially toward a point
which is farthest fromthe central axis 120. In other words, the width is
nmeasured such that the mninumdi stance within the given length of the
axially symmetric region 90 is deterni2ded. By controlling the growth
conditions, a single crystal silicon wafer nay be obtained which is
substantially free of agglonerated intrinsic point defects. Using 25 such a
waf er as the source for the device |layer of a SO structure yields a
structure having a device |layer which contains an axially synmetric region
of substanticigerdt ﬁla%/‘é’bﬁ'aﬁ adehttal Oré SPvde ARty Fldbthiddt&Lmafera D8l riTRtad B¢
intrinsic point defects. Such a device | ayer is advantageous because 1t

el i mi nat es reaAxially synengtac fiog of el Einterstitiad deminasaslomatedel. wi t h t he present of

such defects in thg.device |ayer. . 2 AP R 2003 00/.3211. P 99/ 19958
34 It is to be no@@hzﬁ?wato?a?f%?g%reﬂgﬁﬁfr@‘V\ﬁ%eﬁsqg?h °¥ eri?rr Ettre of the
present i nvesitic@ie SOMRPrEES iAventidf & profedred Bedaabd NAfMRIsQhe masnd Y WARA to

di scussed bel ow) preferab the ideal precipitating wafer process will be

I
carri ed dut aiterbyely trap mmlﬁ@ anpuritiss vathin the bl ofghe wefenr awdyafor Bwen at t ached

to the handl, fer. . .hf,thi i 5> 1S, empl oyed, .it may be desirable
to stabili zel%“ﬁ%m%x%%#aéﬁreo i‘%ﬁ%&é‘%@?@% i%%fgeéﬁlif,eq,rgmp#at%érw % waf er
after the prtociassretipitasrbdfahealdio dmperitdserchirs Rathat iheRvaTér tule aRPhway Frdst ur e
begins. Additionally, if this approach is enployed, the oxygen

preci pi t at i dhe g2l pridgtlanen anddevicedpyerf e S Westielreved during for mati on of
the SO structure, such as in wafer bonding, provide the treatnent tinme and
tenperature enployed by the SO 10 process are sufficient for oxygen

preci pi t at e Devigelldyen. It is to be further noted, however, that the ideas
precipitating wafer process may also be performed after the SO structure
has beelf prepar edhegavirgdeyenet ﬁ’@ S strugtyrefyhepressns inventiom isgvingle crysiab

bel i eved t haty; r d j ieGal ¢Sl st al

i 11 con vt ool pferily CHREHIE Heplon HIAHE oS AalY R or BBl B T 1
vacanci es arintriseicfpointidefestsi tWith segamitohiee fonpnatddrest agingle orystul silicoh evafearay

di ffuse. Preparatiop of SO, Structures A_SO structuyre having a device

| ayer whi ch WECKI55upstapti ]Iylfﬂﬁeforfélécthd;e %FéblﬁSH’eY’g’tcé&hla FBct anﬁhglaﬁéeobt ai ned
directly fr y ik YormeSi : i5h b 80 as
descri bed a%ﬁ?edbgwﬁqu%gﬁ%?dj@g ﬁhgme%at lgal\c/\cr/gﬁérr@ljtagaghfl on %ﬁfﬁ%{)l antation
pr ocesslwhi clefectssappodretd balimitial]y deterstingtdartbe ingot ¢velsafrom thStempeeatyre, ofU. S.

Patent No. 5,436, 175.). If. s tructure is to additi , conprise an
real  precipiTERig i aard AT SibrEfunie atnE Pan ORI i Berng

waf er processoid 1325P€, RAELLHTRE | D30T dvenardedseaboud@nss 10); Blak iCae typd er
prior to inplantation. Wen such a process is enployed, t'he resul ting oxide
| ayer will Iaodinitiakcsdcentration of thesaidaferieare 2entpalled by-theratiorvigs.iwkdrg v is he | ow
def ect densi waf.er nmay be used to prepare the SO structure.of the
present invéfﬁ%lgrf)’ﬁn@yel%%ﬂ?% ' C%Yegééf’ér"“ g@eéWSI%awgyeﬁwgthen

etchi n@oamaye%&g{u}é ﬁlﬂﬁé)_f the | ow defect density wafer using wafer thinning

0 2 APR 2003 00/ 13711 PCT/ US99/ 19958 35 techni ques, also common in the
art. (See, e.g., Refgrinpacwrie Fig 11500 rrepsipg vaiues phw' (GG transitign iem is to

addi tional | ri.se an "ideal, precipitatina” h l,e fer ,preferably the
| ow def ect ﬁlg%rgg%?@glgis‘eﬁ@gﬁrs&;éﬁgp H\h‘%j‘%&%'&%“o@ﬁa‘“t"%@?% V\é\gar?gy goﬁé?aé?c{ af t gr

t he handl e wadwih deasrshren &ltlhbwdleco WG] thichdieakd ap@cémfm?imgilm er
process. Alternatively, however, the |ow defect densjtc?/ silicon wafer may
first be bodnfermaion, apprarstaibsiabeutps 131 Gigime/sk, yadiers Cgisidetesmingdiwrder and t hen
the entyere . t UL suhj.ect FoR1 i : L ] waf er
procosd e SantiBbRtE it R iRl Wad el Cork GEEw B AAL Rl
crystal | at trape definedsbe. iAD this ogfical eslys itk conickntenions afithese ihfrinsie poird out

by platinumdiffusion analysis. In general, platinumis depasited on the
defects are at equilibrium. However, as the value of v/G, exceeds the critical value,

the concentration of vacancies increases. Likewise, as the value of v/G, falls below



sanples and diffused in a horizontal surface with the diffusion tinme and
tenperature preferably being sel ected such that the Frank-Turnbal 02 APR 2003
mechani sm dom nates the plati numdiffusion, but which is sufficient to
reach the vyt ate of vacancy decoration by platinum at osgsp§gafiossaf ers
havi ng vacancy concentrations which are 15 typical for the present
invention, a diffusion tine and tenperature of 730 C for 20 m nutes may be
used, although nore accurate tracking appears to be attainable at a | esser
tenperature, e.g., about 680 C. In adgjtion, to mnimze a possible

i nfluence by silicidation processes, the platinum deposition nethod
preferably results in a surface concentration of |ess than one nonol ayer.
Pl ati num di ffusion techniques are 20 descri bed el sewhere, for exanple, by
Jacob et al., J. Appl. Phvs., vol. 82, p. 182 (1997); Z mrermann and
Ryssel, "The Mgdel.ing of PlatinumDi ffysion Ln Silicon er

Non- Equi | i bFfeGRIeHyaus 8W§Pﬂ°?ﬁ.“aEP’éeE§f‘g€'H‘é?¥F%%ﬂls E’Gﬁqaé‘isy,lf?a&ﬂs‘? 139, p. 25b
(1992) ; Zi megfcBRPRionSP&RE aGevebel &%hﬁlpe@lﬁrgﬂi&rinq € systefACARLIY the
Concentration Wafer Mapping In Silicon,™ Journal o C?Fysta G ow h, vol.
129, p. 582mpbidiegyf the poitit wefectses suffindntin highe s redction,es tangagioner@ionThe

Nucl eation of Ox g%‘ﬁ rec{npi tates in Czochralski Silicon At An Early

St age, " App?‘fenf”ﬁ‘gj) et yol . 60, p. 3250 (1992); and Zi mvernann and
Ryssel , 5Appl . Ph)_‘&%eor&ing}k‘?'as réported elsdwhert 12828 ., PCA/GS98B72698nd\O 00/ 13211
36 Visual Detection of Agel onerated Defects PCI/LjS99/19958 Aggl oner at ed
def ect s mayPEE/URARART38d), bijhas heemdiseovstedithaf e seactiprcinivigigh yacamsies exanpl e,

fr d ically d . .
b of epant | ey RlsEEl e M GRleTP prasp Bk fofel8ER by B HSEL Witlousheing, er o
sol ution f Obo@dabﬁ%nii@lmmiﬁgt ié%@ﬁ’el_r'h Belfeviel 1gdt titGe t¥RtiSANBAnEbet O

m croscopi ¢ i nspection. (see, . Yamagi shi et al., Sem cond. Sci.

. .

Technol . 7, sunp@8sqdii§ gm)cpncentration gh vananeids prisel bintarstitialetseontroledduring

2001 omilat cite SRTERE B0 drenk P Sl BRI IR BohRerle ISR

def ect s appefthe agstérangeerRiktedon chitieal Sdlueat vhidh thbe Salheravbereaptiggent. | O
Aggl onerated defects nay al so be detected using | aser scatterin

t echni ques, SPOpERRcRUslY aacsF. Icotherayords, it tsrhﬁaméﬁsiﬁg,atthﬁa&ﬁowﬁatmq y have a

| ower defec j : £ Lt . | I

Addi ti onal |‘§’/“,°q’§é§§ %%9%%%@3!5%{3?%2}’ é:ld%)&(;?%]tthgg%gtg éﬁ %O&gb%et\% S@ﬁﬁ"%et ected
by decor at i sufidifivatien e fpessenting the spstemtfedm dbaquahing ceaticallyf Supersagurated in t he
single crystal 1 S silicon matrix upon the application of heat.

Speci f teal | YacargigxQrdniersjidiel$ si|icon sanples, such as wafers, slugs or

slabs, may be Vi goklhe B RERRAE, bPLchRRIRIASRTESCREvaYED LRBREIR Y 117 ot

coating a surface o e s a conposition contalning a
capabl e of ugbcertdenyatidvesievadaifcasstos intststitialagcantiodind by tviGi(ed whetew/Ggr) of

P oL 3Rt £ SR Sl pldet IO B L0 B EIBELALIS, ot veer.
in order toggidibathelowSicHBiaA kritical supersaturation is never achieved. In practice,

20  however, such concentrations are difficult to achieve across an entire crystal radius
and, in general therefore, critical supersaturation may be avoided by suppressing the
initial vacancy concentration or the initial interstitial concentration subsequent to
crystal solidification (i.e., subsequent to establishing the initial concentration as
determined by v/G(r)).

25 Due to the relatively large mobility of self-interstitials (which is generally
about 10™ cm?/second), and to a lesser extent the mobility of vacancies, it is possible
to affect the suppression of interstitials and vacancies over relatively large distances
(i.e., distances of about 5 cm to about 10 cm or more) by the radial diffusion of self-

interstitials to sinks located at the crystal surface or to vacancy dominated regions



into the sanple. The heat-treated sanple is then cooled to room g9 APR 2003
tenperature, thus causing the netal to becone critically supersaturated and
precipitate at sites within the sanple matrix at which defects are esent .
After cooM#/138He sanple is first subjected to a non-def ectpca@s?%le"&%q ng
etch, in 25 order to renove surface residue and precipitants, by treating
the sanple with a bright etch solution for about 8 to about 12 m nutes. A
typical bright etch solution conpriseggabout 55 percent nitric acid (70%
sol ution by weight), about 20 percent ﬁydrofl uoric acid (49% sol ution by
wei ght), and about 25 percent hydrochloric acid (concentrated sol ution).

0 2 APR 2003 WD 00/ 1321 1 PCT/US99/ 19958 37 The sanple is then rinsed with
dei oni zed water and subjected to a second etching step by i mersing the
sanple in, or treating it with, a Seccqo or Wight etch solution for about
35 to about ?@steﬁmm% 1€ Wﬁ?lc:ﬂqdﬁlgﬂ QL FAR ke ‘?%chfwﬂé{ used Repprssstc a Secco
etch sol uti |SA s . [~OacO . S [ SJaromate 5
and hydr of | Gor R R ls Bl o R e e O 6
reveal , or dwlthewediatdifagidnosfehaimdaldehesitatiohiof ntrimgic peinpdefsantin | n
general , region f ilnterstitiagl and vacancy dom nated material free of
aggl oner at e er&éﬁe@f’gl hamgivatlidependsitpan the W%é’éﬁa%?rh@r&‘%lﬁ’élnqlr om nat eri al
cont ai nigsng t € : : ! AT atal .

descri bgd ag%%m% @%ﬁgﬁéﬁgs?ﬁég]}ﬁgg?-% ?éfeége‘% ievﬁll%tg?é'sglzg %?%gﬁapvom Eg%lggﬁr}ggeri al
contai n no dmxwrdiftdidnetanes.es reveal ed by the etchi ng whereas regi ons of

defect-free vacapcy. dom nat ed mat er,i al rior to i gh-tenperat ur.e oxygen
nucl o di s9ol at | SPIER Dt HERYETSES AR CRTREAREDERLRTE in BOFFoSaS F DEHAN ) 1 o
due to COpPEfinBRaartAdHY RF sthpR &%‘éﬁﬂ%‘i‘lié&ﬁ?{vﬁioh iPefdwt hdcBREnglP s used
herein, the foll ow ng phrases or ternms shall have the gi ven neani ngs:

"aggl oner at €dodhnalskimséthopoT s mbane thas thermadure afef Ggissypigaldeuot singulay adrhss

reacti i n,whi ch vacanci es, aggl oper.gt.e t o produce D-defects, flow pattern

o oot 90 oottt el fritent 49 Shenbor B vigaa S g st iah Sinerfaioer ect o,

crystal ori g AR pdifideff¥ Rinofl@ERES., 1ARE cRHiEME Valtl OF VUGS AdHoYed'if Fodsed

defects, or (||%b‘gy éb\ge reaction in which self 20 interstitials agglonerate
a3

to produce &3 e V/bbpandand2Gras weaches at sante poing alongahe wdius 4D0f drest i ti al

rel ated defects;, " l.onerat ed. i rstitial defects” . .shall. n.
aggl oner at eH’glorEitﬂ?cl ’ﬁgﬁ%{:‘ag‘%i‘ﬁ w‘%&f@%ﬁs@g’eﬂl‘%ﬁ“cﬁl Ofrﬁégtf %Z%?‘EI%W%?%“% ch
silicon sel fomitatds Th hilditioRthéhgefgil0 BEiktainen Axa0y syfEhéttie gegicicenielf- def ect s”

shal | mean aggl omer ated vacancy point defects caused by the reaction in

whi ch dPyst iterptifial deminated matgrial @O (inyduicinihe nitial congentraiion pf gitigon 368~ di st ance
measured fr : . I s A j . waf i ngot ;
"substantia ;ét*tfazg&gfé 13%3%%%?3%@%0&% ?lglﬁéé?acg;m ?Iacri]ftang%ggfugé%ngm%?&h an a

concent r at i eylindficslgggionef ahcdcyédmiriatedvhnteHal 80 (e shidhhthe iditist det ecti on
limt of these defects, which is currently about 103, defects/cnB; "VII 0
2 ARR 2003 SeDcomirationpf vpeancigsdoareasss gs 8 Suistign @4 mpreasigfadighe position al ong

ey e o eSSl £ MO e 6 LR R 2
"sel f 20t er sdlidificationaadiabdiéfisiomed intemtidal @dms andwacahcieh eauses a sadiallg poi nt
detects are B e Ak Na e Y b35aNsy S5e & a Sesombination of seik-RiSrstdopRs ' Vel V-

vacancies. In addition, radial diffusion of self-interstitials to the surface of the crystal

will occur as the crystal cools. The surface of the crystal is capable of maintaining

near equilibrium point defect concentrations as the crystal cools. Radial diffusion of

25  point defects will tend to reduce the self-interstitial concentration outside the V/I

boundary and the vacancy concentration inside the V/I boundary. If enough time is

allowed for diffusion, therefore, the concentration of vacancy and interstitials

everywhere may be such that the free energy of these respective systems will be less

than the critical values at which agglomeration reactions occur.



5 Exanples Exanples 1 through 5 illustrate the ideal oxygen premﬁzt
process. Exanples 6 through 12 illustrate the preparation of sin crystal
silicon cog} ai ni n an axially symetric region of vacancy dom n

mat eri al , 8?0’533 erstitial donminated material, or both, whi EﬁT’iU§99“9958
substantially free of agglonmerated intrinsic point defects, as 10
previously discussed. Al of these Exanples should therefore not be
interpreted in a limting sense. | DEAL2OXYGEN PRECI Pl TATI ON PROCESS EXAMPLE
1 Silicon single crystals were pulled by the Czochral ski method, sliced and
15 polished to formsilicon wafers. These wafers were then subj ected to a
surface oxidation step (S,), rapid thermal annealing step in nitrogen or
argon (Si), rapidly cooled (S3), and subj ected to an oxygen stabilization

oxygen concent  at REHHE B Enr abe cyeed BReitsoncdiopundudBegion e sigen
preci pitate danghveragdadiflecpblangt gialafenmf e4rd tﬂé ESSling!reR atfpreferitiD) . and

t he depth of the denuded zone after step §4 are also reported in Table '
l . Q 2 AP fmpded wraee tigformagomudR smgle msnatsrhlsgemgeem Seawn in
| e4-74-83-14

seconds at 35}}‘:3085&&8%”]1?&6 @é@&%‘éklgg%%dzgoooé@ggﬁg%T' o IJQR 2}13\;{%)6&) Lcona 0 O 35

N, S3100Q% SeCW%%ﬁ@%QQQ@@&ﬁ HeomtanB@idfmeted pbtiont] 88 @Rkveed tm seel-c8ROkndrSA16
hr at 1,000Cl6 hr at 1,000C16 hr_ at 1, 000G n N,in N in N, O (atons/cm) 7x

10" 6. 67 x 10the eng-cone. OPY em@mt ém‘)eimertwn@f tlpgingefront m@bélmwaﬁen%me?ogw
F! gures 2, arg?ée}xq Iﬁ/eﬁE&Y\’c g?bt%ﬁl%{l h%ggcﬁéurﬁlﬂ en'ilglséﬁ 2@& 6\'\6 e£Cﬁ ‘gese

flgures are argerren S O ‘'ogr a

200X) ; sanpl éxténding &oﬁhhwaentfnllim 129,to &ﬁ@’c@mf’er&ltiaiie@émw i'Il’he%lr@wt}B and
sampl e 3-14 is shown in Fig. I n addition, the concentratlon of crystal

| attice vacafRAdiions mayke @&Ffﬁﬂlédm causmthe ferpirean of (iha sebssansielln defeet- frFQ.ISI on
L, P AT SIESI abh LI BB P OBy [
of the waf ergynappweiairegion ofvgranby dominated material 80, at least a portion 90 of which is
substantially defect-free. When present, the axially symmetric regions 60 and 90 may
have varying widths, as further discussed in detail below.
The growth velocity, v, and the average axial temperature gradient, G,, (as
15 previously defined) are typically controlled such that the ratio v/G, ranges in value
from about 0.5 to about 2.5 times the critical value of v/G, (i.e., about 1x10? cm?*/sK
to about 5x10”° cm*sK based upon currently available information for the critical
value of v/G,). Preferably, the ratio v/G, will range in value from about 0.6 to about
1.5 times the critical value of v/G, (i.e., about 1.3x10° cm?sK to about 3x10? cm¥sK
20  based upon currently available information for the critical value of v/G;). Most
preferably, the ratio v/G, will range in value from about 0.75 to about 1.25 times the
critical value of v/G, (i.e., about 1.6x10"* cm?/sK to about 2.1x10"* cm*sK based upon
currently available information for the critical value of v/G,). In one particularly
preferred embodiment, v/G, within the axially symmetric region 90 has a value falling
25 between the critical value of v/G, and 1.1 times the critical value of v/G,. In another
particularly preferred embodiment, v/G, within the axially symmetric region 60 has a

value falling between about 0.75 times the critical value of v/G, and the critical value

of v/G,.



Q 2 APR 2003 WO 001 13211 40 EXAMPLE 2 PCT/ US99/ 19958 To dennnstrat& t&§%2m3
the process of the present invention is relatively independent of %y
concentration for Czochral ski-grown silicon wafers, three wafers having
di fferent owggenszoncentrati ons were subjected to the same sqidTasks®hodzs
steps described in Exanple 1. The conditions for each of these steps, the
initial oxygen concentration of the wafers (O ) before steps S, - S~) the
oxygen precipitate density (OPD) in the bulk of the wafers after step $4,
and the depth of the denuded zone (Dz)27after step S~ as neasured fromthe
surface of the wafer are reported in Table Il. Figures 6, 7, and 8 show
cross-sections of the resulting wafers (these figures 10 are enl argenents
of photographs taken at a magnification of 200X); sanple 3-4 is shown in
Fig. 6, sanple 3-5is shown in Fig. 7, and sanple 3-6 is shown in Fig. 8.

mn atis mn at 15 rrearee iy bk erielp sRTRE et o orel { g © S
0,~1 i o o, ~lthatche ot becoolds fratidthe selidificiioatt&hpasturtds temperature in excess

at SZlZSOClZSOC 250 N.in Nin N 25C/ sec125C/ sec1?2 C/sec4 hr at 800 C
+4 hr at 80C°f ogmpee°43§§%atﬂﬁa%@bqutggj@@fspw craly @t IAst#Pout 000G n

NZ1, 000 G o s'éln@ rably at least about 15 hours, for 150 I diamet
(at ons/ cnB) 6x10" 7X10" x°1r8 P&gﬁf tya ?:rﬁ )mﬂlfxlo olu;sl(?réxl(r)rmbg?gurba hlalmne o

um ~40~ ~49~ 4 GsilioohNPyEals, (15 aTlzasiaboutsit hosits ptdferablyhae lepstabestsl biiourhengye esent
TV oD VRl LBk AR Pl 0B, L g0 S Bl By O 0ET
the same inihb@loreréda88natqeae shut 30 hewts W00 mm nominal diameter silicon crystals,
and (iii) at least about 20 hours, preferably at least about 40 hours, more preferably at
least about 60 hours, and most preferably at least about 75 hours for silicon crystals
10 having a nominal diameter greater than 200 mm. Control of the cooling rate can be
achieved by using any means currently known in the art for minimizing heat transfer,
including the use of insulators, heaters, radiation shields, and magnetic fields.
Control of the average axial temperature gradient, G,, may be achieved
through the design of the "hot zone" of the crystal puller, i.e., the graphite (or other
15 materials) that makes up the heater, insulation, heat and radiation shields, among other
things. Although the design particulars may vary depending upon the make and
model of the crystal puller, in general, G, may be controlled using any of the means
currently known in the art for controlling heat transfer at the melt/solid interface,
including reflectors, radiation shields, purge tubes, light pipes, and heaters. In
20  general, radial variations in G, are minimized by positioning such an apparatus within
about one crystal diameter above the melt/solid interface. G, can be controlled further
by adjusting the position of the apparatus relative to the melt and crystal. This is
accomplished either by adjusting the position of the apparatus in the hot zone, or by
adjusting the position of the melt surface in the hot zone. In addition, when a heater is
25 employed, G, may be further controlled by adjusting the power supplied to the heater.
Any, or all, of these methods can be used during a batch Czochralski process in which
melt volume is depleted during the process.
It is generally preferred for some embodiments of the process for preparing a

substantially defect-free wafer that the average axial temperature gradient, G,, be



subjected to the sane series of steps described iri Exanple 2 for zggphema
3-4 except that a proprietary, commercial 16 Mo DRAM process was Lp as

t he oxygen 0 2 AP R 2003 WD 00/ 1321 1 PCT/ US99/ 19958 42 precipitate
stabilizati ¥R rowth step (S4). Figure 9 shows a cross-s&RAT/GSPIAPIBhe
resulting wafer (this figure is an enlargenent of a photograph taken at a
magni fication of 200X). After step S4, sanples 1-8 and 3-4 had conparabl e
bul kK oxygen precipitate densities (7x1Q' /cm for sanple 1-8 versus

4x10' /cnB for sanmple 3-4) and 5 conpar@dbl e denuded zone dept hs
(approximately 40 m croneters). EXAMPLE 4 This exanple illustrates the
trend that nay be observed in the density of bulk m crodefects (BVMD), i.e.,
the density of oxygen precipitants, and the depth of the denuded zone (DZ2)
resulting froman increase in the concentration of oxygen in the 10

at nospher e diglativelytceastaetas atfpreiionefithe diameter of theangoett Hrotreyenfit skmiibl se wer e

subj ected to_rapid thernal eal,] under varyi rQcess eonditions. The
wafers in Se’%m%gtr%“g%%‘éef%gpsa’s hfgg ec%s%ra?lgé @gggaﬁgnaﬁa@p Poaf)?ﬂ trogen

at nospher e; hiemisRf Shschafic®eissuBs Wesosiatddngiat AlinimeRiz 4 ARsGANBro%ARett i ons for
20 seconds; and, the wafers in Set C were anneal ed at 1200C for 30 seconds

under an ar gisomae abdpdressinglyimpastantiagiorddhisam becaupe thagrowsth preedss baeingsn any

of the wafers in the tht.ee sets in.this,;Exanpl.e. L.ndi cat ed, by..Table 111,
bel ow, the IYUEROBBPLFE By SRRl e TR B B R B br iR o
given Set. Giewthaatssl INennes! prtpstoatol, temBMR tenisid fveraslelRd hdept h for
each wafer was determ nedé%errreans standard in the art. The results are 20

present in Tebiea fon G, whish over the spRuefthe yagato Sigppficenydiffesasices inthe 10
value of G,, however, can result in a large concentration of self-interstitials generally
increasing toward the wafer edge and, thereby, increase the difficultly in avoiding the

10  formation of agglomerated intrinsic point defects.

In view of the foregoing, the control of G, involves a balance between
minimizing radial variations in G, and maintaining favorable process control
conditions. Typically, therefore, the pull rate after about one diameter of the crystal
length will range from about 0.2 mm/minute to about 0.8 mm/minute. Preferably, the

15  pull rate will range from about 0.25 mm/minute to about 0.6 mm/minute and, more
preferably, from about 0.3 mm/minute to about 0.5 mm/minute. It is to be noted that
the pull rate is dependent upon both the crystal diameter and crystal puller design.
The stated ranges are typical for 200 mm diameter crystals. In general, the pull rate
will decrease as the crystal diameter increases. However, the crystal puller may be

20  designed to allow pull rates in excess of those stated here. As a result, most
preferably the crystal puller will be designed to enable the pull rate to be as fast as
possible while still allowing for the formation of an axially symmetric region or
regions in accordance with the present invention.

The amount of self-interstitial diffusion is controlled by controlling the

25 cooling rate as the ingot is cooled from the solidification temperature (about 1410°C)
to the temperature at which silicon self-interstitials become immobile for
commercially practical purposes. Silicon self-interstitials appear to be extremely
mobile at temperatures near the solidification temperature of silicon, i.e., about

1410°C. This mobility, however, decreases as the temperature of the single crystal



15 PCT/ US99/ 19958 Wafer Set Oxygen Partial PressureBMD Density 2003
(defects/cmi DZ Depth (mcrons)A250 nma6. 14x10970A500 nma6. 24x 1098(9,6&(5&(‘):8
ma2. 97x10980A2000 ma7.02x 1 OB100A5000 rma2.99x 10' NDA1 x 1 O6 ma6.03x 1
O6NDB500 n#2 @21420980B1000 mal . 72X | (O100B2000 ma9. 15X1081epaikoer99ss
ma2. 65X10' NDB1 x 106 nma2. 17X 106NDC250 ma2. 65x10990C500 na4. 03x10970C1000
mal. 72x 109140C5000 nel. 69x10$120 20 ND = not determ ned. The above data
shows that as the partial pressure of oxygen in the atnosphere increases,

t he nunber density of bulk mcrodefec2® decreases. In addition, when the
oxygen partial pressure reaches 10,000 pptua, the nunber density of bulk

m crodefects is indistinguishable fromthe nunber density of bul k

m crodefects which 25 is observed in wafers which have been subjected to an
oxygen precipitation heat Q 2 APR 2003 WD 00/ 13211 PCT/ US99/ 19958 44

treat ment WitiBeing8t dickddkes! APéridrdlive fHERi FASIBR Mt BPsdINimG SR Hate® s Yhdyh t he
EXAMPLE 5 d Th | A I F

present invention. Oxi dative Thermal Anneal Treatnent 5 For
pur poses of considesabledsgner thatthey prgeassandially émmabile forecommere el kypnactiod! tine

present invention,,silicon fars, . obtai fromsingle crystal silicon
i ngots gr Omﬁgxﬁgﬁg&gg}pﬁaﬁ%rgs yﬁ%f ﬁ“aPﬁBO@zﬁdcdaﬁgﬂiP%sﬁg&m ﬁsuﬁegs %ﬁfi?kﬁs
native oxi dgoday,®00 %€y W08t oedlefd050°@. t hermal annealing step (SZ). In
each case, the wafers were annealed in a rapid thermal anneal er under an

amoni adcont ai ni Hds it beoraserbinghistregasd ghat1aldwagk e tewpengbue aBwhichatself- and
th i dl Ref i . . b
observed ¢ nit i Reciombea R ElcHo 800t b oy A Sliad fanBYCY L

NEC- 1 tr eat teiferatres; s pipeatissl aawdtithis @fsgeydppbdls & ¢ telpiyadresw Ravi ng
essentially no denuded zone and a hul k oxygen precipitate density (OPD)
whi ch is gr evsrtienshCzepkratsk growrpsiligQrs nERig igza consequence of the relatively

narrow range of initial self-interstitial concentrations which are typically obtained in

10 silicon grown according to the Czochralski method. In general, therefore, a self-
interstitial agglomeration reaction may occur, if at all, at temperatures within the
range of about 1100°C to about 800°C, and typically at a temperature of about
1050°C.

Accordingly, within the range of temperatures at which self-interstitials appear

15 to be mobile, and depending upon the temperature in the hot zone, the cooling rate
will typically range from about 0.1 °C/minute to about 3 °C/minute. Preferably, the
cooling rate will range from about 0.1 °C/minute to about 1.5 °C/minute, more
preferably from about 0.1 °C/minute to about 1 °C/minute, and still more preferably
from about 0.1 °C/minute to about 0.5 °C/minute.

20 By controlling the cooling rate of the ingot within a range of temperatures in
which self-interstitials appear to be mobile, the self-interstitials may be given more
time to diffuse to sinks located at the crystal surface, or to vacancy dominated regions,
where they may be annihilated. The concentration of such interstitials may therefore
be suppressed, which act to prevent an agglomeration event from occurring. Utilizing

25  the diffusivity of interstitials by controlling the cooling rate acts to relax the otherwise
stringent v/G, requirements that may be needed in order to obtain an axially
symmetric region free of agglomerated defects. Stated another way, as a result of the

fact that the cooling rate may be controlled in order to allow interstitials more time to



15 In contrast to the wafer of FIGS. 36 and 37, a denuded zone naﬁ bag 03
formed if, after cooling (S3) is conplete and prior to step $4, t d ?é?
is subjected to an oxidative thernmal step. Referring nowto FIGS. 38 and

39, after dY¥PU¥G1as conplete the surface of a wafer etchedPSTiUupaMPssn
order to renove any nitride |layer present. The wafer was then heated to
about 1180 C for about 3 m nutes under an oxygen 20 contai ni ng anbi ent,
havi ng an oxygen concentration in this Exanple of about 100% in a rapid
thermal annealer. It nmay be observed tR@t, follow ng an oxygen
stabilization and growth step (S4) and a NEC-1 treatnent, such process
conditions yield a silicon wafer having a denuded zone depth of about 60 pm
and a bul k oxygen precipitate density (OPD) which is greater than about 1 x .
10~ atons/cnB. 25 Referring now to FIGS. 40 and 41, it nmay be observed that

the oxi dati VEffu§e aTBlgeARMBa bl S vaNRY, ReutiRe td B RHHcAVaRR| YreQB&piibiefopf t he
silicon wafer. Single sided treatnent is achieved by shielding the side of

t he waf er whiwposes ofiebtainingan axiglly syypnptricgggiondree Of aggiomeruy .19958 45
treated. The waf own. in,FLGS. 40 and 41 was,treated..n the sane nanner
as the wafer Sho%o%ﬁhxﬁywcpggcﬁ%rgﬁov& eq?r?%%l%[ggg%ﬁo&petwgfetérgne si de of
the wafer V\/@cﬁarﬁbtleehdﬁibnmftlﬁé érgbtaf, @oAdiA¢taforSinbi$tGRD bRidivdrake tROgloivitgproteddy a

| ow t enperature, chem cal vapor phase deposition (CVD) process. It may be
obser vedd t haf the end-sannef the ingelgsrva! astheireatmgrs oftharmgoyerastendseeg (S4) and

a NEC-1 tre : S ' r : 0 f about 60
|l cmon the %ggmvﬁi% vlvgatg m&gﬁ%‘é@gg&o ?e(t)lg %gﬁg%?%&ﬁgggﬁéﬁg i el ded
si de (back- sdiatateppoitivn ofalfieingos seepulbtake/wilist inoreased inl eeticz anbeginlthe bul k

oxygen precipitate densit OPD) of the wafer was _greater than_ about 1 x 10
~ at ons/ cnB. 2AKYING NGCESA/ %ef%ﬁatt encheqnes fomsyer, sichianigersseip gulhsate mayo
renove any nitnhi ' ' 3¢ hieve the
results of Dj ﬁ%dl%&??éﬁﬁ%rrsg@ggggfﬁggﬁéé&%?an? E@ﬁ%ﬁe?? é%fggect(:a é ﬁ? gxtogep |€ur% | and,
accor di t@l y,witlinnhé teéngpdpstunel rengslin whiah interstitialgars soffeientlty mebilepasbe furt her
noted that, in view of Exanple 15, that a, denuded zone r}jay be effectively
formed by t HESHESAA2bONRCASaTgsuh EhaRa frersiitinls may peiday sutfisiens Hmg ko diifiseg 15
at nosphere. ji b | IRV E;,J;@.r Ergp,g W of the
pr esent invetﬁgﬂ"(])(% t‘rgrg?/ah'ée{lhggtreg’ﬁtgrgpﬁbg???Igcégggymt?ﬂf]?%% er mfle oxXl| gllé ion%e

treat nent. Fuppessadptbe suffiderdalegieeahd npglonieratide df inderstitial fde fatsmhaysregulZ and

4-8 (Exanple 1 e increased subj ecti.ng .t he.sanpl es.to this thernmal
oxi dat 1 on't r eat BRI SPTES e OFYRR §out] Ghtecks FOM SETine e KVFEMET of
step S415Li k@uindhy of 1AL ifARNL R plefbfred MR IR cBnatbht HlamdedIHiSE oS hOREOIRY be
formed by subj ectln% the wafer to this thermal oxidation treatnent. 02

AP R 2003 Whagea maberp@Thisgyg /i egpaiagt @it tiertestital ki method. @ONTAI NI NG A

SUBSTANTI ALLY . DEF - FREE AXI ALLY SYMVETRI C REG ON E LE 6. i m i
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first 200 mmg @itgeR cdnéfaheratSairinOoMe ighSfth ofast dlPiNe constent danstit pdtien,i

but also during the growth of the end-cone of the crystal and possibly subsequent to

20  the growth of the end-cone. More specifically, it is preferred that when the growth of
the end-cone is initiated a pull rate for the end-cone is established which ensures any
segment of the constant diameter portion of the ingot remaining at a temperature in
excess of about 1050°C will experience the same thermal history as other segment(s)
of the constant diameter portion of the ingot which contain an axially symmetric

25  region free of agglomerated intrinsic point defects which have already cooled to a
temperature of less than about 1050°C. A relatively constant pull rate may be
achieved, for example, by (i) reducing the rates of rotation of the crucible and crystal
during the growth of the end-cone relative to the crucible and crystal rotation rates

during the growth of the constant diameter portion of the crystal, and/or (ii) increasing



which the pull rate was ranped linearly fromabout 0.7~ mMmimn. to ?b%Z
0.35 mmmn. over the length of the crystal. Fig. 17 shows the pulv rat %g
a function of crystal length. Taking into account the pre-established axial
t enper at ur VEr08M331e of a 10 growi ng 200 nun ingot in the cryscaAiusvalibess and
the pre-established radial variations in the average axi al tenperature
gradient, Go, i.e., the axial tenperature gradient at the nelt/solid
interface, these pull rates were sel ec%f[ed to insure that ingot would be
vacancy domi nated material fromthe center to the edge at one end of the
ingot and interstitial dom nated material fromthe center to the edge of
the other end of the 15 ingot. The grown ingot was sliced |ongitudinally
and anal yzed to determ ne where the formati on of agglonerated interstitial
defects begins. Fig. 18 is an inmage produced by a scan of the mnority
carrier |ifethepower suppliadit@thedenteofisedtie heat gine sibecermelt dedng the grawthi ofghd r om
about 635 nm to about .760 fromthe shoyl der .of the ingot follgw ng a
Series of oIS FEANES o.M R REcAm SHIaMATY SHRRHES AUHRE FOY-ERRS-ATOWEY ect

di stri buti onTR&ELEdiASnalAdjBuREMS bAtheRAsield VifiaBles A9 Wec BERHBPIndRiRANY opf
agglonmerated interstitial defects 280 can be seen. This position

cor r esponds mEombinationcal pull rate of v' (680 nmm= 0.33 nmmimin. At this

int, t idth of th i al | Yetric..region 60 i on which i
Potorstitial dom AbPitoiRRLRIEd. SHERhmrt PSSP greR P S Aelef or i 11 a
defects) is éfists for whXh éBuppREsidPoMhgildin@hicl NferéaE AN YecBahy R £thidvagi on

80, R ; (680) is about 35 mmand the width of the axially symmetric region,
R '(680) is valuss theminingemiradiupdepeadsronsy/fglreans the codling tatec dvs drygjdt s

were then gr e ate r s whi ch re so greater than
and sonewhat? T &5 gﬁq %‘%tnzaégl \é & %%g{xs[ Wﬁg{'gery’atﬁé %ﬁ?%%prﬁ ?‘?ély\%aai e ﬁ%%%ﬂ’ %"ﬁﬁ'iaﬁee

axi al 'y synmamidrdoelifggiteowildhisoharnt. i Likéwid®thesdtdnd@iins mdy @rﬁa&%mem

00/ 13211 PCT/ US99/ 19958 47 was obtained. Fig. 19 shows the pull rate as a
functi ol of raZewing @xgeh Alsp agaelsd gboventhervydih ofthesinsgrstitial deminated
respectively -4 : . term ne
t he axi al porse?@one gﬁgg@g‘f&g %‘gggnﬁ%%%gaﬁ ghﬁ%f‘@?%@ee& ago?y%? %’%‘ég‘gé’ﬁ gorrrggat ed
interstitialerieddimbmtsf Thas, injRRIRsiEabls todhsin@IERE widthef ¢hik edgiortony valgal | y
determ ned points 5 {marked "*") are shown in Fig. 19. Interpolation

bet ween and WRich irs desexs posshlettackithoys prpeedipg.dhejddfesencg boaveen theresialy' ( 2)
in Fig. 19. 1 , i L@t h on, rate
for 200 mm Grais afdEGnIBRLERGRNE of 1R cerel ShrRRLAEL IR b e PBRAINE 171
t he axiH |y thy greting erysedioa givenatystdl pullerxi num wi dt h. Growt h of additi onal
crystals at other_pull rat and further,.analysis of these 1Q crystals
woul d further refT*FFeCWﬁéF%LﬁEW? BrglﬁyedlfF%ﬁ EUR o W—K{W?%ﬁr%“ ducti on
of Radi al Vayjat i g { } venment in
qual Tyt hat e P T he
axi al t enperdsetermenagreopicingllyat Getesaliydpedldng, ithis empinmabagpcash iGolyds. firfhe
initial concentration.(aboyt, 1 cmfromthe neltlsolid interface .

of vacanci o6 SRR EERub Rl A opafC il ieipererrs oL EE 8% ieoh Swrria: ent
Co(r): 4ol) Gpdrlicdartcrfstapudler, 8 well 4sihd TaliapOstiatidhs fAhE hverage H3a1+ Sx 10-srz
(K'mm). For each case’the pull rate was adjusted such that the boundary
bet ween vacdampenatued geadiant &or aringitigrewn in the adme pelters Colleasivelys thas dataisadi us

of 3 cm Theusga' ItoI pL{l%r?e grsr%gref s%glg @rsy%tallsiﬁgoql i%gg@,rvghich are then analyzed for the

presence of agglomerated interstitial defects. In this way, an optimum pull rate profile
can be determined.

25 In addition to the radial variations in v/G, resulting from an increase in G,
over the radius of the ingot, v/G, may also vary axially as a result of a change in v, or
as a result of natural variations in G, due to the Czochralski process. For a standard
Czochralski process, v is altered as the pull rate is adjusted throughout the growth

cycle, in order to maintain the ingot at a constant diameter. These adjustments, or



20 0.4 and 0.35 nmmmn, respectively. FromFig. 21 it is clear tha¢ tg‘;@12 03
initial concentration of interstitials in the interstitial-rich po £i 39
the crystal is dramatically reduced as the radial variation in the initial
axi al tenpewatopfi1gradi ent is reduced. This |eads to an i nprg¢gixpd,bssst he
quality of the material since it becones easier to avoid the formation of
interstitial defect clusters due to supersaturation of 25 interstitials.

0 2 APR 2003 WO 00/13211 48 EXAMPLE 8 Increased Qut-diffusion Tine for
Interstitials PCT/US99/ 19958 Figs. 223@nd 23 illustrate the inprovenent in
quality that can be achieved by increasing the tinme for out-diffusion of
interstitials. The concentration of interstitials 5 is calculated for two
cases with differing axial tenperature profiles in the crystal, dT/dz. The
axial tenperature gradient at the nelt/solid interface is the sane for both "

cases, SO th t t he. i concentrati about 1 .c mthe nelt/solid
Ctertace) oftatiei e phlraSTLRRREASE WS PaBt bt cienb o BreSiahnp o
the pull rat gaueer aehtienlo?theSHEM. tmardmg@y §Pisith&refory 8ésiableSin the present
interstitial-rich. The pull rate was the sane for both cases, 10 0.32

mi m n. The pwAgeio mm@lﬁlmpulma@rlstorderm maxamige theusidgnof frlne@wayz results in
an overall Lot er gtitl t 0 an

i npr ovenent ﬁ%ﬁﬂ {’ {L”P fmgohei‘trsrﬁtreesﬁlha 82?‘%2@;3% hg smt graedé‘gsl 0(e%ﬁh%o avoi d
the forngti Oﬁlgetfma)ﬂb@ru$t it mabr ehagt tiat tlﬁtreilﬂtxﬁ’glﬁlgbﬂha‘slw&ﬁﬁ&hudlaﬁiem of
interstitials. EXAMPLE 9 15 A 700 mm | ong,. 150 nmm di anet er crystal was
grown with athpangpt iithergfare pa&f@ablyrs@\fprmqaélatr@t%zrrg%rdhmaratyvmq iadesited r om

Choul der . andt ey s ER GERMEAT plrepfMindied e e BmdvC s8R HBBHATY 1 o

t he shoul der frotnResurfdiesucandiing acan ingdtHavimad tdmdtanadiadtstetipitigiis! ey, the
entire radius is grown under interstitial-rich conditions over the 20

| engt h of cr9‘§iﬂaP -rangi ng from about 320 mmto about 525 mm fromthe

shoul degnof the c F i t f
about 53% nm and% pﬁfi‘lgaﬁ 8Pr g%b%fgfegsl tgofnﬁﬁl?lﬁnﬂr\headtéﬁg&é%g%g ﬂr rnge of
aggl omer at edxmveﬁtromnﬁa)cbq:)@btmhecﬂafeehteﬂ fedm atstrigle anystabsilitdre ingot il(b(b ’Dlmamet er.
St at ed anot her wa there is, ﬁne snal | sectl(% gf t he Cr‘%lﬁﬂ‘ i,n vvhlcih t he
wi dth of the8RiM Wwﬁﬁﬁma y pEgmsic regign of self-intersiial damingted saseria
subst ant i aII s of the
 ngot E’%flgflg‘?gxorg%y \é}%& %Eldi‘rgmﬁﬁaf galefally Sy1RAHA rE ot B8 viadey

dominated material 80 a portion or all of which may also contain region 90 which is

15 substantially free of agglomerated intrinsic point defects; alternatively, the self-
interstitial dominated region 60 may extend from center to edge, or the vacancy
dominated region 90 may extend from center to edge.

In another embodiment, an axially symmetric region 90 has a width, as
measured along the radius 40 extending from V/I boundary 20 to axis 120, which is at

20  least about 15 mm in width, and preferably has a width which is at least about 7.5%,
more preferably at least about 15%, still more preferably at least about 25%, and most
preferably at least about 50% of the radius of the constant diameter portion of the
ingot. In a particularly preferred embodiment, axially symmetric region 90 includes
axis 120 of the ingot, i.e., the axially symmetric region 90 and the generally

25 cylindrical region 80 coincide. Stated another way, ingot 100 includes a generally
cylindrical region of vacancy dominated material 80, at least a portion of which is free
of agglomerated defects. In addition, axially symmetric region 90 extends over a

length of at least about 20%, preferably at least about 40%, more preferably at least



49 EXAMPLE 10 PCT/ US99/ 19958 As described in Exanple 6, a series i s 2®3
crystal silicon ingots were grown at varying pull rates and then & Jﬁg
to determine the axial position (and corresponding pull rate) at mhlch
aggl oner at Qg dopkgstitial defects first appeared or 5 di sappf;g,@. 99/19958

I nt er pol ati on between and extrapol ati on fromthese points, cPon a
graph of pull rate v. axial position, yielded a curve which represents, to
a first approximtion, the pull rate for a 200 mmcrystal as a function of
length in the crystal puller at which3ghe axially symmetric region is at
Its maxi mum wi dth. Additional crystals were then grown at other pull rates
and further analysis of these crystals was 10 used to refine this
enpirically determ ned optimumpull rate profile. Using this data and
following this optimumpull rate profile, a crystal of about 1000 nrn in

I th and 00 di t : ' f 1h tal,
obt ai ned 1 r S0P o dad Bl Be BT o RadaBP st iy sEreh o nf St
precipitati gimRrhefsorsdpsldgdt.i n the art in order to (i) determne if
agglonerated 15 interstitial defects were forned, and (ii) determne, as a

function of the Fapetianother ethbodiment suehhwafgtssnay beobthineR drout k singleatystgl | n

wel | aq”t no SFa WeR 10T R sl SFRbRE 0Py B0 P RGIRT BB o

The resyl t swadth 2R0e4k thedsud iftdm PRReirhfefdhsial 1p@idN0 rhdilly AMAHAE tAVRdEeRtEAQ about
20 950 mm from the shoul der of the ingot are present in the gaph of Fig.

25. These ra¥al2 ofiebisastrheuta3Qfes ndiipsemp embpfimenisatieastishant #0%e @t keast t he
growth of agi&u‘?b% ESF X&Jnaa le%th’ Ab%ﬁ[‘sé%%?h}efrﬂ&iﬁsto? ecoggtﬁnggl g@%ﬁgg%fé”gt er

portion of n-an axi

wi dth, as rreafheﬁ@i:tf hoaddxditm c}uera}umyas"mnmtﬁb r@g:ig@gémlalw Extetddvivetla 1dn
central axis of the ing Is at_ | east about 40%the 25 | ength of the

radi us of t A&0 %ﬁ)’ﬁé%aéh@b%t a‘i)ré‘t E’feffffélﬂﬁ’ iableast|agonigi % pre pralsEbly akdaasts show
h h
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It is to be noted that the width of axially symmetric regions 60 and 90 may

have some variation along the length of the central axis 120. For an axially
symmetric region of a given length, therefore, the width 220 of axially symmetric

15 region 60 is determined by measuring the distance from the circumferential edge 200
of the ingot 100 radially toward a point which is farthest from the central axis. In
other words, the width is measured such that the minimum distance within the given
length of the axially symmetric region 60 is determined. Similarly, the width of
axially symmetric region 90 is determined by measuring the distance from the V/I

20  boundary 20 radially toward a point which is farthest from the central axis 120. In
other words, the width is measured such that the minimum distance within the given
length of the axially symmetric region 90 is determined.

By controlling the growth conditions, a single crystal silicon wafer may be

obtained which is substantially free of agglomerated intrinsic point defects. Using

25  such a wafer as the source for the device layer of a SOI structure yields a structure
having a device layer which contains an axially symmetric region of substantial radial
width with is substantially free of agglomerated intrinsic point defects. Such a device
layer is advantageous because it eliminates many of the performance problems

associated with the present of such defects in the device layer.



EXAMPLE 11 PCT/ US99/ 19958 A single crystal silicon ingot have a | ength_of
about 1100 nm and a di aneter of about 150 mmwas grown with a decrﬂzisi‘\ﬁﬁ 2003
pull rate. The pull rate at the shoul der of the constant dianeter portion
of the ingwoooasziabout 1 mmmn. The pull rate 5 decreased eygpicidisadd y to
about 0.4 mm mn., which corresponded to an axial position of about 200 mm
fromthe shoulder. The pull rate then decreased linearly until a rate of
about 0.3 mm mn. was reached near the end of the constant dianeter portion
of the ingot. Under these process con@édtions in this particular hot zone
conf guration, the 10 resulting ingot contains a region wherein the axially
symmetric region has a wi dth which about equal to the radius of the ingot.
Referring now to Figs. 26a and 26b, which are imges produced by a scan of
the mnority carrier lifetime of an axial cut of a portion of the ingot
followi ng a seri r-eGi.nl i tive
segnents of the ﬁﬁs{go bg?éﬁgﬁ% 1?%&2{)(3'53{«3 Vg%fg??ﬁo%gpﬁg&nﬁ ousotftq%@%%ﬁlto 15
about 250 nminvamibreduoenipris®s @nhideal preaipitating 0@ farpasdughgrdisesded belowgan be seen
fromthese figures that a regjon exists within the |ngot angi ng jn axi al
position frB Hheroa re e B a2 BOBrasRITY ke oot Paore RS | o f 1 ec

of aggl omer pledydnt SDISHACRA s Heh 8Giche@td ARhahME waRdy TEhN ntSt at ed
ﬁ INn the wm tﬁl

anot her way, "a region is present wthin the i ngot where of the
axi al | y5synisempleyade ggimay be desirablette stabijizethaniygin peechitagubsliaation e¢rtgrsf r ee
of agglonerated injerstitial defects, is gbout al to the radi of the
ot I aiife PERIIE Miter A5G S procarg ISR I G TR Rean Oe S0k bout 125
mm t o about : f 290k Qadli ] re
I e S i s s Sl 1

aggl oner at ebeat mreatimest of &6p Spimay bdatkieved duningofermiatmy of tyeSOH afrigrureyduchdr i cal

core of vacancy I nat. ed mat.erj al ich.is also free of I r.at

Rt i nsi o pot G TRTE, SR §18 rofAeTE e AR SRBFRGT SRR B i SOT
positiqp of pridedtare QFfiBTEnt RraRkPstn pPrédipitate fh@ifions an axially symetric
region of interstitial dom nated material free of aggl onerated defects
surroundi ng a geHds td by fusther neted.dwiweyer, shaythe/idesd pescipisting atader pro@s® APR

2003 WO 00l %1%% ]éi]éo %%/e%g?r%& 28651-%1138 bOI structure has been prepared. Without being held

to any particular theory, it is believed that the SOI structure will behave as a typical
single crystal silicon wafer, with the oxide layer acting as a free surface from which

15 vacancies and self-interstitials may be injected and to which they may diffuse.

Preparation of SOI Structures
A SOI structure having a device layer which is substantially free of

agglomerated defects may be obtained directly from a "low defect density" single
crystal silicon wafer, as described above, by means of subjecting the wafer to an ion
20  implantation process which, as noted above, is standard in the art. (See, e.g., U.S.
Patent No. 5,436,175.) Ifsuch a structure is to additionally comprise an “ideal
precipitating” handle wafer, preferably the ideal precipitating wafer process will be
performed on the low defect density silicon wafer prior to implantation. When such a
process is employed, the resulting oxide layer will be located within the denuded
25  zone.
Alternatively, the low defect density wafer may be used to prepare the SOI
structure of the present invention by bonding such a wafer to a handle wafer and then

etching away a portion of the low defect density wafer using wafer thinning



material . Wthin the vacancy dom nated material, there is an axiallgy apr 2003
symmetric region which is free of aggl onerated defects surroundi ng a core
cont ai ni ng aggl oner at ed vacancy defects. . EXAMPLE 12 5 Cooling Rate and
Position vOVMM3ZBbundary A series of single crystal silicon PCRU$®s/190880 mMm
and 200 mm nom nal dianeter), were grown in accordance with the Czochral sk
nmet hod using different hot zone configurations, designed by neans common in
the art, which affected the residence _tinme of the silicon at tenperatures
in excess of about 1050C. The pull rat@ 10 profile for each ingot was
varied along the length of the ingot in an attenpt to create a transition
froma region of aggl onerated vacancy point defects to a region of
aggl onerated interstitial point defects. Once grown, the ingots were cut
| ongitudinally along the central axis running parallel to the direction of
growt h, and t¢dhaiyubs)raldoasonthon hettle ant S&Lelgl, ANS. PeRINGVE, 6241723 . e Hahe 8ODUL 2
mmin thlckness Usi ng the copper decoration technique preV|ousI¥
descri bed, &Huctygsis ¢ addidenally fgmprige A idsalare@pidatings handls waden pigtearhdy
i ntent i onal I e SNBSS LR CROPER bb BB LONIhE 303 BRI
appropriate tor i'ssolfution o concen |on of  copper
i nterstiti alvaferfmak bes n@Jetclmdstohleaidehlrm'ad‘.xpmﬁng Wzkfer mnﬁses&lmmvéllyen rapidly
cool ed, durin h tinme.the copper i ritie 0 ouytdjffused or
preci pi t° St e oYV, Ot SoreE Sticas PR T8 é@bia%g@waf ot ¢FACBRAKIt i al
def ect's wheigpdNiB9eBtysthlilieén Fatth AdAch B8TeRGHe S5} ARAIL By HeGlbjelbE 1o
sanpl es were visual 'y inspected flor the presence of preC|p|tated
i npurities; thdided pregpitmmgwrfetproesse. free of such precipitated inpurities
corresponded to regions which were free of agglonerated interstitial
defects. 25 Another set of the longitudinal sections was subjected to a
series of oxyaeReRIRESPCHAal PRiRERMacidEat ments in order to cause the
nucl eation and growtn of new oxi de clusters prior to carrier lifetine

mappi ng. Cont r asfTheameisuriemneht ¢fatrystal Iathiop ivacanoies & sm@le’egys@a?léllaoﬁlﬁam
00/1 32 PCT/ US9Q9/ 19958 .52 utidi.zed in.or term ne, and ure the
shape of° t h&*1if tOHFllg ggﬁgmrfé#fﬁlg’o?’?adysﬂﬁtg’rgeﬁsrél at%\’m Biepasiie Eloesi tions
in each i ng@impledhed FfuseNirChdrientl sRFaeiwiti e FifidiGOting ahﬂftﬁﬁﬂe?&@rewas
t hen used, as dlscussed further below, to estimate the absol ute val ue of,

and the r adupa«?fer\ablrymngmlqcrﬁd suple thet thedrenie Tnaball enqshanismrdomjnatey et | Go.

This 5 infor on onj u [ate,
estimate thé’@%{"a‘?‘%%? %?%ﬁ?nﬁﬁssy@)c‘fen% %gélgﬁlgls‘([)%g? )§ a&%ﬁl‘lﬁ%‘ﬁyhe ef f ect
growt h condld&t&ﬁt&ﬁwplaﬁmmfaﬁmﬁﬁ%rtwmsmuﬁhgtvuc@fcy@omdmlaﬁoxfsrmb}ahresl l'i con
|ngot several assunptions were nade which ased on experinental evidence

avai | abl%e t dvrieal or the presentiipNeationc GEusios ting & temperaturejof 730 derfordd t o
sinmplify th?mhﬁz@?{n@? d taﬁ %Jgﬁhnégyaesatc?ﬁ%te ckin 'I%PQ swﬁe %tk{fag 345%” to

cool to a ténpera oneralo ersti ef ects
occurs, it ﬂmeraaﬁpemdlré,heg., ambomsmoeom adlitéort, emsnriatizea gossfbhainlﬁlaéncan for

t he terrpera ur ,a whi ch the g qQner ati on .of S|I|con S interstitials
occurs. Thi Wﬁ{?FISPBF‘é’Césﬁﬁé‘F ajigugflepesitien methed d’ﬁ%\ﬁ?&g Tcﬁ‘TléFd@Iaonerat ed

interstiti a' &fe%shc&%abﬁ ¥t e@eeﬁf{eﬂe H}H&b&gexe)ﬁ&\'iddﬁ?ﬁff&sk mtetHhigHa

di fferent coo Ing rates were enployed , as note above, et her
aggl onextat i descoibedielsewhera) fsoe:aa.nipﬁc,thyr]aobb ethad., Ml\@m &af p. 182

oSt 2l s S50 e AR MR b Bt S

concent r at i QRgief M @athﬁib%n%&?dm@ﬁ@ks HURRAHEISRIAERACEO, blases

reasonabl e to assume system w i econe critlcal
super sat ur af{ 9922 Ziwimdrmann,cGodstle) %lbndtwd)ami Eimhmet,é’Maearmm(Emcexsm:md anot her

Coenral ski W pevaPeiaEtn Shisohe doimal oSl ichele Fol 10 G sbBo0ms: (e

systema | |zt RR&EBIE T didtérS Bink ¥stizHREH OFTHE iRlbatisn df Oﬁ?géﬁfﬂéégi@eﬂes in

aggl oneration event will not occur, above a tenperature of abou 0 C
The second &sdtrpl‘sk@llcdrrat\t Mianlucﬁéagm"éanhmmvohéoem 13260 (192lr ot h 25
conditions an uaI it i,ngl st al at the tenperature
dependence &F4 2 rgle%p(ﬁyﬁf‘ S. ’fP !5\/ 'ﬂ&li@gé@gl igible. Stated

anot her way, it is assuned that self interstitials diffuse at the sane rate
at all tenperatures betlveen about 1400C and about 1050 C. Under st andi ng
that about 1050 C is considered a reasonabl e approximtion for the
tenperature of aggloneration, the essential point of this Q 2 AP R 2003
WO 00/ 1321 1 PCT/ US99/ 19958 53



assunption is that the details of the cooling curve fromthe rreltilfgﬁ %03
does not matter. The diffusion distance depends only on the total

spent cooling fromthe nelting point to about 1050C. Using the axi al
tenperature profile data for each hot zone design and the 5 actual pull
rate profil WAWA3dparticul ar ingot, the total cooling time fPEFHUSIHIPSS
1400C to about 1050 C may be calculated. It should be noted that the rate
at which the tenperature changes for each of the hot zones was reasonably
uniform This uniformty neans that any,error in the selection of a
tenperature of nucleation for agglonerated interstitial defects, i.e.,

about 1050 C, will arguably lead only to scaled 10 errors in the
calculated cooling tine. In order to determ ne the radial extent of the
vacancy domi nated region of the ingot (|Z"acaacy)~ or alternatively the
width of the axially symetric region, it was further assuned that the

radi us of the l§¥aialaiecty (2] I5¢tetern‘i ned by the lifetinme map, is

STt ed ome oy " e Rk fincfhe® el b ANRBLS daffRr U Rl ldchfbee

axi a I c region S’g€heral ly

assunmed to b&dpesatpRNflbWeanes ddfels, @ D-Befedt, hrdagpitdy Metaétt@bycool ing to
roomtenperature. This is pointed out because, as _nentioned above, as the
i ngot cool s PEeETABHARY PEhingrthe siaglerstalsipon samplsin a Sieecq qiehosdutianfar s may

occur. nr i j UL, Lii . I
oundary oni EEGRT) MB AN a0y Ai6iEnd BE AN mRAS1obRIgHeckif ey .,
t hi S }‘i ngal pd?inmagiiV(iiecbl.,i Sf:ntiecbmg S:cieﬂ%echmxﬂ 7t,fAlé|(m9§_])o Alit}_rqnﬂghﬁgandzhd for I
cal.culation o , te verage axl a te rature radient. in the crysta at
the tinme of dbg %ﬁqt}%f-aa@afm%te F@%@Mﬁ?@ctﬁ,ﬁﬁﬁﬁ &S Wy plso Radseddte tio

be the nelti r&gﬁlgﬂ‘}éﬁte&g SREQEEM def2Es. ChMeh f’HgsF Eﬂ?{iﬁﬁh%%&t%&ﬁﬁéﬁéﬁ as,

cal cul at ed us Inite el enment nodeling ni gques a details
of the hot zdmge@désognhe Sirfac® bf tretsampld whpgredent.e field within the crystal,

and therefore Go, was deduc sol ving Lapl ace's uation.with the proper
boundar ylteondi ¢ orsSIRERI Sa{FRLS e G PeSBIHES S BR P eaantd opigies) 7
interface angythgs FEL SEQ&H"IS Ongstoxfnggrarpﬁﬁ Which %@?cah?'ﬁﬁ’@éﬂd%e? défeeikntifle axis of

the crystal. The result ained at”vario axial positions from'one of
t he i ngots prdefeatien liamtithet/atherdtehdngtashpigeeented in Fig. 27. 0 ~ AP R 2003

WO 001 13211 PCT/ US99/(.199 34 .To estjmate.the effect that radial variations
' Go have on 1 he AR AP REBiAIR Al fimenos warp Uit &
that is, a peRbdraffg hekd et Qlitivesetal BspaMlelof BEFRRARM intAhe sinBR: Gystat al
surface, was assunmed to be the furthest ‘point a silicon selt interstitial

can be flSom ailigonknatrix upen theppplicatine ofdeat (Saecifrally, Biaglarcrysid silicoancy S

dom nat ed i th | f [ h d
the Go dat o FEABISRLsuEEab Sari SIet qr U g b oDl ity MW Bt e o)
at the positisgéh Eefe@dBy\fir§ioating Heurfide dTehedmple with & compbeti i:dﬂt&iﬁihﬁ\d Go

val ue) provides an indication of the radial variation in the initia
interstitial reXtlocapeblaef decoratingtbpse deseqty suchfas @ coneantrated elugian heopPsr | ity

for excess interstitial 0 I 8ac i LN, the
10 vacancy d O He Zbe F%aaf%%amﬁe—ig?%h% Zlei{o{gdr t%inactu$§?ﬁé§e‘1? é&g‘/g? ﬁ‘ 5@? g%geca!rﬂgd t here
i's no syxtemabb@ WOPECdBNSRHUOS niineteq t@hbduy | Diines iGroyddrad diffust ke medi al
variation in v/ CGo. As can be seen in Fig. 28, the axial dependence in the

i ngot is niniiralthe sampies Toa hpatdreatades theasAaled it From tpmIevatere thus hi s
series of ex J; r J: Lah:i 1 S
vari ation of Q&%I%%}étg%ﬁ?&%ﬁ?gtl%ya%g é}?{tﬁlgwtdo%a%gerdrlﬁc}\tfé{g sgtgsg%’ﬁi\l/lg a

di scer nabl e diepsngseamtit at Wkichdefectsyar present. t he presence of absence of a

band of agglonerated intrinsjc point defects) .on the radial.vatiation of
o ne not e SanAles Gplibaahe FRGIE i Rpsibisieady a et efist SelinsRtingiteth

axial 25 order to remove surface residue and precipitants, by treating the sample with a bright

etch solution for about 8 to about 12 minutes. A typical bright etch solution
comprises about 55 percent nitric acid (70% solution by weight), about 20 percent
hydrofluoric acid (49% solution by weight), and about 25 percent hydrochloric acid

(concentrated solution).



positions for the present or absence of agglomerated interstitial glefgr 3003
For each 20 axial position exam ned, a correlation nay be made benveen the
quality of the sanple and the width of the axially symetric region.
Referring mewoo/ts2H g. 29, a graph may be prepared which conppegsisbd)fress
quality of the given sanple to the tine the sanple, at that particul ar

axi al position, was allowed to cool fromsolidification to about 10S0C. As
expected, this graph shows the width of the axially synmetric region (i.e.,
R~,~, 25 Ry~"Y) has a strong dependendg on the cooling history of the
sanple within this particular tenperature range. In order of the wi dth of
the axially symmetric region to : ' increase, the trend suggests that

| onger diffusion times, or slower cooling rates, are , needed. p 2 AP R
2003 WO 00/13211 PCTI US99/ 19958 55 Based on the data present in this graph,
a best fit line may shenfal tilRdd WihGidapag hahdra b SBYjEET 0% &cbhgs! L1 ON
in the quality of the EI|ICOn from"good" (i1.e., 3e ec‘t ree% to " bad"
(i.e., cont atohingptepeheonmprsingstha simple in, @n tredtirtghie withpd Seapotor Wirightletsked for a

2 Vel at i onsAPERE corabitet iR giphs SRy dpiaefiy Gy fhraets il BEgiovRd iinltne -
cool i ng rat § 9% &6h SYRLI6R Q%pﬁﬂnié_ﬁﬁdg 3<11f.2_ £afi§ of 0!15 QMpBEs§aMaitiEBmafeRc yscal

- ~ansitian) DetT t1050C wherein R _is the radius of the ingot,
Rte;"" Bs tlaad hydrofiyoné acidé4eisaluripn by meight). Thisefching atepantsax revealosi t i on

in the sanple.where a transiti occurs i,n the interstitial dom nated
material f rgﬂl%egf%agégpgqu§4 ﬁ%fgaf S’%bcgr{?aa?'it?ﬁﬁ{asf’&kaf ects, or vice versa, D-.
is a constant, abeubnfRaBrégididofmtEERGal ind ViiaGby H8RMAREHAeli{1FR\Er age tine
and tenperature of interstitial diffusivity, and 15 tlosoc is the tinme
requi red forgglametitaddelfasts ain podistingwshod fromeeashntileeandfrom material

containing agglomerated defects by the copper decoration technique described above.

10 Regions of defect-free interstitial dominated material contain no decorated features
revealed by the etching whereas regions of defect-free vacancy dominated material
(prior to a high-temperature oxygen nuclei dissolution treatment as described above)

contain small etch pits due to copper decoration of the oxygen nuclei.

Definitions

15 As used herein, the following phrases or terms shall have the given meanings:
"agglomerated intrinsic point defects" mean defects caused (i) by the reaction in
which vacancies agglomerate to produce D-defects, flow pattern defects, gate oxide
integrity defects, crystal originated particle defects, crystal originated light point
defects, and other such vacancy related defects, or (ii) by the reaction in which self-

20  interstitials agglomerate to produce dislocation loops and networks, and other such
self-interstitial related defects; "agglomerated interstitial defects” shall mean
agglomerated intrinsic point defects caused by the reaction in which silicon self-
interstitial atoms agglomerate; "agglomerated vacancy defects” shall mean
agglomerated vacancy point defects caused by the reaction in which crystal lattice

25 vacancies agglomerate; "radius" means the distance measured from a central axis to a
circumferential edge of a wafer or ingot; "substantially free of agglomerated intrinsic
point defects" shall mean a concentration of agglomerated defects which is less than

the detection limit of these defects, which is currently about 10* defects/cm®; "V/1



cool fromsolidification to about 1050C. Referring again to Fig. gqg rAf‘ g[ﬁ?
be seen that, for a given ingot dianeter, a cooling tinme may be e ?- Re
i n order to obtain an axially symmetric region of a desired diameter. For
exanpl e, /52 got having a diameter of about 150 mm an 20 axi al I%/
symretri c re % HEving a width about equal to the radius of RGTAU$99G8958nay
be obtai ned |f) bet ween the tenperature range of about 1410C and about
1050C, this particular portion of the ingot is allowed to cool for about 10
to about 15 hours. Simlarly, for an ipgot having a dianeter of about 200
mm an axially symretric region havin wi dt h about equal to the radius of
the ingot may be obtained if 25 behveen this tenperature range this
particul ar portion of the ingot is allowed to cool , for about 25 to about
35 hours. If this line is further extrapol ated, cooling tines of about 65 .
to about 75 hours may be needed in order to obtain an axially symetric 0
2 APR 2003 V\&M@Bﬁdanﬁ’&i&’ﬁdﬁﬂﬁbh&ﬁfg&%ﬁadﬁtﬂgﬁm ihgmidrgva'ewdtd\tﬂlc}aﬂheut equal
to the radius of gr}t}in% havi%r;]%%dla ct f abou éOOnm is to be
noted in thi BafEgheigngerdromyacangy daminal 'I{I‘r?é“i“ﬁ‘b ?mi%&dea%‘bs"acancy
addi i onal _caghidad" b deft-HRAHEHordlici® nichf ridles A3 Gaich dlb Shange { hat
interstitials nust diffuse 1n order to reach sinks at the 1ngot surface or
t he vacancy paintdeféctRafegredongnaroly tapareiessor s8li-int8dstitid[3, easpecdiBelyt he effects
of increased cooling tine for various ingots nmay be observed. Each of these
figures depicts a portion of an ingot having a nom nal dianmeter of 200 nm
with thescooling time fromthe terrpg&g,tnﬁreg of solidification to 1050 C prod
3

essively increasing fromFig. 30 to . 10 Referring to Fig. 30, a
portion of an |nng4mplaﬂ@|thrgu$}n5 almsa‘lateﬂb%ldtealmxygmpreahnunoasﬂacnmto about

350 mm from Ider At a f abo t. 255

the widt h_of ERTROIESS Hepyen | 7SR wdiye Bt 8 siieb sMepd Sithininead 1| a
defects is asmauwg»ﬁarﬂw& r¥81b Bf V2RO mmalé elatéhg, £eqtfiinle§stﬁtambﬁma@apt
Beyond this positi'on, a transition occurs froma region which is free of
such def ect smatepakor b‘gtihowhmh ig gibwhant#l s frehofrebamerateddnipinsicgoint defects; as ng
nowtoFg 31 Ltion ngin |aI osition frrom about
305 1 08 anetionsd HaRPanvie il Examp eSO Bt ol Sh e R R on o
about 360 mmmﬁtmgs‘ehg&h of the axi aIIy symTetrl c region free of
agglonerated interstitial defects is at a maxi num which is about 65% of
the radius of the ingot. 20 Beyond this p03|t| on) defect formation begins.
Referring now to Fig. in axial position
fromabout 140 nmto a ou‘L{J’31 %&&%C?% ﬂ%@m%%réeg]sis?gshom At an axi al
posi tion of about 210 mm the width of the axially symretric region is
about equal to the radius of the ingot: that is, a small portion of the
ingot within this range is free ofﬁ-g%ﬁ-énerated intrinsic point defects.

Referring now to ! I osition
from about 600 nm§ Higon %ﬁg eac?E 851% {Ng’%r Ileﬁ%g ﬂgggg? 5& agglr{gggg shed do an

axi al pasi ti pelishedwyi fogm fsiliwon aladers. BMemfersv&&bmhenﬁﬁﬁjenwd td ineurfaodt h of the
axially synmetric regi i S out e to the radius of th )

St on§ hetRBERSS ) Foid Bemtal Hesing ieb it e aaeTon s B PGP0/ 1995
57 segment | il @1), biiPeuh &Eéa 18 an loR et dratlilizar B BB kb i 8 @) dricP Ryt
equal to the radiu Ingot is Qgreater than what iIs observed

connecti on vu:ctddlttohesctrfgnh nDTaHRb Theinitvil erygansseadentrationrmfitinawaters, (O)

t her ef ore, , <31 and 33 denpnstr.ate h ect .of ooI i ng
e T, 1000 RS Sha Swilt HOBHAPIBTAL R o1 B ol fubt vereafiehaten Ty
Ssymetripg re I O RN I di
intersti tgl al S‘G@TPD& %%@ggﬁéhgfgﬂgedaehﬁ?su |t egﬁataﬁc%ﬁf %%E%Eggrrgﬁacgg ol? t he
crystal pull Tatd¢E | eading to an initial interstitial concentration which

was too large to reduce for the cooling tinme of that portion of the
crystal. A greater length of the axially symmetric regi on neans




10 a larger -range of pull rates (i.e., initial interstitial conce@&rgﬁéﬁgh
are avail able for the growh of such defect-free material. |ncrea$#¥n
cooling tine allows for initially higher concentration of interstitials, as
sufficient woosFer radial diffusion may be achieved to supprﬁzsﬁugggﬁggss
concentration below the critical concentration required for agglonmeration
of interstitial defects. Stated in other words, for |onger cooling tines,
15 sonmewhat |ower pull rates (and, therefore, higher initial interstitial
concentrations) will still lead to th&9maxi mum axially symetric regi on 60.
Therefore, longer cooling tines lead to an increase in the all owabl e pul
rate variation about the condition required for maxi numaxially symetric
region diameter and ease the restrictions on process control. As a result,
the process for an axially symetric region over large 20 |lengths of the

i ngot becones easier. Referring aga B&i fig. 33, over an axial position
ranging fi om about 66S nmto greater an 730 mm fromthe shoul der of
crystal, a reglon of vacancy donlnated naterlal free of agglonerated
defects is QL 1

controlling : :
terqgl iaﬁs tg dlffuse to rq

be suppressgq ore tlB%naPr [ gi ons
where they nay be agnl hil at e gesul g, ¢ratign of oner gt ed
interstitiall defectS'is prerenteg1 _}_hln a sr nt gortion of the
single crystfal silicon ingot Lﬁﬂ PR ?003 €k§{l 3231 PCT/ US99/ 19958 58
I n V| ew Of the abo\vle’ Jlt \'I\l J hn A—t l’\ﬁ \ Ql I‘I’\I ects n'F Lhn

invention arfle achieved. As var%pgggoﬁ&aﬂge% cg?gg:olag frade '@Sts aboyve
conposi tiong and pr@cesses elgpart gj‘ue sqope 9 6&@9

i nvention, ift is int®ended that al; tter contar ry in tthe abov

descri pti on (be—rt-erpreted—ps—H HAL o ot bRt Aol o—--rAk hg—-sedse.

Qp APR 2003 59 1. A silicoh on i nsul ator {structure, the tructure
conprisiqg: fla single crystal sijdpen.devite | pypic/hlaving a &clg,gé axifls, a
circunferentlial edge a radjus extending {romthe central aX|s ot he
ci r cunf er entji-at—edger—aRe—ar+st—ad-at -y rsyrrete—-egher—tR—whi-eh—flher e
s is a predgmi nant intrinsitc paiptgodetect| whirahgd®@cHbgt anrizakbyed teq of

N .
aggl onerated intringi c poi nf @afeel ooechan oo fay hit tclemd’o axis,
acircum‘erentlal edge, a rp dluslﬁﬁengc ?gronhtrj@e centrg?J X to the
ci r cunf er ent{i-at cduc, arearsecort—axatt oyrllu:tl -t c1| ot oulu, O 7n
insul ating lfayer bepween thre handl e waf er{and the devicg | ayer.

(atoms/cm®) 7x10" 6.67 x 10" 7.2x10"7
OPD
10 (atoms/cm®) 1x10" 4.4x10° 1.69x10"
DZ
(depth in pm) 70 95 0

Figures 2, 3, and 4 show cross-sections of the resulting wafers (these figures are
15 enlargements of photographs taken at a magnification of 200X); sample 4-7 is shown
in Fig. 2, sample 4-8 is shown in Fig. 3, and sample 3-14 is shown in Fig. 4.
In addition, the concentration of crystal lattice vacancies in the sample 4-7 was
mapped using a platinum diffusion technique. A plot of platinum concentration
versus depth from the surface of the wafer (a depth of 0 micrometers corresponding to

20 the front side of the wafer) appears in Fig. 5.



2. The structure of claim1l wherein the handle wafer is a single gryapgrl 203
silicon handl e wafer and the second axially symetric region is
substantially free of agglonerated intrinsic point defects. 15 3. The
structure of claim1 or 2 wherein silicon self-interstitials are the

pr edom nantWO®#PMIZAEi ¢ point defect within the first axially SBCEAE$99/18958
region, the first axially symetric region extending radially inward from
the circunferential edge of the device |ayer and having a width, as Zo
nmeasured fromthe circunferential edge radially toward the central axis,
which is at |east about 30% of the |endgbh of the radius of the layer. 4.
The structure of claiml1l or 2 wherein silicon self-interstitials are the
predom nant intrinsic point defect within the first axially symetric Zs
region, the first axially symetric region extending radially inward from
the circunferential edge of the device |ayer and having a w dth, as
measured fromthe circunferential gdgemMm@Eally toward the central axis,
which is at | east about 40% of the Tength of the radius of the |ayer. 02
APR 2003 60 5. Thé&oslemensiate that the priopess of thepredent iaventionlis radatively

| f-interstitial th daoni nant i ptrinsi int.defect. within th
Frrst axial | POoRERt FEomEsh besrkaieh fos Lebarb B0y Rsut ettt |
ext endi ng r agafekd WavifdVeifekrént Ry Serf duhcentFA10AE KefHubjebted @8 theQhanieRerigkerfi ce

| ayer and having a width, as neasured fromthe circunferential _egia?e
radi al | y5t owsieps daseriedhinyBxample §. Thaicerditignsafior pachanf these step8dhe witial he | engt h

the first axoaeey “Ofcarfilbe ofibe B CHBEUE sty ) Nnidionvertbefali®ina ne
structure  density (OPD) in the bulk of the wafers after step S,, and the depth of the denuded
zone (DZ) after step S, as measured from the surface of the wafer are reported in
Table II. Figures 6, 7, and 8 show cross-sections of the resulting wafers (these figures
10 are enlargements of photographs taken at a magnification of 200X); sample 3-4 is

shown in Fig. 6, sample 3-5 is shown in Fig. 7, and sample 3-6 is shown in Fig. 8.



additionally conprises a third, generally cylindrical
intrinsic point defect,

vacanci es are the predom nant

| ocated radially inward of the first
or 2 whereiWOoIMIBdNn self-interstitials are the predoni nant
defect within the first axially synmretric region,
symmetric region extending radially inward fromthe circunferenti al
t he device layer and having a w dth,
axi s, 420 which is about equal
8. The structure of claim1 or

edge radially toward the centr

al

| ength of the radius of the |ayer.
intrinsic point defect within the first

vacanci es are the predom nant
axially synmmetric region,
central

axis of the |ayer 2s or
measured along the radius of the la

the first axially symetric region

having a wi dth of at

HEBLET,

of the length of the radius ~o of the |ayer.

regi on.

the fi

dth which is

region in i
the third \r,\@gfz‘rﬁR 203
~s 7. The structure of claim1

I POTISY9/199580i Nt
rst axially
edge of

as neasured fromthe circunferenti al

to the
2 wherein

the first axially symmetric region conprising the
| east about 15 mm as
The structure of claim8 wherein

at | east about 25%

0 2 APR 2003 61 10. The

structure of i wi dt h
which is at | dpst ahout 50% off the |.ength gf the_radius |of the | ayer. 11.
The structure |bf_cl %R Q__gr 10 \arﬁihpr nm'\r|3 ng althird ﬁpner y
annul ar regiorf| i'n which silicdn s er<t|t e tlh nant
intrinsic poi def ecg the thi rdef?;mig{n bgi ng hﬁn {ed rladi asﬁg&%tv\ar of
the first regijon and bé&i ng sutstan’l’ | Iy free :% gl ondr at e ﬁu i nsi
poi nt defects.|to 12. The stryctur® cl aijm in tlhe fi *axi alll y
sym‘r’etri C regi has a width it hJ]Q/"szlf pqllzﬂ’l/f’pn‘ he ll pnnr‘ﬂﬁ %@7 t.he
radius of the jjayer. is 13. The aqf f {cl ouygh 12
wherein silic self-gnterstifgi fs%elé&;dé pr%n ecg’g%”? nt r@?@@co dég nt
defect withinf{the secthd axiﬂlly SVS'??HC regi he secong% 1y
sym‘r’etric regi extendi ng i:-\ng ard frnmnlmn cirdqunfer ial e ge of
t he handl e wafler and having a|wi dth, as megsured fromthe circunferentfial
edge 20 gadialjjy towagd the centr IS, V at | gast t 30% of
t he Ieng{h of it he radshs of the \/\gf5 a The“t?(f&fure IW
wherein the w h-of the secomd axial I_\J QUQTIE"‘ ric rnrﬂ an_is at Inr.\cf bout
40% of the lerfgth of the radiys b o t f clalm
_ _ 008 \ﬂiﬁf cThe sty 9
13 wherein thg width @f the secl atgflga 2 ij)llé?Cr eqdi Pglﬁégtg%g
about 80% of tlhe | ength of the |au 0 . !
SR, W"%o%'b c™° inN,
inN,
O;
(atoms/cm?) 6x10" 7x10" 8x10"
OPD
10 (atoms/cm?) 4x10"° 1x10" 6x10'"
DZ
(depth in pm) ~40 ~40 ~40
EXAMPLE 3
15 To demonstrate that the process of the present invention was relatively

independent of the conditions used for the oxygen precipitate stabilization and growth

step (S,), a wafer (sample 1-8) having the same initial oxygen concentration was

subjected to the same series of steps described iri Example 2 for sample 3-4 except

that a proprietary, commercial 16 Mb DRAM process was used as the oxygen



0 2 APR 2003 62 16. The structure of claim 13, 14, or 15 wherein td]e %ﬁg?ﬂﬂéj
axially symmetric region is generally annular in shape and the str 2t
additionally conprises a fourth, generally cylindrical region in which
vacanci es are the predom nant intrinsic point defect, the fourth region s

| ocat ed r adVR04I33thward of the first region. 17. The struct urrcTaissohagsm 13
wherein the width of the second axially symetric region is about equal to
the length of the radius of the wafer. ~o 18. The structure of any one of
clainms 2 through 12 wherein vacancies are the predom nant intrinsic point
defect within the second axially symetfic region, the second axially
symmetric region conprising the central axis of the wafer or having a width
of at least about 15 nm as |Is nmeasured along the radius of the wafer. 19.
The structure of claim 18 wherein the second axially symetric region has a
width which is at |east about 25% of the length of the radius of the wafer.
20 20. The stprecipitateestatfilizdtivnrand FrovwtrseEpr(S)h&Figiee Onbowex h atdsy-sastivnesfithe
region has a wi dth whj c& is at |east about 50% of the | ength of the radius
of “the waf er resultingwater dhis figlics 16,48 c6reement T ephotegraply taker s magnification

conprising a off%'?%f' aﬁxﬂé&{%ﬁ? Y104 8Tanfl S Iy Jo%ﬁ@b?@b%%}dggg&x precipitate

self-interstitia edom nant 1 ntrinsic polnt ourth
regi on bei ng dendussqx 1@ tmal for samplecl-glvakus 4xd 0¥ano'fdr samgple3-4)rmhdbei ng

substantially free of agglonerated intrinpsic point defects. ;o 0 2 APR
2003 5 %omparable dengged zone %eptﬂs (approxpmatelyeto mltcrometersg.

EXAMPLE 4
This example illustrates the trend that may be observed in the density of bulk
microdefects (BMD), i.e., the density of oxygen precipitants, and the depth of the
denuded zone (DZ) resulting from an increase in the concentration of oxygen in the
10  atmosphere during the heat-treatment. Three different sets of wafers were subjected
to rapid thermal annealing under varying process conditions. The wafers in Set A
were annealed at 1200°C for 30 seconds under a nitrogen atmosphere; the wafers in
Set B were annealed under the same conditions for 20 seconds; and, the wafers in Set
C were annealed at 1200°C for 30 seconds under an argon atmosphere. A pre-
15 oxidation step was not performed on any of the wafers in the three sets in this
Example.
As indicated by Table III, below, the oxygen partial pressure was increased for
each wafer within a given Set. Once annealing was completed, the BMD density and
DZ depth for each wafer was determined by means standard in the art. The results are

20  present in Table II, below.



63 22. The structure of claim 18 wherein the second axially symmﬂ‘

region has a width with is about equal

waf er .

ot her
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silicon wafer
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the concentration of vacancies in the bulk |ayer

pl ane,
bet ween t he central
havi ng a non-uni form di stri bpidieniof crystal

S

s 23. The structure of claim1 or
conpri ses aWOAHEIU Al sk
general ly parallel

singl e crystal
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t he radi us
handl e waf er

a central
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concentratiog of q 2 APR 2003 64 Tngerstriial "oxXygen [Th the genuded gone
at a distanclg_edual {to abbU0’ ppmahal f [of D-603xH)" | easti about NI¥% of t e
maxi mum.concgntratidn of interstitial foxygen in the denuded zone. 25. [he
struct url of ai-m-Ad gr 2 wherein-thelhandle vwafer comirises-a Czaochrall ski
single crystil silidon waf risimg t 9 gengrally alle

sur f aces, OI’]L 0?3 VVilﬂbil TS S?Plgﬁlﬁl:ggni Sﬂfl fdbmgzg%?gﬁt otfrer—of—whrcihr—s—j he
back surtacef of Bhe |silicomownes, a ¢entral.7pkap®e bet ween t hegdront afpd
back surfacef, and g circunferential ¢dge joining I 0 fhe front and bagk
surfaces, a fro®_surface2@pamaonsi ¢ting BISK1IY1 rst rfegion d00the sillicon
wafer wthinfja % st gnce, ?&Q of no noje th 15 m crorreiﬁs fronjthe
front surfacg BeH-k .mfgﬁmgbnprLyin“ - ; N
waf er bgkweeh t ke centralhabaﬂﬁngnd t&e fronj7gysd ace lfayer, Hfg bul k fayer
havi ng a subfteamtTalfty o ormroxyger =S concentrat T o and—a corcentTHt i on
of crystal ljattice acanci es such thafj upon subjecting|the silicon waffer to
an oxygen pr Ion heat treatnen{ consisting essemntially of anneafing
the silicon 2 rs and6PxEh at 1000C f or90sj xt een
hours, the sfli laf er Wil _contai njfoxyge reegi pitages havijpg a
concentratio i +*§W%éké&i§;h4#—44%;+#4Q£@+La;es‘in
the bulk laypr is at] or negjp dgaga centjal plppgyygeth thﬁb concepjg ati on pf

t he preci pitit T ith ' erattygecreasT g T tiediTectTpn of

the front su
structu
crystal

the—botk—tayer

L'

on ih

The above data shows that as the partial pressure of oxygen in the atmosphere

increases, the number density of bulk microdefects decreases. In addition, when the

oxygen partial pressure reaches 10,000 ppma, the number density of bulk

D

microdefects is indistinguishable from the number density of bulk microdefects which

25

is observed in wafers which have been subjected to an oxygen precipitation heat-



waf er having two major, generally parallel surfaces, one of whi Cpr 2, QPF% r?gﬂs‘
front surfwoaoasst he ot her of which is the back surface of F(’f‘ﬁu%ﬁ/b?ﬁn

waf er, a central plane between the front and back surfaces,

Ci rcumc erential edge joining the front and back surfaces, a surface | ayer
~0 which conprises a first region of the silicon wafer between the front
surface and a distance, D~, of at |easf4 about 10 m croneters, as p 2 AP R
2003 65 neasured fromthe front surface and toward the central plane, and a
bul k | ayer which conmprises a second region of the silicon wafer between the
central plane and the first region, the silicon wafer being characterized
inthat it has a non-uniformdistribution of crystal | attice vacancies with-
t he concentration of  vacancies in, the bul k. |ayer g %E er than the
Concent a1 BRHBIeR REHR SR pr e K Beeo uger noodrdt Wik BERRELe havi ng
a concentratjyeptigiofile in which the peak density of the vacancies is at or
near the central plane with the concentration generally decreasing fromthe
position of peak density in the direction of the front ~o surface of the

handl e wafer; a single crystal si i@&ﬂg&ce | ayer; and, an insulating
| ayer between the handl e wafer an f-ce | ayer. 27. The structure of

claim 26 wherein D~ is at ghgastvealiRthalAnnead Thdgheiet ers. 28. The structure
of claim?26 wherein D~ is at | east about 50 mcroneters. 20 29. The
structure of claim?26, 27, or 28 wherein the concentration of interstitial

t dist t 3 m th dl f
oxyaen 3t di stanges. o Salolri NN HEb o[ Al A R et e bl k-
layer. 2s 39resérrhqn<sant1uﬁtstneoxotvafetﬁbma%f‘edf?c%nswle?&ysottenwoﬂ ifddes own in
concentration of interstitial Iv( gen at distances greater than m crons
fromthe haﬁwo@amrwth%@ﬁa@ehrrab amethééshavatgnmlyamwtﬁO\tlrtelaa@mwntratr on of
terstll) BufeNar d Mebba B AN (s, B0 Hen TR, 8L IHRLVLEShaelel 20,

27, or evice axrs, a clirc ere

edge, a r adrd{b$d ehebanidinngalbr afider aﬁ) aﬁxnﬁ?ufzc&&@au@attan:hewd;traabutaxBe°(1:cfort he
circunferential edge, and a first axially symefric reg_éon which is

subst a0 al P§out Baaingte, e thereppidbraolnd (Snks i kefpaingmowdp &d68. 3@and Jhét
t t |
ST o ol M S U SR Lo B s e

region, theNBO-% Ttreamlxeﬁhk Jsyich yratety donditiogls gicledisditdh ngfer hdviag bslsentf‘lalllfyﬁb from

t he ci rcum‘erentl al edge of the device, |layer and havi nglpa wi dt h

nmeasur ed f r B¢AUIRE ZE‘i‘er%,‘lﬁirﬁ Brlkrfxygen %‘G@’é“ﬁ'&de&F‘W(Q%‘Y}H ﬁegrﬁeé?ﬁthéﬂ‘ axi s,
which is at 5ty fbo of the length of the radius of the layer. ~o
33. The stru%:ﬁre g? §F§§& 1 wherein vacancies are the predom nant
intrindbc poi nt ﬁeécﬁntast/\uotthc rwau’ér@fﬂﬁswéamchﬂ,w dzyudvdtznncnmg@mfmmetdhé first

axially sy tric.re riS| the cené | ayer or having
a wi dt h of ericoglipg ﬁ;g ﬁ%an Prigiasien mglileo%‘]etlﬁéu‘maﬁ%? 5 of the

| ayer. bxidhtivE@Brm stébsﬁétﬂngﬁfg%tmt% 388 39, TaREL Hoting WRcbRpe 2
handl e mafer conprising a Czochra singl e crystal silico

the surface of a wafer etched slightly in order to remove any nitride layer present. The
wafer was then heated to about 1180°C for about 3 minutes under an oxygen-

20  containing ambient, having an oxygen concentration in this Example of about 100%,
in a rapid thermal annealer. It may be observed that, following an oxygen
stabilization and growth step (S,) and a NEC-1 treatment, such process conditions
yield a silicon wafer having a denuded zone depth of about 60 pm and a bulk oxygen
precipitate density (OPD) which is greater than about 1 x 10'° atoms/cm’.

25 Referring now to FIGS. 40 and 41, it may be observed that the oxidative
thermal anneal step may be performed on only one side of the silicon wafer. Single-

sided treatment is achieved by shielding the side of the wafer which is not to be



waf er having two nmajor, generally parallel surfaces, one of mhic@ '3 BQ@WFO
front surface and the other of which is the back surface of the Si 'g

waf er, a central plane between the front and back surfaces, a

ci rcunf er ewd @l3zdge joining the front and back surfaces, a penusedssmne
whi ch conprises the region of the silicon wafer fromthe front surface to a
di stance, D~, of at |east about 10 mcroneters, as neasured in the 2s
direction of the central plane, and which contains interstitial oxygen, the
silicon wafer being characterized in #at the concentration of interstitial
oxygen in the denuded zone at a distance equal to about one-half of D, is
at | east about 75% of the maxi num concentration of interstitial oxygen in

t he denuded zone; ~o0 a single crystal silicon device |layer; and, an

insul ating | ayer between the handl e wafer and the device | ayer. 0 2 APR

2003 67 35. trédied. SThe Kiaférahown ¢h BIGS. 34D adderiel 1y thatedSn te JafRShardiePal thd0
mcronmeters. s 36. The_structure of claim34 wherein D~ is at | east about

50 i cr onet ¥efer shawnp EIGH 38andr39, ythcthe pxseption et ongrsidreofithe wafes Wase
concentrati %fﬁg% 39 tfst‘ohgfng_a s?ﬁ%’ rid% b lb@?sp%ggao @H@ﬁ%tmr@ ﬂ'ez?ﬁ?a ce =0

equal to abou east a e naxi

concentrati oafpofpbham@a*p@tsmbn @Cvmym@cn:ss nit e béebsstest thet) €olloddng Iﬂnexyagelnuct ure
of claim 34, 6. wherein the concentration of interstitial oxygen in

t he denédedstzbthéats&n %Flchﬂ@t"’élh%tép (%) apdiaiNG o | dxsaient the reawlting vafsr hﬁ%a at | east
A L e E S e
| ayer has awhdetheshiclded sida(tuickcide) of trtwaftr esﬁk@aall)ahacmﬁ denudxd eordl rithef r om
Syrmet o T BaKONYBR BRFCIRe B RO BP] 9t B 38 1aea g R WE IPRYI o
poinE.defecgénmﬁﬁf-The structure of cla!n139|mhere|p silicon o
self-interstitials are the predom nant intrinsic point defect within the
first dRially syflreto bendtsd ltkay sanfizcetetehifg ofthe aefeatd senmywemsy mitdde kyeon
extending r gr%ls:%lt lxgl nc|>tn1¥ev%resdsary iR Order to achieve the results of the present process. Rather,
the surface etch is optional and, accordingly, is not to be viewed in a limiting sense.
It is to be further noted that, in view of Example 15, that a denuded zone may
be effectively formed by thermally annealing the wafer in the presence of an oxidizing
15 atmosphere. Additionally, a denuded zone formed by other embodiments of the
present invention may be further modified by this thermal oxidation treatment. For
example, the depth of the denuded zones of samples 4-7 and 4-8 (Example 1) may be
increased by subjecting the samples to this thermal oxidation treatment prior to the
oxygen precipitation heat treatment of step S,. Likewise, for sample 3-14 (Example
20 1), a denuded zone may be formed by subjecting the wafer to this thermal oxidation

treatment.



the ci rCU%‘EW%ﬁi al edge of the device |layer and having a w dth, gg APR 2003
nmeasured f RY circunferenti al edge radially toward the PEWUSAYINRE s,
which is at | east about 40% of the length of the radius of the layer. ~0
41. The structure of claim 39 wherein vacancies are the predom nant
intrinsic point defect within the first axially symetric region, 0 2 APR
2003 68 the first axially symetric Hégi on conprising the central axis of
the layer or having a width of at |east about 15 mm as neasured al ong the
radius of the layer. .A
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from the shoulder of the ingot following a series of oxygen precipitation heat-
20 treatments which reveal defect distribution patterns. At a crystal position of about
680 mm, a band of agglomerated interstitial defects 280 can be seen. This position
corresponds to a critical pull rate of v'(680 mm)= 0.33 mm/min. At this point, the
width of the axially symmetric region 60 (a region which is interstitial dominated
material but which lacks agglomerated interstitial defects) is at its maximum,; the
25 width of the vacancy dominated region 80, R,’(680) is about 35 mm and the width of
the axially symmetric region, R,’(680) is about 65 mm.
A series of four single crystal silicon ingots were then grown at steady state
pull rates which were somewhat greater than and somewhat less than the pull rate at

which the maximum width of the axially symmetric region of the first 200 mm ingot
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easier to avoid the formation of interstitial defect clusters due to supersaturation of

25 interstitials.
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EXAMPLE 8

Increased Out-diffusion Time for Interstitials

Figs. 22 and 23 illustrate the improvement in quality that can be achieved by
increasing the time for out-diffusion of interstitials. The concentration of interstitials
5 is calculated for two cases with differing axial temperature profiles in the crystal,

dT/dz. The axial temperature gradient at the melt/solid interface is the same for both
cases, so that the initial concentration (about 1 cm from the melt/solid interface) of
interstitials is the same for both cases. In this example, the pull rate was adjusted such
that the entire crystal is interstitial-rich. The pull rate was the same for both cases,

10 0.32 mm/min. The longer time for interstitial out-diffusion in case 2 results in an
overall reduction of the interstitial concentration. This leads to an improvement in the
quality of the material since it becomes easier to avoid the formation of interstitial

defect clusters due to supersaturation of interstitials.

EXAMPLE 9

15 A 700 mm long, 150 mm diameter crystal was grown with a varying pull rate.
The pull rate varied nearly linearly from about 1.2 mm/min at the shoulder to about
0.4 mm/min at 430 mm from the shoulder, and then nearly linearly back to about 0.65
mm/min at 700 mm from the shoulder. Under these conditions in this particular
crystal puller, the entire radius is grown under interstitial-rich conditions over the

20  length of crystal ranging from about 320 mm to about 525 mm from the shoulder of
the crystal. Referring to Fig. 24, at an axial position of about 525 mm and a pull rate
of about 0.47 mm/min, the crystal is free of agglomerated intrinsic point defects
clusters across the entire diameter. Stated another way, there is one small section of
the crystal in which the width of the axially symmetric region, i.e., the region which is

25 substantially free of agglomerated defects, is equal to the radius of the ingot.
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EXAMPLE 10
As described in Example 6, a series of single crystal silicon ingots were grown
at varying pull rates and then analyzed to determine the axial position (and
corresponding pull rate) at which agglomerated interstitial defects first appeared or
5 disappeared. Interpolation between and extrapolation from these points, plotted on a
graph of pull rate v. axial position, yielded a curve which represents, to a first
approximation, the pull rate for a 200 mm crystal as a function of length in the crystal
puller at which the axially symmetric region is at its maximum width. Additional
crystals were then grown at other pull rates and further analysis of these crystals was
10 used to refine this empirically determined optimum pull rate profile.
Using this data and following this optimum pull rate profile, a crystal of about
1000 mm in length and about 200 mm in diameter was grown. Slices of the grown
crystal, obtained from various axial position, were then analyzed using oxygen
precipitation methods standard in the art in order to (i) determine if agglomerated
15  interstitial defects were formed, and (ii) determine, as a function of the radius of the
slice, the position of the V/I boundary. In this way the presence of an axially
symmetric region was determined, as well as the width of this region a function of
crystal length or position.
The results obtained for axial positions ranging from about 200 mm to about
20 950 mm from the shoulder of the ingot are present in the graph of Fig. 25. These
results show that a pull rate profile may be determined for the growth of a single
crystal silicon ingot such that the constant diameter portion of the ingot may contain
an axially symmetric region having a width, as measured from the circumferential
edge radially toward the central axis of the ingot, which is at least about 40% the
25  length of the radius of the constant diameter portion. In addition, these results show
that this axially symmetric region may have a length, as measured along the central
axis of the ingot, which is about 75% of the length of the constant diameter portion of

the ingot.

AP
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A single crystal silicon ingot have a length of about 1100 mm and a diameter
of about 150 mm was grown with a decreasing pull rate. The pull rate at the shoulder
of the constant diameter portion of the ingot was about 1| mm/min. The pull rate

5  decreased exponentially to about 0.4 mm/min., which corresponded to an axial
position of about 200 mm from the shoulder. The pull rate then decreased linearly
until a rate of about 0.3 mm/min. was reached near the end of the constant diameter
portion of the ingot.

Under these process conditions in this particular hot zone configuration, the

10 resulting ingot contains a region wherein the axially symmetric region has a width
which about equal to the radius of the ingot. Referring now to Figs. 26a and 26b,
which are images produced by a scan of the minority carrier lifetime of an axial cut of
a portion of the ingot following a series of oxygen precipitation heat treatments,
consecutive segments of the ingot, ranging in axial position from about 100 mm to

15 about 250 mm and about 250 mm to about 400 mm are present. It can be seen from
these figures that a region exists within the ingot, ranging in axial position from about
170 mm to about 290 mm from the shoulder, which is free of agglomerated intrinsic
point defects across the entire diameter. Stated another way, a region is present within
the ingot wherein the width of the axially symmetric region, i.e., the region which is

20 substantially free of agglomerated interstitial defects, is about equal to the radius of
the ingot.

In addition, in a region ranging from an axial position of about 125 mm to
about 170 mm and of about 290 mm to greater than 400 mm there are axially
symmetric regions of interstitial dominated material free of agglomerated intrinsic

25  point defects surrounding a generally cylindrical core of vacancy dominated material
which is also free of agglomerated intrinsic point defects.

Finally, in a region ranging from an axial position of about 100 mm to about
125 mm there is an axially symmetric region of interstitial dominated material free of ‘

agglomerated defects surrounding a generally cylindrical core of vacancy dominated
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material. Within the vacancy dominated material, there is an axially symmetric
region which is free of agglomerated defects surrounding a core containing

agglomerated vacancy defects.

EXAMPLE 12
5 Cooling Rate and Position of V/I Boundary

A series of single crystal silicon ingots (150 mm and 200 mm nominal
diameter), were grown in accordance with the Czochralski method using different hot
zone configurations, designed by means common in the art, which affected the
residence time of the silicon at temperatures in excess of about 1050°C. The pull rate

10  profile for each ingot was varied along the length of the ingot in an attempt to create a
transition from a region of agglomerated vacancy point defects to a region of
agglomerated interstitial point defects.

Once grown, the ingots were cut longitudinally along the central axis running
parallel to the direction of growth, and then further divided into sections which were

15  each about 2 mm in thickness. Using the copper decoration technique previously
described, one set of such longitudinal sections was then heated and intentionally
contaminated with copper, the heating conditions being appropriate for the dissolution
of a high concentration of copper interstitials. Following this heat treatment, the
samples were then rapidly cooled, during which time the copper impurities either

20  outdiffused or precipitated at sites where oxide clusters or agglomerated interstitial
defects where present. After a standard defect delineating etch, the samples were
visually inspected for the presence of precipitated impurities; those regions which
were free of such precipitated impurities corresponded to regions which were free of
agglomerated interstitial defects.

25 Another set of the longitudinal sections was subjected to a series of oxygen
precipitation heat treatments in order to cause the nucleation and growth of new oxide

clusters prior to carrier lifetime mapping. Contrast bands in lifetime mapping were
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5 information was also used, in conjunction with the pull rate, to estimate the radial
variation in v/G,.

To more closely examine the effect growth conditions have on the resulting
quality of a single crystal silicon ingot, several assumptions were made which, based
on experimental evidence available to-date, are believed to be justified. First, in order

10 to simplify the treatment of thermal history in terms of the time taken to cool to a
temperature at which the agglomeration of interstitial defects occurs, it was assumed
that about 1050°C is a reasonable approximation for the temperature at which the
agglomeration of silicon self-interstitials occurs. This temperature appears to coincide
with changes in agglomerated interstitial defect density observed during experiments

15 in which different cooling rates were employed. Although, as noted above, whether
agglomeration occurs is also a factor of the concentration of interstitials, it is believed
that agglomeration will not occur at temperatures above about 1050°C because, given
the range of interstitial concentrations typical for Czochralski-type growth processes,
it is reasonable to assume that the system will not become critically supersaturated

20  with interstitials above this temperature. Stated another way, for concentrations of
interstitials which are typical for Czochralski-type growth processes, it is reasonable
to assume that the system will not become critically supersaturated, and therefore an
agglomeration event will not occur, above a temperature of about 1050°C.

The second assumption that was made to parameterize the effect of growth

25 conditions on the quality of single crystal silicon is that the temperature dependence
of silicon self-interstitial diffusivity is negligible. Stated another way, it is assumed
that self-interstitials diffuse at the same rate at all temperatures between about 1400°q
and about 1050°C. Understanding that about 1050°C is considered a reasonable

approximation for the temperature of agglomeration, the essential point of this
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assumption is that the details of the cooling curve from the melting point does not
matter. The diffusion distance depends only on the total time spent cooling from the
melting point to about 1050°C.

Using the axial temperature profile data for each hot zone design and the

5 actual pull rate profile for a particular ingot, the total cooling time from about 1400°C
to about 1050°C may be calculated. It should be noted that the rate at which the
temperature changes for each of the hot zones was reasonably uniform. This
uniformity means that any error in the selection of a temperature of nucleation for
agglomerated interstitial defects, i.e., about 1050°C, will arguably lead only to scaled

10  errors in the calculated cooling time.

In order to determine the radial extent of the vacancy dominated region of the
ingot (Ry,c.ncy), OF altemnatively the width of the axially symmetric region, it was
further assumed that the radius of the vacancy dominated core, as determined by the
lifetime map, is equivalent to the point at solidification where v/G,=v/G, critical.

15  Stated another way, the width of the axially symmetric region was generally assumed
to be based on the position of the V/I boundary after cooling to room temperature.
This is pointed out because, as mentioned above, as the ingot cools recombination of
vacancies and silicon self-interstitials may occur. When recombination does occur,
the actual position of the V/I boundary shifts inwardly toward the central axis of the
20 ingot. Itis this final position which is being referred to here.

To simplify the calculation of G, the average axial temperature gradient in the
crystal at the time of solidification, the melt/solid interface shape was assumed to be
the melting point isotherm. The crystal surface temperatures were calculated using
finite element modeling (FEA) techniques and the details of the hot zone design. The

25  entire temperature field within the crystal, and therefore G,, was deduced by solving
Laplace's equation with the proper boundary conditions, namely, the melting point
along the melt/solid interface and the FEA results for the surface temperature along
the axis of the crystal. The results obtained at various axial positions from one of the

ingots prepared and evaluated are presented in Fig. 27.
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To estimate the effect that radial variations in G, have on the initial interstitial

concentration, a radial position R/, that is, a position halfway between the V/I
boundary and the crystal surface, was assumed to be the furthest point a silicon self-
interstitial can be from a sink in the ingot, whether that sink be in the vacancy

5 dominated region or on the crystal surface. By using the growth rate and the G, data
for the above ingot, the difference between the calculated v/G, at the position R' and
v/G, at the V/I boundary (i.e., the critical v/G, value) provides an indication of the
radial variation in the initial interstitial concentration, as well as the effect this has on
the ability for excess interstitials to reach a sink on the crystal surface or in the

10 vacancy dominated region.

For this particular data set, it appears there is no systematic dependence of the
quality of the crystal on the radial variation in v/G,. As can be seen in Fig. 28, the
axial dependence in the ingot is minimal in this sample. The growth conditions
involved in this series of experiments represent a fairly narrow range in the radial

15  variation of G, As aresult, this data set is too narrow to resolve a discernable
dependence of the quality (i.e., the presence of absence of a band of agglomerated
intrinsic point defects) on the radial variation of G,,.

As noted, samples of each ingot prepared were evaluated at various axial

positions for the present or absence of agglomerated interstitial defects. For each

20  axial position examined, a correlation may be made between the quality of the sample
and the width of the axially symmetric region. Referring now to Fig. 29, a graph may
be prepared which compares the quality of the given sample to the time the sample, at
that particular axial position, was allowed to cool from solidification to about 1050°C.
As expected, this graph shows the width of the axially symmetric region (i.€., R g -

25 Rysaney) has a strong dependence on the cooling history of the sample within this
particular temperature range. In order of the width of the axially symmetric region to
increase, the trend suggests that longer diffusion times, or slower cooling rates, are

needed.
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wherein
Ry ryeur 15 the radius of the ingot,

10 R pnsivon 15 the radius of the axially symmetric region at an axial
position in the sample where a transition occurs in the interstitial dominated
material from being defect-free to containing defects, or vice versa,

D, is a constant, about 9.3*10™ cm’sec”, which represents the average
time and temperature of interstitial diffusivity, and

15 t,0s0°c 1s the time required for the given axial position of the sample to

cool from solidification to about 1050°C.

Referring again to Fig. 29, it can be seen that, for a given ingot diameter, a

cooling time may be estimated in order to obtain an axially symmetric region of a
desired diameter. For example, for an ingot having a diameter of about 150 mm, an

20  axially symmetric region having a width about equal to the radius of the ingot may be
obtained if, between the temperature range of about 1410°C and about 1050°C, this
particular portion of the ingot is allowed to cool for about 10 to about 15 hours.
Similarly, for an ingot having a diameter of about 200 mm, an axially symmetric
region having a width about equal to the radius of the ingot may be obtained if

25  between this temperature range this particular portion of the ingot is allowed to cool
for about 25 to about 35 hours. If this line is further extrapolated, cooling times of

about 65 to about 75 hours may be needed in order to obtain an axially symmetric
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") {9ECI Referring now to Figs. 30, 31, 32 and 33, the effects of increased cooling time
for various ingots may be observed. Each of these figures depicts a portion of an
ingot having a nominal diameter of 200 mm, with the cooling time from the
temperature of solidification to 1050 °C progressively increasing from Fig. 30 to Fig.
33.
10 Referring to Fig. 30, a portion of an ingot, ranging in axial position from about
235 mm to about 350 mm from the shoulder, is shown. At an axial position of about
255 mm, the width of the axially symmetric region free of agglomerated interstitial
defects is at a maximum, which is about 45% of the radius of the ingot. Beyond this
position, a transition occurs from a region which is free of such defects, to a region in
15  which such defects are present.

Referring now to Fig. 31, a portion of an ingot, ranging in axial position from
about 305 mm to about 460 mm from the shoulder, is shown. At an axial position of
about 360 mm, the width of the axially symmetric region free of agglomerated
interstitial defects is at a maximum, which is about 65% of the radius of the ingot.

20 Beyond this position, defect formation begins.

Referring now to Fig. 32, a portion of an ingot, ranging in axial position from
about 140 mm to about 275 mm from the shoulder, is shown. At an axial position of
about 210 mm, the width of the axially symmetric region is about equal to the radius
of the ingot; that is, a small portion of the ingot within this range is free of

25  agglomerated intrinsic point defects.

Referring now to Fig. 33, a portion of an ingot, ranging in axial position from
about 600 mm to about 730 mm from the shoulder, is shown. Over an axial position °
ranging from about 640 mm to about 665 mm, the width of the axially symmetric

region is about equal to the radius of the ingot. In addition, the length of the ingot
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& () - Y} ~?Mpagment in which the width of the axially symmetric region is about equal to the
radius of the ingot is greater than what is observed in connection with the ingot of Fig.
32.
When viewed in combination, therefore, Figs. 30, 31, 32, and 33 demonstrate
5 the effect of cooling time to 1050 °C upon the width and the length of the defect-free,
axially symmetric region. In general, the regions containing agglomerated interstitial
defects occurred as a result of a continued decrease of the crystal pull rate leading to
an initial interstitial concentration which was too large to reduce for the cooling time
of that portion of the crystal. A greater length of the axially symmetric region means
10 a larger range of pull rates (i.e., initial interstitial concentration) are available for the
growth of such defect-free material. Increasing the cooling time allows for initially
higher concentration of interstitials, as sufficient time for radial diffusion may be
achieved to suppress the concentration below the critical concentration required for
agglomeration of interstitial defects. Stated in other words, for longer cooling times,
15 somewhat lower pull rates (and, therefore, higher initial interstitial concentrations)
will still lead to the maximum axially symmetric region 60. Therefore, longer cooling
times lead to an increase in the allowable pull rate variation about the condition
required for maximum axially symmetric region diameter and ease the restrictions on
process control. As a result, the process for an axially symmetric region over large
20 lengths of the ingot becomes easier.
Referring again to Fig. 33, over an axial position ranging from about 665 mm
to greater than 730 mm from the shoulder of crystal, a region of vacancy dominated
material free of agglomerated defects is present in which the width of the region is
equal to the radius of the ingot.
25 As can be seen from the above data, by means of controlling the cooling rate,
the concentration of self-interstitials may be suppressed by allowing more time for
interstitials to diffuse to regions where they may be annihilated. As a result, the
formation of agglomerated interstitial defects is prevented within a significant portion

of the single crystal silicon ingot.
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In view of the above, it will be seen that the several objects of the invention
are achieved. As various changes could be made in the above compositions and
processes without departing from the scope of the invention, it is intended that all
matter contained in the above description be interpreted as illustrative and not in a

5 limiting sense.
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agglomerated intrinsic point defects;
a handle wafer having a central axis, a circumferential edge, a
radius extending from the central axis to the circumferential edge, and a
second axially symmetric region; and,

10 an insulating layer between the handle wafer and the device layer.

2. The structure of claim 1 wherein the handle wafer is a
single crystal silicon handle wafer and the second axially symmetric
region is substantially free of agglomerated intrinsic point defects.

15

3. The structure of claim 1 or 2 wherein silicon self-interstitials
are the predominant intrinsic point defect within the first axially symmetric
region, the first axially symmetric region extending radially inward from
the circumferential edge of the device layer and having a width, as

20 measured from the circumferential edge radially toward the central axis,

which is at least about 30% of the length of the radius of the layer.

4. The structure of claim 1 or 2 wherein silicon self-interstitials
are the predominant intrinsic point defect within the first axially symmetric
25 region, the first axially symmetric region extending radially inward from
the circumferential edge of the device layer and having a width, as
measured from the circumferential edge radially toward the central axis,
which is at least about 40% of the length of the radius of the layer.
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14.  The structure of claim 13 wherein the width of the second
axially symmetric region is at least about 40% of the length of the radius
25 of the wafer.

15.  The structure of claim 13 wherein the width of the second
axially symmetric region is at least about 80% of the length of the radius
of the wafer.

30
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17.  The structure of claim 13 wherein the width of the second
axially symmetric region is about equal to the length of the radius of the
wafer.

10

18.  The structure of any one of claims 2 through 12 wherein
vacancies are the predominant intrinsic point defect within the second
axially symmetric region, the second axially symmetric region comprising
the central axis of the wafer or having a width of at least about 15 mm, as

15 measured along the radius of the wafer.

19.  The structure of claim 18 wherein the second axially
symmetric region has a width which is at least about 25% of the length of
the radius of the wafer.

20

20.  The structure of claim 18 wherein the second axially

symmetric region has a width which is at least about 50% of the length of

the radius of the wafer.

25 21.  The structure of claim 18, 19, or 20 further comprising a
fourth, generally annular region in which silicon self-interstitials are the
predominant intrinsic point defect, the fourth region being located radially
outward of the second region and being substantially free of

agglomerated intrinsic point defects.
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comprises a Czochralski single crystal silicon wafer having two major,
generally parallel surfaces, one of which is the front surface and the other
of which is the back surface of the silicon wafer, a central plane between
the front and back surfaces, a circumferential edge joining the front and
10 back surfaces, a surface layer which comprises a first region of the
silicon wafer between the front surface and a distance, D4, of at least
about 10 micrometers, as measured from the front surface and toward
the central plane, and a bulk layer which comprises a second region of
the silicon wafer between the central plane and the first region, the silicon
15 wafer having a non-uniform distribution of crystal lattice vacancies with
the concentration of vacancies in the bulk layer being greater than the
concentration of vacancies in the surface layer, with the vacancies
having a concentration profile in which the peak density of the vacancies
is at or near the central plane with the concentration generally decreasing
20 from the position of peak density in the direction of the front surface of

the handle wafer.

24.  The structure of claim 1 or 2 wherein the handle wafer
comprises a Czochralski single crystal silicon wafer having two major,

25 generally parallel surfaces, one of which is the front surface and the other
of which is the back surface of the silicon wafer, a central plane between
the front and back surfaces, a circumferential edge joining the front and
back surfaces, and a denuded zone which comprises the region of the
silicon wafer from the front surface to a distance, D4, of at least about 10

30 micrometers, as measured in the direction of the central plane, and which

contains interstitial oxygen, the silicon wafer having a concentration of
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5 25, The structure of claim 1 or 2 wherein the handle wafer
comprises a Czochralski single crystal silicon wafer comprising two
major, generally parallel surfaces, one of which is the front surface and
the other of which is the back surface of the silicon wafer, a central plane
between the front and back surfaces, and a circumferential edge joining

10 the front and back surfaces, a front surface layer consisting of a first
region of the silicon wafer within a distance, D,, of no more than about 15
micrometers from the front surface and a bulk layer comprising a second
region of the silicon wafer between the central plane and the front
surface layer, the bulk layer having a substantially uniform oxygen

15 concentration and a concentration of crystal lattice vacancies such that
upon subjecting the silicon wafer to an oxygen precipitation heat
treatment consisting essentially of annealing the silicon wafer at 800°C
for four hours and then at 1000°C for sixteen hours, the silicon wafer will
contain oxygen precipitates having a concentration profile in which the

20 peak density of the precipitates in the bulk layer is at or near the central
plane with the concentration of the precipitates in the bulk layer generally

decreasing in the direction of the front surface layer.

26. A silicon on insulator structure, the structure comprising:
25 a handle wafer comprising a Czochralski single crystal silicon
wafer having two major, generally parallel surfaces, one of which is the
front surface and the other of which is the back surface of the silicon
wafer, a central plane between the front and back surfaces, a
circumferential edge joining the front and back surfaces, a surface layer
30 which comprises a first region of the silicon wafer between the front

surface and a distance, D4, of at least about 10 micrometers, as
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Iayer which comprises a second region of the silicon wafer between the
central plane and the first region, the silicon wafer being characterized in
that it has a non-uniform distribution of crystal lattice vacancies with the

5 concentration of vacancies in the bulk layer being greater than the
concentration of vacancies in the surface layer, with the vacancies
having a concentration profile in which the peak density of the vacancies
is at or near the central plane with the concentration generally
decreasing from the position of peak density in the direction of the front

10 surface of the handle wafer;
a single crystal silicon device layer; and,

an insulating layer between the handle wafer and the device layer.

27. The structure of claim 26 wherein D4 is at least about 20

15 micrometers.

28.  The structure of claim 26 wherein D4 is at least about 50

micrometers.

20 29.  The structure of claim 26, 27, or 28 wherein the
concentration of interstitial oxygen at distances greater than 3 microns
from the handle wafer surface is at least about 50% of the concentration

of interstitial oxygen in the bulk layer.

25 30. The structure of claim 26, 27, or 28 wherein the
concentration of interstitial oxygen at distances greater than 10 microns
from the handle wafer surface is at least about 80% of the concentration

of interstitial oxygen in the bulk layer.

30 31. The structure of claim 26, 27, or 28 wherein the device

layer has a central axis, a circumferential edge, a radius extending from
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32.  The structure of claim 31 wherein silicon self-interstitials
5 are the predominant intrinsic point defect within the first axially symmetric

region, the first axially symmetric region extending radially inward from

the circumferential edge of the device layer and having a width, as

measured from the circumferential edge radially toward the central axis,

which is at least about 40% of the length of the radius of the layer.

10
33.  The structure of claim 31 wherein vacancies are the

predominant intrinsic point defect within the first axially symmetric region,

the first axially symmetric region comprising the central axis of the layer

or having a width of at least about 15 mm, as measured along the radius

15 of the layer.

34. A silicon on insulator structure, the structure comprising:
a handle wafer comprising a Czochralski single crystal silicon
wafer having two major, generally parallel surfaces, one of which is the
20 front surface and the other of which is the back surface of the silicon
wafer, a central plane between the front and back surfaces, a
circumferential edge joining the front and back surfaces, a denuded zone
which comprises the region of the silicon wafer from the front surface to a
distance, D4, of at least about 10 micrometers, as measured in the
25 direction of the central plane, and which contains interstitial oxygen, the
silicon wafer being characterized in that the concentration of interstitial
oxygen in the denuded zone at a distance equal to about one-half of D4
is at least about 75% of the maximum concentration of interstitial oxygen
in the denuded zone,;
30 a single crystal silicon device layer; and,

an insulating layer between the handle wafer and the device layer.
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micrometers.

37.  The structure of claim 34, 35, or 36 wherein the
concentration of interstitial oxygen in the denuded zone at a distance
10 equal to about one-half of D4 is at least about 80% of the maximum

concentration of interstitial oxygen in the denuded zone.

38.  The structure of claim 34, 35, or 36 wherein the
concentration of interstitial oxygen in the denuded zone at a distance
15 equal to about one-half of Dy is at least about 90% of the maximum

concentration of interstitial oxygen in the denuded zone.

39.  The structure of claim 34, 35, or 36 wherein the device
layer has a central axis, a circumferential edge, a radius extending from
20 the central axis to the circumferential edge, and a first axially symmetric

region which is substantially free of agglomerated intrinsic point defects.

40.  The structure of claim 39 wherein silicon self-interstitials
are the predominant intrinsic point defect within the first axially symmetric
25 region, the first axially symmetric region extending radially inward from
the circumferential edge of the device layer and having a width, as
measured from the circumferential edge radially toward the central axis,

which is at least about 40% of the length of the radius of the layer.

30 41.  The structure of claim 39 wherein vacancies are the

predominant intrinsic point defect within the first axially symmetric region,
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