; ghi j e3e11<6TWD 00/ 13226 1 PROCESS FOR PREPARI NG AN | DEAL OXYGEN
PRECI PI TATI NG SI LI CON WAFER 0 2 AP R 2003 PCT/ US99/1984? BA 2008 THE
| NVENTI ON The present invention generally relates to the 5 pregzration of
sem conductor nmaterial substrates, especially silicon mafeP¢ /ngg€xpre
‘used in PYROUBAME act ure of el ectronic conponents. More par L EIPEHAN? t he
present invention relates to a process for the treatnent of "silicon wafers
I

o Fay oy bt rary ot eetroncc.bevt ce. manaractor v o DUAIAIAY

an ideal, non-uniformdepth distribution of oxygen precipitates. Si‘ngle
crystal silicon, which is the starting 15 material for nost,_processes for
the fabrication of sem conductor el ectronic components, ist&ﬂmmmmewmw
prepared with the so-called Czochral ski process wherein a

crystal is inmmersed into ABPFEASsFORc SREGRRINERNr own by sl ow*estract i on
As mol ten siliconIPEABOAKEFANIPREBCIRIFANING AINIXIMDIWAFER s contani nat ed
with various inpurities, anong which is mainly oxygen. At the tenperature
of the silicon nolten mass, oxygen cones into the crystal lattice until it
reaches a concentration determned by the solubility of oxygen in silicon
at the 25 tBAMGROUNIE @ THE IWVERDIOESS and by the actual segregation
coefficient of qﬁé%en in solidified silicon. iuch oncentrations are
greater than t hel SDIRMBTIFEY DFVORYLGR PRNEHPLEYsHELALTSat @ &S enper at ur es
t ypi cals f orptdipa e wioRs et danidbedfiaborcabteniafll eugethrmties devices. 30 As
the crystal grows fromthe noltep mass and cools, r. i, 2 AP R 2003 WO
001 13226 2 Yspohv ot Licomayafer e, YReCBoREBI MSER GQVgen in it
decreases It aat WRerebYel et REn i 8SEbhbBHesit5CeS MBL-eVRhe S cuQaHdeN 1S

present in supersaturated concentrations. Thermal treatnment cycles which
are typi caliie present invention relates to a process for the

treatment of silicon wafers which enables the wafers,

10 during the heat treatment cycles of essentially any
arbitrary electronic device manufacturing process to form
an ideal, non-uniform depth distribution of oxygen
precipitates.

Single crystal silicon, which is the starting

15 material for most processes for the fabrication of
semiconductor electronic components, is commonly prepared
with the so-called Czochralski process wherein a single
seed crystal is immersed into molten silicon and then
grown by slow extraction. As molten silicon is contained

20 in a quartz crucible, it is contaminated with various

\ impurities, among which is mainly oxygen. At the
temperature of the silicon molten mass, oxygen comes into
the crystal lattice until it reaches a concentration
determined by the solubility of oxygen in silicon at the

25 temperature of the molten mass and by the actual
segregation coefficient of oxygen in solidified silicon.
Such concentrations are greater than the solubility of
oxygen in solid silicon at the temperatures typical for
the processes for the fabrication of electronic devices.

30 As the crystal grows from the molten mass and cools,
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5 enployed in the fabrication of electronic devices can cause tEg APR 2003
precipitation of oxygen in silicon wafers which are supersaturatéd ?%
oxygen. De i upon their location in the wafer, the pregipi £an be
har nf ul oﬁpﬁgﬂ%ggﬁial. Oxygen precipitates |ocated in the a%F?G%a%gﬁéévice
region of the wafer can inpair the operation of the device. Oxygen
precipitates |ocated in the bul k of the wafer, however, are capabl e of
trappi ng undesired netal inpurities thdt may come into contact with the

waf er. The use of oxygen precipitates located in the 15 bul k of the wafer
to trap netals is commonly referred to as internal or intrinsic Bettering
("IG). Hstorically, electronic device fabrication processes included a
series of steps which were designed to produce silicon having a zone or

regi on near therebosesf sbe éPlti%él\?oéﬁfewaﬁixé’lﬁieifs iy de e HGRRAF
preC|p|tatesréfgaygplwhggggprgg R e2$ 2119608 ZQNE 5 0Ty fra Y €Ci pi tat e
free zone") with the bal ance of the wafer, i.'e., the wafer bulk, containing
a suffici entoxvgder 16f PERPGEA pResiupersrssiriadred Gonagidset iakshuded zones
can 25 be forned, a ina i gh- i i ence such as
(a) oxygen out-di? 8%{“%?, Eggtgt{nreglgt = r??jéast %g%}g%%%@aﬁ@g“pnoo O in
an inert5anbéwptioyed anpéheodabfrizhthieas o fakdigtc 4Urdmia sleinexaaren

precipitate i r i : | ow .t ture (.600, 30 and (c)
growt h of ox%é%g( "sf‘%z?%? gg Flglgttgto éls\géft %g& %regh ltnerrsg)lgrlacioﬁhr eJa(S%O%-VfL}%S%' 0.
See, e.g., FarShenpeasaturated)id Apig2e03 DéPpLAHIIRP M REFI1IS991198~t ?
Sem conductor _Silicon.Crystal _Technql ogy, Academ.c Press) Inc. n D ego
California (i@%@klg 6gg§§e3gf¥§§7 gh& %ﬁ?%ﬂ%@%ﬁﬁ%@&%ﬁt%ﬁfhﬁﬁﬁéﬁﬁLoﬁmre
recently, howeuneficadlancedyegkeacpreaipideriece 1mammeuf aiat whengqriocesses
such as M.manuf act ur.i ng E{gﬁgsse% have bﬁgﬁp.to inimze the use of high
t erper at8re ProcEEsTEBERE © Sudit *§3mE 0¥ é%@:ﬁﬂ%%é§§ﬁgﬁﬁﬁ9ﬂ?fenough
off}ghe hi ghdtaapeéati?ée pg&f]&%& yﬁmﬁmartre@ﬁe;&:a&laifmud&mezmh}artdf |
sufficient depsity_of 1 u preci pitates, the tolerances on the materia
h :¥: icaﬂagﬁwﬁ &5

are too tight"fo"ReRder MPIEYComigic & & RRhiE M Qﬁ&?Qﬁwrent

hi ghly advangedagl eapblieRikG edevinG® MRAUTRHULING RIRRRIFeSyAaNt@id no
out-diffusion steps at all. Because of the problens associated with oxygen
preci pi t at esWRAeI5 t ABSadfiry @ TdOWYEETY &FisH P IR drasatatbsid diktroni ¢
device f1abrigatRrermMisk YS€e licC @R AR 1WNIGh QiigndIGARAN & fg fray M ng
oxygen precipitates anywhere in the wafer under their process conditions.
As a result, ag1inferpetenti dntird Nsgst ged eUMAARY IG )THE | NVENTI ON

Historically, electronic device fabrication

processes included a series of steps which were designed
to produce silicon having a zone or region near the

20 surface of the wafer which is free of oxygen precipitates
(commonly referred to as a "denuded zone" or a
"precipitate free zone") with the balance of the wafer,
i.e., the wafer bulk, containing a sufficient number of
oxygen precipitates for IG purposes. Denuded zones can

25 be formed, for example, in a high-low-high thermal
sequence such as (a) oxygen out-diffusion heat treatment
at a high temperature (»1100 °C) in an inert ambient for
a period of at least about 4 hours, (b) oxygen
precipitate nuclei formation at a low temperature (600-

30 750 °C), and (c) growth'of oxygen (SiO,) precipitates at a
high temperature (1000-1150 °C). See, e.g., F. Shimura,



Anong the objects of the invention, therefore, is the provision of a
'process for preparing a single crystal silicon wafer which, durif@ ﬁﬂ%zmgat
treatment cycles of essentially any electronic device nanufacturing
process,\agowtbh forman ideal, non-uniformdepth distribupiensedggxygen
precipitates; e provision of such a process wherein, followng a
heat-treatnment to formcrystal lattice vacancies in the waf er, an oxi dative
t hermal anneal may be perforned to tajl or the vacancy profile; 30 the

provi sion of such a wafer which will ©Ooptimally and WD 00l 13226 4 0 2 APR
2003 PCT/ US99/ 19842 reproduci bly form a denuded zone of sufficient depth
and a sufficient density of oxygen precipitates in the wafer bulk; the
provi sion of such a wafer in which the fornation of the denuded zone and

the format ft i pi t f | k
dependant SRR SR st ey LR LA T RabIE Y RErle e obRe of the

waf er; the Iptcovi sSam Imjfegmocha.‘albonnms (Lasehi eh plagefaoBﬁat—BGrv e@hd he
denuded Zo does, not %gen tdﬁon t he, out-di ffusion of oxygen; the
provi si on SP% I & TFSRfetE A WATERIERe t hi ckness of the resulting

denuded zone is mmrﬁe@édwlyndle@eedeﬂt afivhheedetakks rohithéehG@ce
nanufactur%%ﬁnggocess sequence; and, F grOV|S|on of such . a wafer in which
h

the formati AGHE R RIS DR afC f BRAHt PBRYSRCEHE 188y gen

preci pi t at grddeddes Wadvws Bégbwl Kol ®iA0hi kaf kHenaed By hhght hermal history
and the oxygen concentration of the Czochral ski-grown) single crystal

silicon i ngE™HSIH W FPFRFRSSi FFERR - wabtERPYIR| FEBE. Ofr FEFEY, therefore,

the presentpidiiddPNrdSa 29 dhéeghedrt ena REgResembakakadt- bredkisRg a
single crystal silicon wafer to 1nfluence the precipitation behavior of

oxygen in tefeemﬁaf@ prPdet 3 efeentedhapnal 2pfocessiiAgestegenshéysiafi con
vaf er jhavi ng, @ f féﬁlﬁiﬁ@&@ @h@%&lé?é'ﬁé&@ oﬁ Eﬁ@t makeplane Jbet ween the

front and back Z5 surfaces, a surface |ayer h conpri ses the regi on of
t he waf er gMentQ hveemdemt1@uafe@@mandlalélysvaﬁbée Drofuasur e@theam t he

front surf fratie on%ﬂft%g é‘é&aé%QJ:E‘PS Q”Qe@ ay! K.a g¥&tr ig’grface

conprises t Ween central ane an
| ayer. The 30> 9Do9®HS SCTOTRT N SBG beatdnféasnﬂg BhepﬂaEEraﬂm anBataosphere to

formerystale | AL 1 CENAGRICLESoE Nt B8 Fhen SxggoRR-2803 Y0.0Q18526 5
15 the active device region, therefore, these electronic
device fabricators must use silicon wafers which are
incapable of forming oxygen precipitates anywhere in the
wafer under their process conditions. As a result, all

IG potential is lost.

20 SUMMARY OF THE INVENTION

Among the objects of the invention, therefore, is
the provision of a process for preparing a single crystal
silicon wafer which, during the heat treatment cycles of
essentially any electronic device manufacturing process,

25 will form an ideal, non-uniform depth distribution of
oxygen precipitates; the provision of such a process
wherein, following a heat-treatment to form crystal
lattice vacancies in the wafer, an oxidative thermal
anneal may be performed to tailor the vacancy profile;

30 the provision of such a wafer which will optimally and



PCT/ US99/ 198-12 surface and bul k | ayers of the wafer, thermally Er}nﬁaél e
the heat-treated wafer at a tenperature in excess of about 1150 i #

atnosphergmp@mk a partial pressure of oxygen of at |east pEpykooldgsPPN],
and t hen controlling the cooling rate of the anneal ed wafer to produce a

waf er having a vacancy concentration profile in which the peak density is
at or near the central plane with the concentration generally decreasing in
the direction of the front surface of The wafer and the 10 difference in

t he concentration of vacancies in the surface and bul k | ayers being such
that a thermal treatnent of the wafer at a tenperature in excess of 750 C
is capable of form ng a denuded zone in the surface | ayer and oxygen

clusters or preci it,teszégithe 5 QSIk ith the concentration of
q u

| ayer, wi ,
the oxygen CISRAKIEIGH T AR ?ldtﬁ%XBuPE Fay&f CBERYg I5RT AT

dependant uporsUfte cieceridadion of YREGERI BsecIBerpresenl, itRERIHfY i S
further directed t aI?rocess for heat-treating a single crystal silicon
waf er 20 to G%iftiu T 53R (2 oSV Om PeNaliedr 18f whiggedhien the wafer in

a subsequentfdhefiRin FOAGSSI dEhSdER, zbHe shhl eAR ¥WBkRL AW RE aHd ont
surface, a back surface, a central plane between the front and back

surfaced a FWIHTPISFR1tHISH Lonphe seafehebrdli 66 HPtt Bepmaldant2s
bet ween t he [t 9ntg sd.a6c - j C Iped . tr e

surface and ﬁ%maﬁ%Lthe ceﬁ%?aIgﬁ?%ﬁ%?ﬁaﬁ%ngéggFgﬁﬁgﬁeﬁkmg?%%ﬁk5%%??%3% t he
regi on of the idferwdfamedhe reensian ¢f apechnd purtass liayethichhe

Dr 0cess oM S, iealrd &t gk (A VALET £LAc A0BLTRSANELE L Jorm

crystal lattice vacancies i1 n the surface and bu | ayers e wafer,
oxi di zi ng a B fade Bff fumidrearf oRyddR; 2008 WErO0E18226£6 SRCTY @S99/ 198. ~2

treate fer (] i i n_ex n i.Qin here, and

t hen cglnq,\?oﬁal%r [Bﬁg V%:ﬂ(;%}?#g}g?a ef%}fh%]%% %gngggeag\%gﬁgrlglgo%g?% uc%;ig a waf er

havi ng a vacanmy icoressdntata oy piodependanwhbfhthbedpeak 1denrsi theb Iics at or

near the centrala$lane.mj t he concentration genﬁéall¥ decr.easi in the
't hE8SdPFP

i rection o MR Rrom BTSee s TRe shrs AR SRaen 191t he
concentrati asuef aacofer esniwhidle skéffcemandoRubk kayedenheledg zoueh that a
ther nal treaagnr?néhe()fférhn?ae/\iac;r?rogtt}?e oxygen precipitates in the wafer
15 bulk is not influenced by the thermal history and the
oxygen concentration of the Czochralski-grown, single
crystal silicon ingot from which the silicon wafer is
sliced.
Briefly, therefore, the present invention is
20 directed to a process for heat-treating a single crystal
silicon wafer to influence the precipitation behavior of
oxygen in the wafer in a subsequent thermal processing
step, the silicon wafer having a front surface, a back
surface, a central plane between the front and back
25 surfaces, a surface layer which comprises the region of
the wafer between the front surface and a distance, D,
measured from the front surface and toward the central
plane, and a bulk layer which comprises the region of the
wafer between the central plane and surface layer. The
30 process comprises heat-treating the wafer in an

atmosphere to form crystal lattice vacancies in the



the surface | ayer and oxygen clusters or precipitates in the bul k2|

with the concentration of the oxygen clusters or precipitates in the bulk
| ayer bei ,oarily dependant upon the concentration of 4£S.

Ot her obﬁg@?@&%gg features of this invention will be in pa%?ngggggét and
in part pointed out hereinafter. BRI EF DESCRI PTI ON OF THE DRAWNGS Fig. 1
is a schematic depiction of the process of 20 the present invention. Fig. 2
is a photograph of a G oss-section of® a waf er (sanple 4-7) which was
processed as described in Exanple 1. Fig. 3 is a photograph of a
Gross-section of a wafer 25 (sanple 4-8) which was subjected to the series
. of steps described in Exanple 1. Fig. 4 is a photograph of a Goss-section
of a wafer (sanple 3-14) which was subjected to the series of steps

descri bed iStube&gRHIand Pulk layers obrbeowaEsty 0bhesred 1y penagddoraos. ~2

Fig. 5 is ayyaphifctidird@vieP! 2t i QuprppasgRLLal i aN kRlEB/3T8) versus
depth fromthe surface of a wafer (sanple 4-7) which was subjected to the

[

series of FARPE t5G oG KN RIBEANTPNErS MGINg #sParphato§rafEusE a
G oss-sectign i qeyaferad Seapde Ssdde Wi gh asubhactedto the series of

steps set forth’i'n Exanple 2. Fig. 7 is a photograph of a G oss-section of
a waf e (sagitedBnagtilkh srel Suh) ertedof othheasappdsdovadedpsol0 set

forth in = i t o] 3 ti f .2 waf er
(sanpl e 3- 35 %Llﬁcc% a\/\/a‘”!'sagfseulﬁj }Jcla%{gnaé) P% \t(?%%g]gée?i éegﬁcé&g? %nggﬁek 9?’5? tlﬁ3 il\ﬁa
Exanpl e 2. wiigh Sl megholongiph b$ at @ossesecthencehtaadapdanes (sanpl e
1-8) which j ecte e ser| t forth in Exanple 3.
FIG 10 is “fv%}ar%lq‘{)%n%%cncger%%#L(r)']for?h%élﬁ%ﬁ%{eﬁd(ggélr%ggéflgbﬁpk t%ecr odefects
(BVD) ver subl tdux igar tafalthpr eSsonte ofr Hxygenf presentfen the atwosphere

during 1 api ermal 20 nealing of single crystal silicon fers in

accorge?nce %t{ér:eliﬁ{éceprle%gt ei%%%??%’ﬁ,th@“d%%c%f‘ﬁgac?‘ﬁsﬁgnﬁ\l‘\% 4. FIG 11

Laha phgtogmaﬂhmgakﬁﬁiuﬂdﬁ{ n%gmﬁéiff&ﬁ@PT@éhatﬁthg-s@e&han of a mafgrh
ite backgroun | as en thernmn anneal ed, in accordance wt

t he presenﬁgfﬁ&ﬂF%gééﬁf GO 3R i A Yy %?%%%Bﬂ%?ﬁeiﬁntﬁécﬁﬁ§eﬁ e of an

750 °C is capable of forming a denuded zone in the

10 t t i f 7 i I f f ' '
enperature in excess o 50 Cis capable o orm ng a denuded Z&@ﬁﬂ&ﬁ

surface layer and oxygen clusters or precipitates in the

15 bulk layer, with the concentration of the oxygen clusters
or precipitates in the bulk layer being primarily
dependant upon the concentration of vacancies.

The present invention is further directed to a

process for heat-treating a single crystal silicon wafer

20 to influence the precipitation behavior of oxygen in the
wafer in a subsequent thermal processing step, the
silicon wafer having a front surface, a back surface, a
central plane between the front and back surfaces, a
surface layer which comprises the region of the wafer

25 between the front surface and a distance, D, measured
from the front surface and toward the central plane, and
a bulk layer which comprises the region of the wafer
between the central plane and surface layer. The process
comprises heat-treating the wafer in an atmosphere to

30 form crystal lattice vacancies in the surface and bulk

layers of the wafer, oxidizing a surface of the heat-



enhanced oxide |layer, following an NEC-1 treatnent. FIG 12 is a.
phot ograph, taken under greater nmagnification than in Fig. 11, 21ﬁ§§r?mon

of the wafer section shown in FIG 11, show ng in det g §193%
essentialvgBQ%H§§§of a denuded zone. 0 2 APR 2003 1VO 00I155§§68]

PCT/ US99/ 198a: FIG 13 is a photograph taken under magnification of a

G oss-section of a wafer (white background) which has been thermally
anneal ed, in accordance with the present invention, in a nitriding
atnosphere in the absence of an 5 enhanced oxi de | ayer and which was
subsequent|ly subjected to a thermal oxidation treatnment. FIG 14 is a
phot ogr aph, taken under greater nagnification than in Fig. 13, of a portion
of the wafer G oss- Sef%HﬁQD ggwn in FIG shomnngpin detail the 10
presence of & S@&mid Y ?§t1§9|§aédpﬂﬁﬁ8§ré5h aREY 9§ der

magni fi cati erefa it id@PSfesihoPe Of addWehen twhtte1bhaekorteendboMingh has
been thermally anneal ed, in accordance with the present invention, in a

nitriding atifSpiRdr £he atreabrdnvaisr &A ESOQHﬁénéeHaéﬁFdéaW&?éraand whi ch

was subsequenidanSHRiard Stk £ Poh hgEBRE 18Xk dalyheBnt £Rat FRRK eR’n@nly, one
side of the wafer. FIG 16 is a photograph, taken under greater

magni fi Gat i dif @fa®y MeaY.Lhs, contBahoPiABA WithhEhgarencentaasiensect i on

shown in F'%' afﬂy“MéEkéﬁbﬂﬁéaih the 8§§8€Ehéh é?s%ﬂ%efQE ng denuded zone
on the shielded side of the wafer. DETAI LED DESCRI PTI ON CF THE PREFERRED

EMBODI MENTS 25 flaseactlortdemcea i ¥ hanfet peedehf eranent itonthan i deal
preci pi tatl ‘%@H%t%yﬁb&QSP Qéé§8¥§é§dlﬂhtﬁ2 Fﬁ?%b&% §%§e§§ﬁ§lh$y%?¥

el ectronic I ce uf acturl Ng process orm a denud Z0ne o
suf ficient dgpnnxandﬁatWQa@rabubkrm@htarﬂangeatsgfftbﬁewaf@enaktp of oxygen

wefor iy be PRSEHrS A REERes B T3 ER sobdblp BT adhERe"e M
PCT/IlSQQll%&ﬁuﬁéﬁ zone in the surface layer and oxygen clusters or
precipitates in the bulk layer, with the concentration of
the oxygen clusters or precipitates in the bulk layer
being primarily dependant upon the concentration of

15 vacancies.

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 process of
20 the present invention.
Fig. 2 1s a photograph of a cross-section of a wafer
(sample 4-7) which was processed as described in Example
1.
Fig. 3 is a photograph of a cross-section of a wafer
25 (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.



m nutes using tools which are in conmon use in the sem conductor sili 00&003

.manufacturing industry. This process creates a "tenplate" in the 8i2 ARR

whi ch determ nes or "prints" the manner in which oxygen will 5 precipitate
during t g?,?ﬁgg oni ¢ devi ce manufacturing process. The st agtiyde/ieri al
for the ideal precipitating wafer of the present invention is a single
crystal silicon wafer which has been sliced froma single crystal 10 ingot

grown in accordance with conventionaH Czochral ski crystal grow ng met hods.
Such met hods, as well as standard sil‘icon slicing, |apping, etching, and

pol i shing techniques are disclosed, for exanple, in F. Shinura,
Sem conductor Silicon Crystal Technol ogy, Academ c Press, 15 1989, and
Silicon Chemcal Etching, (J. G abmaier ed.) Springer-Verlag, New York,

1982 (incorporated herein by referenc .. Czochral ski-grown silicon
typically has ah*8xy eﬁscﬁn@é"r‘?t%tqurﬁ%ﬁt]l'f?% ?Eepai%Eb%g'Bf about 5 x 101' to

about 20 9c¥nitehtratams/ (AU st aedand Hebdlr 83om Berausse-tdree axyygen
preci pitation hehavi or ?f t he waf er beconmes essentially decoupled fromthe

oxygen conBeWE&ti dFaRiEné dedNifedidt (PR eF O the SEEEEFNnGLvaf er

my have agreyydestCFeeM i imn@ld ing anywhere within or 25 even outside
the range attainable by the Czochral ski Process. Dependi ng upon the cooling
rate of the sin§lg -céydfal®d FNAUQIFaIMYAL 13 oPF ehe- sepbieat of eaovafas

el ting poi(Bhnph eSisl-iagORHiabO Wl Ak fdc ddl g ibess ange 9F 3Pephout 750 C

to about 350 C ox¥gen preci pitate nucleation centers may formin the
singl e crysesl fsmthcem Ex@mplsP 2R 2003 WO 00/ 13226 PCT/ US991198~2 10 i ngot

from which the water i §cSli Gathe e Rl &5ENE e P ADSERCERT o NESgaPUg! eati on

centers in the starting
(sample 3-5) which was subjected to the series of steps

10 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. 9 is a photograph of a cross-section of a wafer

15 (sample 1-8) which was subjected to the series of steps
set forth in Example 3.

FIG. 10 is logarithmic graph of the number density
of bulk microdefects (BMD) versus the partial pressure of
oxygen present in the atmosphere during rapid thermal

20 annealing of single crystal silicon wafers in accordance
with the present invention, as described in Example 4.

FIG. 11 is a photograph taken under magnification of
a cross-section of a wafer (white background) which has
been thermally annealed, in accordance with the present

25 process, in a nitriding atmosphere in the absence of an
enhanced oxide layer, following an NEC-1 treatment.

FIG. 12 is a photograph, taken under greater
magnification than in Fig. 11, of a portion of the wafer
cross-section shown in FIG. 11, showing in detail the

30 essential absence of a denuded zone.



material is not critical to the present invention provided, howe\ﬁ APRNSE
.centers are capable of being 5 dissolved by heat-treating the siliton at
terrperatuw: Odzl]grn(,i n excess of about 1300 C. Certain heat-trpatqRydmpgssuch
as anneal i 93 hé silicon at a tenperature of about 800 C for about four
hours, can stabilize these centers such that they are incapable of being

di ssol ved at 10 tenperatures not in excess of about 1150 C. The detection
limt for oxygen precipitates is currently about 5 x 106 precipitates/cnB.
The presence (or density) of oxygen precipitation nucleation centers cannot
be directly neasured using presently avail able techniques. 15 Vari ous
techni ques nay be used, however, to indirectly detect their presence. As
previously discu d, -pr i_Sti Q i pi 2at. i .centers in
Phesi 1 con can BECst A Fioréa TG SID, PRGN B0 MUSHERS LRRARRILES L
by subj ecti rgctrhessigaatdrnt @ fam swa/fen @hirechapckatoondheahiche&iament .
Thus, the prb%%%n%%e(%fma:tﬂes%nnucaheaéi on caené ers. can viq{] hrg tl rbeerllltgasured
after an oxygen preci plteYti S Great” ¢ réatirent” er.lg., anned Fné A€ Waf er at
a tenper at urieveht80eh ,C ifora fouwr ihbing anbdplesratiam tkapebatuce off 200 C

for sixteen hours. 25 Substitutional carhon, whe resent-as_an.inpurity in
singl e rysteé]l aﬁcleidcgﬁﬁa%aslatyﬁer aadﬁi ?q-b 3T oF e?Hgn%%Vrrﬁflgaﬁgngoxygen
preci pitate toual ehteiromlcentietat idrore tddtaneamnd. ot her reasons, therefore, it

is preferred that, the single crystal silicon starting naterial have a 30
| ow concentrati off 76t cdr H%‘n.a tqraRthe %‘“iﬁﬁ%ll‘ eu’&‘ili?/gtaFegFFircon shoul d

have a concepignatflidaaforcaon Miriy i s13, 2 AR 2O0SNVWOrOULE323G 11
PCTI US99/ 198. ~2 | ess than about 5 x 101 atons/cnB, preferably which is |ess
than 1 x 10F§OSSoREHIR” SRPYori ikt erabl yShEENg haR 8e%2i81518t ons/ cn8 .

ReferriiRg NowdR fded ofl a thgn i tide material for 5 the ideal
precipitating wafer of the present invention, single crystal silicon wafer

1, has a front sdfGace B, is pRCRFIaRe Breamdagef nagdnafycesdenraripl ane

7 between the dront and back sy faces. Thei deroBcikdFonhd) apdichagks in this
context are used to distinguish the two 10 major, Qenerally planar surfaces
of the waf emesrhdararl lsuraraa kgd + he viedeerdanehavi tbr fhespussg@nfierein i s

Subsequent | v DETar catod oy LA AREEE ST S ABTLBRHEL! of apy
term i s Suseceriferrgiad matisbsardter tared which was subsequently subjected
to a thermal oxidation treatment on only one side of the
wafer.
FIG. 16 is a photograph, taken under greater
magnification than in Fig. 15, of a portion of the wafer
20 cross-section shown in FIG. 15, showing in detail the
essential absence of a denuded zone on the shielded side

of the wafer.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

25 In accordance with the present invention, an ideal
precipitating wafer has been discovered which, during
essentially any electronic device manufacturing process,
will form a denuded zone of sufficient depth and a wafer
bulk containing a sufficient density of oxygen

30 precipitates for IG purposes. Advantageously, this ideal

precipitating wafer may be prepared in a matter of



15 major surface of the wafer which is opposite the surface onto which the
.electronic device is fabricated. In addition, because silicon mﬁﬂeABRZmﬁ
typically have sone total thickness variation (TTV), warp and bow, the
nidpointyg§@m§§ﬂ every point on the front surface and 20 eperysPaiogd on the
-back surtac Yy not precisely fall within a plane; as a practical matter,
however, the TTV, warp and bow are typically so slight that to a cl ose
approxi mati on the mdpoints can be sad to fall within an i magi nary central
pl ane which is approximately 25 equidistant between the front and back
surfaces. In a first enbodi nent of the process of the present invention
wafer 1 is heat-treated in an oxygen-containing atnosphere in step S1 to
grow a superficial oxide |ayer 9 which envel opes wafer 1. In general, the

oxi de | ayer,_. il e.a hhi jch. i t t han e native oxide
| ayer whi ch‘l?‘grt\érr:ss Eggﬁ\ésﬁ%."é?n ae%‘lsjta%% FIHER ‘%8395\0%%/ 13226 12
PCT/ US99/ 18em2 cangsicitons )s;1 lirefre maiuf adther ioxg dendlayeryhasTaishi ckness of

at | east about 20 AQ%§ rons gnd, i ast about 25

n.sqme enbodi ments, _at, le
Angst roms SFCSTER &FTE&ESt “abdi™ G Ahgst'F ort%%? @gé??%‘ﬁ?éfz evi dence
obt ai ned t dedatrenin®showeverrimuggatis naraieoxidevhayer sxhrgenngialt hi ckness

greater. than abouy 0 Angstrons, ile not,interferin Lth _the desired

Of fact B pr SHEAa A ATRe DS S 11 T BEer 1T 1 5F PR 55 2ERE vaf or i s
subj ected paozeld@at 10 treatnent step in which the wafers are heated to an
el evated tenperature to formand th rﬁgyirggque he nunmber density of
crystal lattice W¥4c&r&Te< "B 3T &tar T Prif et %?;,pFﬁFépHEQF;PBeatnent
step is caiiifed Ot tihe dricdiirt tierdmlineRl £rsingyei epythgivwafers are 15
rapidly heated to a target tenperature and anneal ed at t%at tenperature for
a rel ativelsjldigent vigderoahgich ihas hepyenkiegd Eremvafsingdesgbyeted to a
t enperat ure | X f f.erabl 1 ;
preferlgbl yqéltgglteast a gl?t Jajlc%gbl% ,r%ﬁﬁn%{s)ta%ﬁ?Ilétfeg%{l?/%%éggp&egg%ﬁébout 1200
C and 1275 a@ysitiglt lgeromwiimg medisdisentSwih et ppdsentsi weeht B8N, the rapid

t hermal an | i 1S, . cafqli uty 4.0, 4 P o] L6 LAl
atnnsphere?ﬁ%ﬁgggxg%ﬁgﬁégﬁégﬁﬁéﬁk kxﬁééh%u [+] %???gggh égg ?k&;ggkﬂg

ni trogen 2% ectmigivsisngreonjieamcdgad Sieh esampdmni anwhFehShgmoapabl e of

ni triding §§]nﬁ>&%9§ﬁ%c%x] i;fﬂlcso%’ f%taﬁhgg@éﬁ?&?@&#e ﬂ@é{d&@gé E?Q§%§t

entirely o : t may addrtionally

conpr ilse a}ﬁﬁhhi&nkﬁiﬁg igas U }gfq @gugi.m,i hEre@seb@aieaca@cy 30

concents al g SN0 S Plalat > 260 LR OEBL okl nBgk: b5 atel Y.
reference) .

Czochralski-grown silicon typically has an oxygen

concentration within the range of about 5 x 10'7 to about

20 9 x 10 atoms/cm® (ASTM standard F-121-83). Because the
oxygen precipitation behavior of the wafer becomes
essentially decoupled from the oxygen concentration in
the ideal precipitating wafer, the starting wafer may
have an oxygen concentration falling anywhere within or

25 even outside the range attainable by the Czochralski
process.

Depending upon the cooling rate of the single
crystal silicon ingot from the temperature of the melting
point of silicon (about 1410 °C) through the range of

30 about 750 °C to about 350 °C, oxygen precipitate

nucleation centers may form in the single crystal silicon



0 2 APR 2003 PCTI US991198. 12 tenperature. The wafer wll generalgy RSR 2003
.maintained at this tenperature for at |east one second, typically“for at

| east sev onds (e. g., at least 3), preferably for s s of
seconds (§k§bﬂ§%%, 30, 40, or 50 5 seconds) and, depending ﬁ%@?g%%ggﬁésired
-characteristics of the wafer, for a period which may range up to about 60
seconds (which is near the limt for %nnercially avai l abl e rapid thermal
anneal ers). The resulting wafer will have a relatively uniformvacancy
concentration |0 (nunber density) profile in the water. Based upon
experinmental evidence obtained to-date, the atnosphere in which the rapid
thermal annealing step is carried out preferably has no nore than a
relatively small tial_.pressure o xygen, . wat.er or_and ot her 15

oxi di 7i ng gadoer sy MhfGR e weted I LidEn AR preRentE SF 4 i ng
gases or a paseinale pfeshese afusleht jasesembérh iia theuktiacitamiy t o i nj ect
sufficient %%%%%h%he%éﬁnoiIicgn.seif-inéﬁrstitial at. ons i ch suppress the
bui | d-up of "vacancy concen r&t T ohe2t VinP | &S 0PF RESPSne P VR ot oxi di zi ng
gas concent pativdardehdas teheen phest sebytdeseanenedpabllehas bedmg
denonstrated, .t hat fo artial pressures of oxygen of 0.01 atnospheres

(atm ), Sor  £5000 V5Rr tF et i FTSon BEohRE ChbREPD AE FREPEIEE T /acancy

concen':]rati ﬁmarid] mﬁéfﬁfi§ba§tob§eove@, T@@ﬁtaﬁiﬁ héa@!’-g_fr@_étﬁhdntbat tpe
at nosphere have a partial_ pressure of oxygen and ot her oxidizing gases o
| ess than Oﬁyf%aPﬁPQEﬂﬁ?kKP%pﬁﬁﬁ;shﬁiﬁo%r%?e?aBF?PFHétﬁgﬁtP§Ia &&sure of

these gases gop tolre FRITRIRNAT EF disr NROWPE & ¢daNs @Bt 1 Be 00Re8EMehBePQ0
ppma), nore preferably 30 no nore than_about 0.002 atm _(2,000 pprma), and

most  pref er @G} @ atar Thaar abbdeapabbe af nPef290d8sppripd atwo 001 13226
14 0 2 APR 2003 RGHUIIRDI nd98: 1 2. kR gddbEi 9BoLE §audpi g t hepfor mation of

crystal latticé vacancies, the rapid thermal annealing step causes the
di ssol uti on Gsteiiamskianmi t | Yo oxygen precipitatesndsl eariréntéenters which

are present jiiy fhe 5 sjidd ¢on i eri g cl [ .enners
may be forneé?n%or exanplgi éﬁ&ﬁhgq%%!%ﬁomﬁhh§f£gﬁégggﬁblgﬁif§£%a% gilicon
i ngot from wHi cixvden eferimasasioneducbeahson censegaenesnot Hene ot her
event in they. QU histQr . f i;ngot from
whioh 10 tne e PARIER ThIhS Prebshbly Al a g, st Rk

nucl eatlit®on dentienss itedhel giestmay batesedl hswaukrcr ibi dalkdirpcodiyded t hese
centers are a of . being dissolved durjng the rapid thermal annealing
step. The ré%%%xﬁagﬁﬁalréﬁﬂe% n%%y bgschFYégugu Pﬁggﬁfs ‘of a nunber of
commer ci al | et sthirey rapyglet hereal panaeal nngl E4ARTAN) ckuteraeedni mhehi ch
waf ers are individually heated by.banks_qof high r lamps., RTA furnaces
are capabl e Bf %%ﬂﬂ(ﬁ%ﬂ%ﬁ%l?%%bh¥§F??c%ﬁgmgfggfpggggfstﬁg§ RPe9ESHRbl e of
heati ng a waftercHe s ¢ 0068 20yt eapgeat ing thel2@DiConnta teawosggemds. One
such connercialhégﬁ¥ailable RTA furpace is %Fe nodel 610 furnac% avai l abl e

from AG Assdti&ft NARRE 52 Vi BRE2ERFEr nt F'HEi ¢ *P&i RESSENEEL 8L (vacanci es

and silicon igeddd thefsdat i ahstent8rsapahl enaf rdetiysbagmeREowagn sirRghe 25
crystal silicon with the rate of diffusion being tenperature dependant. The

concentrat i G pPBf9§ R¥SFHRIFASIENPBPAE BEFBEMSNCY hEr 8f or 8NNF&LlaNBuNCt i oN
of the diffusiyijyrof 1€, i PhibaSkeupPei BE g8hectssandsbie RegembLAati on

rate as a function of tenperature. For 30 ‘exanple, the intrinsic point
defects are Fegmtaved yrempebaterat of eplPat Grbari Alxheeni BPRrSy of the

tenperajdre 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 material have a
30 low concentration of carbon. That is, the single crystal

silicon should have a concentration of carbon which is



0 2 APR 2003 WO 001 13226 15 PCT/ US99/ 198. 12 at which the wafer szq@gegmﬁd
.in the rapid thermal annealing step whereas they are essentlally nmobi | e
for any commercially practical tinme period at tenperatures of as nuch as
700 C. Exps%@gﬁgéal evi dence obtained to 5 date suggests t patr/idaewif ective
-diffusion rate of vacancies slows considerably at tenperatures |ess than
about 700 C and perhaps as great as 800 C, 900 C, or even 1,000 C, the
vacanci es can be considered to be impbile for any commercially practi cal
time period. 10 Upon conpletion of step S2, the wafer is rapidly cooled in
step S3 through the range of tenperatures at which crystal lattice
vacancies are relatively nobile in the single crystal silicon. As the
tenperature of the wafer is decreased through this range of tenperatures,

15 the vacapghegndhf Lugget @ the ooxigdeday&t: 9 (At a8, An %M%ﬁt%’, thus

| eading to a change I n the vacancy concentration profile with the extent of
change depéndSnghapoﬁl ha Of e sdmafen’, mancheaawks arrdsenahhir al ¢eel at a

t enper at ur e,,ui, E 0 4Rks J Af the wafer were held at 20 this

t enperature mnt inthis rangé“%or an infinite period of tinme, the vacancy
concentration wiBeféroncg agalNObébGneJsubﬁuaninartyn@nm$b$n1ahr5Qghout

wafer gulk ?ag; ﬁ‘d'eglt Es%e%‘l GeAL3Y QL A8 NG %5%{{ %Qé{s“ yahpgowhi ch is

subst anti a eéss than t e concentration of cr atfi'ce vacanci es
|nned|atelyiug¢a coypltetli eildkconhevafeat X ,r deisrent L sdep. sEWfaaplalyacoollng
t he wafer, ver, a naon-uniformdistribution of cr%it tlce vacanci es

can be achPé9 dSWERCENS - MERCER VIRHOR ot Fat i a%%lﬂ SEWBR near

central plape ¢-apd bhe Vb%%%“%ﬁ%%‘ées”trai‘H@r‘téQer@f?éﬁtngahB the
direction of the front surface 3 and back surface 5 of the wafer. In

gener al , tH@agkéra@ethmwoqmmtﬁggzarﬁsused to distinguish the two

10 major, generally planar surfaces of the wafer; the front
surface of the wafer as that term is used herein is not
necessarily the surface onto which an electronic device
will subsequently be fabricated nor is the back surface
of the wafer as that term is used herein necessarily the

15 major surface of the wafer which is opposite the surface
onto which the electronic device is fabricated. 1In
addition, because silicon wafers typically have some
total thickness variation (TTV), warp and bow, the
midpoint between every point on the front surface and

20 every point on the back surface may not precisely fall
within a plane; as a practical matter, however, the TTV,
warp and bow are typically so slight that to a close
approximation the midpoints can be said to fall within an
imaginary central plane which is approximately

25 equidistant between the front and back surfaces.

In a first embodiment of the process of the present
invention wafer 1 is heat-treated in an oxygen-containing
atmosphere in step S, to grow a superficial oxide layer 9
which envelopes wafer 1. 1In general, the oxide layer

30 will have a thickness which is greater than the native

oxide layer which forms upon silicon (about 15



0 2 APR 2003 PCT/ US99/ 19842 cooling rate within this range of tegBer RS
.is at least about 5 C per second and preferably at |east about 2 CA er
second. Depending upon the desired depth of the denuded zon rage
cool i ng ré@%OWﬁ?%breferably 5 be at |east about 50 C per se?gg§25%?¥ﬁT nor e
-preferably at |east about 100 C per second, with cooling rates in the range
of about 100 C to about 200 C per second being presently preferred for sone
applications. Once the wafer is cool ed%o a t enperature outside the range
of 10 tenperatures at which crystal lattice vacancies are relatively nobile
in the single crystal silicon, the cooling rate does not appear to
significantly influence the precipitating characteristics of the wafer and
thus, ' does, not appear to be narrowWy critical. Conveniently, 15 the

cool i ng ste&ﬂﬁﬁFQR?%%ﬂrP¥ﬁﬁ%ﬁﬁbiﬁ'tﬁéesﬁﬁédﬁt%ﬁ§ﬁﬁébésiﬁ\Hﬂ%ﬂ¥Q@ﬁ§heating

step is carrdediouteadt SHER: Ho ARGsWRERE bRaSURIEGLER lhyl ieraen
preci pitation heat-treatnment. For exanple, the wafer may be annealed at a

tenper at ure & 1BTGC dhRut otf Hogssrand 20 eNen at depsmwpebmur 8 ©f 1000 C
for sixteen fiS-orfd I €7 BRbe ¥ Ehnfad Qgﬁﬁt@hggg}sbﬂa&%e\aaft%tdascel,Oaded Into a

furnace whichis at a tenperature of abou Cas the first step of an
el ectrofi ¢ dwMeenmrHgwe s $ nghpt oessde Wararsoldednonio th faknesse at this

Lemper at ur e.q L e 25 fyi pushy §aPhdLYLBRL TR, anaealed atercotill have

separ at e zones ehave differently wth respect to oxygen

preci pitati ormth heedds ghedachhegts egronddet he tivdtee orbmiok pddoibigaral

clusters nﬂ%éﬂ%§f§ the wafer enters the furnace. By the tinme the | oading

tenperature 1S reached, the clustering process is finished and a

di stribution of clustezs $s rdechedfenhi th sidppadsednty a h8al-APR 2003 WO

00/13226, 17 PCT/US99/198~? upon, the ipitial concentration of vacancies. In
heCiat 8 PRatRar &

the | oW VacancyP regtonst thedd ¥ F YAFFACes)E © Bhaves like a
nor mal waf ere v £ted acksppr&e@xestbngoony gl phegepit ahe rdddeeatrieon
centers; that is, oxygen 5 clustering s not observed. As _the tenperature

i s i ncreased® ¥ Bote %%%SttkﬁroffcF}iét?gn%@F&tlﬁFeVlaé’ﬁﬁ’icr’r§sc&|:?stlé‘r\t‘”’,a e
clusters in ihe Nﬁ&@@f&bi&?htEPQGhGEQWt&@EQmQh%P%Eb%aﬁ%sc%EQd%kﬁpiﬂﬁfeby
consuned, whereas in the vacancy | ean zone not hi ng happens. By dividing the

waf er 10 i ntdnvarfapsd Zohesnal gaBapéprconcehicht tde, waleawplaaee is
effectively h Lch_i ' I_pitate pattern
o oh 1551 ) SR TREY AORCLE BN Thak ek HEREEr AR B0 AR BRAE d
illustrated thati gemperahereefakt angedeptively dhomti petriiod off dxiywen
precipitates.in_th fer, is racterize cl.ear regi ons . of oxygen.
precipitate-%?e%é%gf%?ithfdg%gggdl%oﬁ@é?gfgggnéoig't&%?&ﬁﬁﬁ%f%rlrnthe
front surfacex8ecasmdobatkssuffaceréfepvablgepthleast' 11nespect meeky. Bet ween
t he oxygen precipitate-free 20 regqgions and 15, there is a ion 17
whi ch contaiﬂgegggﬁ%iYaﬂEiiFF?tuﬁgPBanaéﬁsi y SPdOQQSEnPEFEEFB%ﬁ tes. The
concentz@t i obebfcOxygetupr e2dpi fat @adi n2regfon 17 is primarily a function
of the heating steﬁ nd geconda&kl .a function of the coqgling rate. In
general, 25 the cONcEREr tFeh & 8§§@§ﬁtppgcfg@t&F@?ePﬁCP@X WWth

i ncreasing tenpperapuderpRedmbhNChAASRNG ngNReI AE lda¥Rs eldn dufte ikeateng step,

wWith precipitate densities in the ran%e of about 1 x 10" to about 5 x 101
preci pi t at esPERBEBERngLr BubitREL(1BEt &tAEgPhere, that is, an

atmosphere containing nitrogen gas (N,) or a nitrogen-

25 containing compound gas such as ammonia which is capable
of nitriding an exposed silicon surface. The atmosphere
may thus consist entirely of nitrogen or nitrogen
compound gas, or it may additionally comprise a non-
nitriding gas such as argon. An increase in vacancy

30 concentration throughout the wafer is achieved nearly, if

not immediately, upon achieving the annealing



30 The depth t, t' fromthe front and back surfaces, respectively, of
.oxygen precipitate-free materi al 0 2 APR 2009 WD 00113226 18 (2 APR 2003
PCT/ US99/ 198. 12 (denuded zones) 15 and 15" is primarily a function of the
cool i ng §seough the tenperature range at which crystajcy/a8deiog
vacancies are‘relatively nobile in silicon. In general, the depth t, t'
increases with 5 decreasing cooling rates, with denuded zone depths of at
| east about 10, 20, 30, 40, 50, 70 or,even 100 m croneters being
attainable. Significantly, the depth 3f the denuded zone is essentially

i ndependent of the details of the el ectronic device manufacturing process
10 and, in addition, does not depend upon the out-diffusion of oxygen as is
conventionally practiced. Wiile the rapid thermal treatnments enployed in

this process of the present invention.may res in the,outdiffusion of a
smal | annuﬁFmBFr Xy §&n fr ﬂ*ﬁf%ﬁn%é&%&%#nﬁﬁgi%% PF oAt Bha BEEK35ur f aces
of the waf ehist hemprawnturef fmrt -ai ffassdorons ségond | capbiyal egsfbhan what

is observed. in conventional processes for the formation of denuded zones.
As a resul £F ﬁﬁ@SFd§§Wﬁﬁé;f%%QQﬁ§%m]%mﬁETsa%f{?%%tp?éseﬂfegﬁ§éﬁﬁyon have a

subst anti alfby @ehieaam 2@t Hdddritls Opygen, comcens I ag b pnoassa function of
di stance fromthe silicon, surface. For exanple, prior to the szgen
preci pPt at FERORESY - Brdht ASRENGING WD Whe | d9RdEed ShBEREREFAFEYCENI form

concentrat b@nt@l WatrRnSt iddala Gesgen fupred hﬁ‘%)?eféﬁ{;eoﬂcxptbg uBEBE £O 25
regions of the wafer which are within apout 15 mcrons of the silicon
surface, mBEEOPES dMABIGN firomadte tdentleimit §fore cemmebaiablyYegi ons of the

waf er whi ch+a58 athi | G 1S, e sthdcC e n nore
preferablyQ??énﬁ%ﬂghggﬁ?gfq%FASﬁg!g{H(ﬂﬁgﬁ%P?eZ?%%spg?ég%iﬁﬁewag gr whi ch

are Wi t hi nwaBduhayeriac g2 tofvalie wiifeon vacantrnceonagdt nasiopr ef er abl y

from e cqnieeof ddigc ) 2,408 2003 V0 00/18226 19 P CT/U 599119842

silicon to regions are wthin about 3 mcrons of the
silicon surfaceBased hiporc @ imentaibstanderat ¢ yohina f nedn oxygene,

concentrati hal | an a variance . n the. oxygen concentration of no nore
than 5 abo&?{;’S%&,moﬁ‘rpg%erreabll@ wr%-blcrrrhofteh? h%%%%o%ktge%%q %ﬂr&eﬁgﬁ?g p?%‘?%r ably no
nore than dkouarkd%d By gatd fierabdyngdm presipotat tloan heatel aeataent s do not

result in asubstantial, amount of Sxygen outdiffusion fromthe, heat-treated

15 oxidizing gases; that is, the atmosphere has a total
absence of oxidizing gases or a partial pressure of such
gases which is insufficient to inject sufficient
quantities of silicon self-interstitial atoms which
suppress the build-up of vacancy concentrations. While

20 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 effect is

25 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

30 no more than about 0.002 atm. (2,000 ppma), and most
preferably no more than about 0.001 atm. (1,000 ppma).



10 concentration of interstitial oxygen in the denuded zone at dizgﬁq@@p
.nore than several mcrons fromthe wafer surface wll not signﬂﬁ tTy
change as\aggpnﬁgguence of the precipitation heat-treatnent.pchotisexagp! e,

if the denu ed zone of the wafer consists of the region of the 15 water

‘bet ween the surface of the silicon and a distance, D, (which is at |east
about 10 mcroneters) as neasured fro he front surface and toward the
central plane, the oxygen concentration at a position within the denuded
zone which is at a distance fromthe silicon surface 20 equal to one-half
of DL will typically be at |east about 75% of the peak concentration of the
interstitial oxygen concentration anywhere in the denuded zone. For sone
oxygen precipitation at-treatnents, the interstitial oxygen concentration
at this position IfggéEéQBnQQSCSPgépgr%q? .?rQﬁt*%%ﬁ?%8§55556 b0r even
95% of the nbxttioeoxygenctescenheatraidanmpdiet:l iannidel egugedpzone. In a
second enbodi nent _of, the.present invention, a nqn-njtriding atnosphere is
used insteadC%?S?ﬁetH?tgFgFﬁ UBH OBt fds fiveT &1 %ﬁﬁ;%ﬁﬁéiﬁﬁg%?ﬁpid t her mal
anneal i ng) apflecippobt8gnatepatobnt kenltierst werikodidmntpr&ehabia ppe 0 2
APR 2003_WD 00/ 1322G 20 PCT/ US99/ 19842 ni tridin t nospheres i1 nclude argon
hel i um TeonS*thrBBnSHRERIHE, "3RETdPHer JHEPEHINDE R X MCERBRT Ai BAY di ng
el emental ange cosPRYAY Gageexafp 1B, X BUEROt UG GASeSef Thige N8DNGLET i di ng
atnosphere, like the nitriding 5 atnosphere, may contain a relatively snal
partial presStYgtdt Bkygern ingot FrEHy tihdichpidis wafeeswe s hahiee81 &fm

(10,000 ppneds &ADE&nREgliEhaB! ¥fl @dmel BaMmed: QRRMA! Mn (hdUP-PPIBLs NOIr e
preferably | ess than 0.002 atm (2,000 pprma), and nost preferablg.less t han
i

0.001 atm 1bhermabohpphayy PA &behivedesnpadiaferrtheofindrt pfesenvhiakent i on,

step Shgthechbeylpb 0XtdalyaBast ey A e anihd Ne- SIiLhog yerer has
no nore than a native oxide |ayer. Vﬁ%n such®a wafer is annealed In a
ni trogen at nbspherrsuclsahomeveentere éff édte ditfafrarind mut ¢hibadl whéchot s

observed whe r [0 n.oxi.de | r i.ch | ter in.Lhi ckness
than a nativgrg§¥gé?ra€g¥k?gggh5ﬁ%g% gfﬁégﬁ%gﬁ5gﬁé%hé§§§;%£e%gf%gnitrogen
When t he waf dissohtvadndngiag ehkameeddoxihgenlady @emrieslanmpadteepi n a 20

ni t rogen atnnsphegg a_su s%%n%iall nuniﬁorn1i@§rease in,the vacancy
concentration is achi 6784% APSGGROUETFRE WaFer BRe & Ty 199 A8t tHned atel y,
upon reaghi ngft Aenambeal bifigcbenmperdblly; afaritlalronesp id e vacasaty

concentrati on does, not ARREA £0, LN LGN U AASF are

individually heated by banks of high power lamps. RTA
furnaces are capable of rapidly heating a silicon wafer,
e.g., they are capable of heating a wafer from room

20 temperature to 1200 °C in a few seconds. One such
commercially available RTA furnace is the model €10
furnace available from AG Associates (Mountain View, CA).

Intrinsic point defects (vacancies and silicon self-

interstitials) are capable of diffusing through single

25 crystal silicon with the rate of diffusion being
temperature dependant. The concentration profile of
intrinsic point defects, therefore, is a function of the
diffusivity of the intrinsic point defects and the
recombination rate as a function of temperature. For

30 example, the intrinsic point defects are relatively

mobile at temperatures in the vicinity of the temperature



25 as a function of annealing tine at a given annealing tenperature. |If the
_wafer |acks anything nmore than a native oxide layer and if the 0R20AFR ZfQ
back surfaces of the wafer are annealed in nitrogen, however, the resulting
waf er mﬁkl aﬁﬁﬁﬁﬁ vacancy concentration (nunber 30 densitypcpngbi/isgsmhi ch
s generaWy "U-shaped” for a G oss-section of the wafer; that is, a
maximum 0 2 AP R 2003 WO 00! 1322G 21 PCT/ US99/ 198~2 concentration w ||
occur at or within several mcronmeteys of the front and back surfaces and a
relatively constant and | esser concentration will occur throughout the
wafer bulk wth the m ninum concentration in the wafer bulk 5 initially
bei ng approxi mately equal to the concentration which is obtained in wafers
havi ng an enhanced oxi de |layer. Furthernore, an increase in annealing tine
will result.in ' e N, cent [ I f | acki ng

anyt hi ng n%Fe“Fﬁgﬁfgﬁﬁaﬁégghgffggﬁﬂg%%ggyl HEégér?%g%?apﬁggﬁ%énce further
suggest s t kamealiinglidtiegr evirdas dtewiare fesseatérdlhavmmgbidendoe t han a
native oxide_ | ayer and wafers havin n. enhanced .ox|i de | ayer can be _avoi ded
by i ncl udi A YmSCRBEAT AdygdTF ST ifok et Mo at 37 Ay Gas STREE A LA RoSiher e,

St at ed anotaiemuth say,708h €T WalBape Miandrtgh hewbdentbasbaanatdvecoxi de are
annealed in _a nitrogen atnosphere containing.a.small partial _pressure of
oxygen,> th aW§réP€6§ﬁ§G%§H§ﬁ£ e%&ﬁ%ﬁsdhggFﬁQOQnréﬁﬁaﬁged oxi de

| ayer. Wt Reidarkgiagtg daand dehsaie 441808 Vat | te@ppeatarkball esdpehkinci al oxi de
20 layers which are greater in thickness than a patiye oxide, | ayer serve as

a shiel d WwRRAS Mii%bi s aRct B GF SFF%%e 3F1780n.C TS0 0x5 dePT ayer may

thus be presem 10ndhe st aHd RgdfEle PIcdOP®dohieida By BEOW Ng an
enhanced oxi de | ayer during the annealing steg= 25 I n accordance with the
present i niMAEAe thRdr SFHF O GkHpSPRFRCEHLUFRAgEERE PEEFRAt her mal

annealigg step RERher i Somiaids A aard] Alopy apstie of Alplenst abou

0.0001 atm (100 ppnma), nore prefera a partial pressure of at |east
about 0.0002%ded HRGT-qipr) LhEengBO thise regwsorst pramparst yres stussed,

a0 2 R EY HS G5 B PRt sk F R Yol T and 1 s
mor e pr ef ertdld ysirgsle tdarst 005 aitgen ( 5, 890t ppnberpstiakhreopré phef er abl y

| ess than QA% dunad2 800 PRTRG.ANT DSt ar SLeAbLUnl g9 g 0. 00T atm

(1,000 pp wever, no aS an arternatirve to
utili zilmg atheatvarsplheies vl hgsa tparthal opi@sslagenf Soapdenaret he silicon

waf er may sinply. be subjected to,a thernmal anneal, or rapid thermal anneal,
Lreat mont GRS gdis % 5 (oroBRAesl Hig CHRAEACANAVL r ogen

concentration profile with the extent of change depending
upon the length of time the wafer is maintained at a
temperature within this range. If the wafer were held at
20 this temperature within this range for an infinite period
of time, the vacancy concentration would once again
become substantially uniform throughout wafer bulk 11
with the concentration being an equilibrium value which
is substantially less than the concentration of crystal
25 lattice vacancies immediately upon completion of the heat
treatment step. By rapidly cooling the wafer, however, a
non-uniform distribution of crystal lattice vacancies can
be achieved with the maximum vacancy concentration being
at or near central plane 7 and the vacancy concentration
30 decreasing in the direction of the front surface 3 and

back surface 5 of the wafer. 1In general, the average



10 atnosphere or a neutral atnosphere, in accordance with step ag, hPR 2003
conpl ete. The oxygen annealing step may be perforned after the @er has
been al | owssyoi@2ool or, alternatively, nay be perforned atPCBUREYEB{Y e
(i.e., while the wafer is still hot after the initial thermal 15 anneal
step has been conpleted). Furthernore, this oxygen anneal step may
optionally be performed for any of thggabove-described enbodi nents as a
means by which to further tailor or profile the vacancy concentration
within the silicon wafer and, as such, the resulting 20 oxygen precipitate
pattern in the wafer. Wthout being held to any particular theory, it is
beli eved that oxygen annealing results in the oxidation of the silicon

surface andgo8%ifgr eabkt wi%‘?lti% tt(?li(é][ aal &y # Wehde A L85 Sk Leon

self-interstitialS. This 25 inward flux of self-interstitials has the

ef fect of ghaaghl BPOHLt &r i’ RgPEKe Seseat Rréb RIentezabbn % ok¢2 8t bybertisi ng

reconbi nati ggse£0,0¢CHE-oRBYI NP gn@tir{#’qugg .08 %é?n L ngsinward. A
regi on of |ow vacgncy cgﬁcentrat ?’on may therefore be c%%g?%%@%/\%i%ﬁ,

fol | owi ng 3bhanderjden praei pithat icoretigs qeehinenrate esayt préhenabémuded
zone havi ng p tim-zed f.0or t ar_. . /13226
Pt Usot) 19RT2 855 8agR EDeER a0 gL BR P Yo Mot i i BOP b i s e
si li con waf ec. 1Eestsaboogn 1M@f €Cs peavisegdarite peiaih concking atatons of n
vacancies wi.thin_the | k., 17 .0of the silicqn f dhe 5 depth and t' of
r egi ons 15\,\”5%1’8 18935 %gpggﬂu\;ellﬁo rrac; e agoe u\é%tzleé/oel ;/dqipr'lec’:r 5a£%°&%ybemg

control | i ngptrheenafly @ireffeircledoXicdatdame dpphicstiidaces OncdrsheThe rate of
oxidation is _in_turn d%riee dent upon a nunber of factors, such as_the

at mospher i ¢ "86fidi tPoRE T FENPEr & SRR Ui at PHRS bFE 15 iF 8% Qhti on st ep.

For exaopl eretnberaateeef aaxivtididhoremiddal reseasee asatdec Loaceperati on of
oxygen in the_at rmsghere i,gcrease@; wth the rate bei ng, reat est when
€ fip i i

pyrogeni ¢ sTEARTYELMpIMepa et that $heigPRci B conditi ons

for 15 the exbldahhyealtedomNindradie &M d i £ahhVr dedef I Nedr DYeadiusti ng
the tenperature, duration of the anneal and atnospheric conditions (i.e.,
t he conposi fP6nPEECERE LRtk acfenkities ehetbryWrheparndathpessure)

in order togeptki Hcze ahe 38Rl de ALYy -cHOVBYET , | EoRPeRPORE D, NG Ot her

than pure oxygen or pyrogenic steamis eripl oyed in the present process,
preferdbl e the geeliiald ptePsmay dfe samered rrithelatwpsphare will be at

| east about 4030016100 PRBI-H FHE rFEé’a?ciFHffﬂ I saéa‘JFIgg?a gheut 0.0002

(200 ppma). In this regard it Is to be 25 noted that t imtations placed
upon the oxygen dontsger, Sor phet Walfepr dssend] eidred ke Ehreraraigeanneal step

S2 are not | lLe .fqr .S 'tq[l‘@ st f gﬁ:f) oc ) h re,
if the peak%ﬁégﬁ?‘ragﬁogln htg tvé%z%rém s Tor eﬂro%lgi%% %’s @Zéb‘éggé%sﬁéﬁi ally
retai ned, 30et heneaipsr atture tefmperat wse dalff | 820 t t@aforenfous preferand y

20 then at a temperature of 1000 °C for sixteen hours.
Alternatively and preferably, the wafer is loaded into a
furnace which is at a temperature of about 800 °C as the
first step of an electronic device manufacturing process.
When loaded into a furnace at this temperature, the

25 previously rapidly thermal annealed wafer will have
separate zones which behave differently with respect to
oxygen precipitation. In the high vacancy regions (the
wafer bulk), oxygen clusters rapidly as the wafer enters
the furnace. By the time the loading temperature is

30 reached, the clustering process is finished and a

distribution of clusters is reached which depends only

l.-
9



in excess of about 1150C. More preferably, the 0 2 APR 2003 CVO 00l 13226
29 PCT/US99i 198. ~2 tenperature is at |east about equal to the tenger APAr 2003
enpl oyed during the thermal treatment of step S2. Wthout being held to any
particular theory, it is believed that if the tenperature i n that
enpl oyed ‘HBPP’AE}Z\P/he 5 thermal treatnment, the peak concentrapt%l1Jc/)l§5$f"g’f'MJ?1
vacancies in region 17 may actually decrease because of the direct

reconbi nati on of vacancies and self-interstitials. Once the oxidative
treatment has been conpleted, the wafer may be rapidly cooled, as in step
S; above, through 10 the range of tenperatures at which crystal lattice
vacancies are relatively nobile in the single crystal silicon. By rapidly
cooling the wafer, the vacancy concentration profile is effectively
"frozen" within the ssilican matrix, thus es%ablishin a non-uni form 15
distributi8R°8ft%Fy§ﬂﬂtﬁ (FREFACERTHRE. © tV?EaPﬁégéforéndégﬁr Bi'e to

cool at anvavenage reafieond t (rignt hilse refger obut-eapesat ueas ahrat- | east about
in_qgrder to avojd the vacancy_concentration profile which

5 C per second, :
has Eeen egF§BWF§h&&hQWﬁnQﬂﬁWﬁ}IY% ehrwhpchy hagys PrererasfFyiShovever, the

cool i ng rabgygenaprerayi tUtn 28] &a Pbn SEERARErstt thatt @sheorobed that as
the cooling_rate is changed, the resulting profile may be further nodified.
Accor dPngl F1U§ESERTI d UPRT tIRSHEEEE ed HF oF PR et EBPBEABBESI ABd, the average

cooling ratigciea®@i Rpdle lapsto@bout 0 e PEEMSELEPGre aPOHL 1400 C per
second, or up to about 200 C per second or nore. Once the wafer is cooled

to a tenpefRNECEnGut Sitfe Tiseryel bfthenperanayesial shAnehgepystakol attice
vacanci es ane Ji@liatice! Y, ok, & ﬂ%fé‘?}(%@ﬂ%&ngays&ﬁérégssi“ £qa, the

cooling rate doés not appear to signiflcantly influence the precipitating
char act er i ygicesicy (G eRNARRIE)( MO ©0/ h3ppengs PEY| d5096819842hef waherwaf er

and 1hys, 9oy BAl ARl Be: NAULOMLY COLELARLL BAYED! BdkbY . Le
g step may be carried out in e sane atnosphere’in I e heating
step is cansi edfeattively created through which is written an oxygen
precipitate pattern which is fixed the moment the wafer
is loaded into the furnace.
As illustrated in Fig. 1, the resulting depth
15 distribution of oxygen precipitates in the wafer is
characterized by clear regions of oxygen precipitate-free
material (denuded zones) 15 and 15' extending from the
front surface 3 and back surface 5 to a depth t, t',
respectively. Between the oxygen precipitate-free
20 regions, 15 and 15', there is a region 17 which contains
a substantially uniform density of 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. 1In general,
25 the concentration of oxygen precipitates increases with
increasing temperature and increasing annealing times in
the heating step, with precipitate densities in the range
of about 1 x 107 to about 5 x 10'° precipitates/cm® being
routinely obtained.

30 The depth t, t' from the front and back surfaces,

respectively, of oxygen precipitate-free material



5 This separate oxidative treatnent is an acceptable alternative gp APR 2003
.controlling the vacancy concentration profile by nmeans of adjusting the

rate of cg&#@g&zu@s described in detail above. Accordingly, p#i@Red Vs
oxi dative fent is enployed the cooling rate of step 10 S4 nay be

-greater than that herein described. In addition, it is to be noted that
this oxidative treatnent is preferred when the desired depth of t or t' is
in excess of tens of nicrons) several 18ens of microns, or nore. 15 It is to
be further noted that the flexibility offered by oxidative treatnent
enabl es this approach to be successfully perforned on a wafer having a
vacancy concentration (nunber density) profile which is generally

"U shaped."” Mre specificall as noted above, if _a 20 wafer having only a
native oxi deldeRRICOZePReS hat2rardriatelssPEibpedtddat §uned iiderqfaltneal
step S2 in ifddi t € h | rowil | ess a
vacancy pro?ﬁﬁlﬁéjcﬂ%f %ﬁ%ﬁ@ﬁl@hé Lfgﬁgggé?hg%y\égﬁgjeegti H’éﬂg’?ﬁh a waf er
to this oxiduaysteaanhzbllios vacaneees , arheredsbavy lyonodrdtleatiron profile

may be altered,. expos dit,ion ing selectively deternined in
order to vyi eﬁ‘e%%é%g'si r]grg %‘g%ﬁ%g' p%% i?%gghi gh go or %aéetsh W|olrt sent
inventi @. |deatdresisyboskh remnd srafes hewpt Rs@shubiaderbhen dedths3Gbf rant and

back surfaces of the wafe be exposed to_different atnospheres, each of
whi ch may coaRt %ﬁ%“%rlél 190 e %0399\0 881 2525886 18ET/ US99119842 nor e
nitriding ormiwromet ¢t Hgi gasestahvabeaMPEegnt e cBaek ysurfrceigit i he
waf er may be exposed to_a nitriding atnosphere as the front surface is

g
exposed to &h 9P af PR pher @S SANE aR haYi VBAGPERAEItDIE Wdfsers 5 (e.

g., 2, 3 or dox£ Wafsf sihaby) ber sbnukt a8eods! ¥aannaakad iy e-Reidy stacked
in face-to-face arrangenent; when annealed in this manner, the faces which

are in ¥hce-3f atle 2Mt BEP" areCRechahi ¢aPEYdsHPEnd&def Farth-(He fatsisypher e

during the apnealidgn AbtesnabhyehyioantJ0pdeperdny upon the atnosphere
enpl oyed during t%e rapid thermal annealing step and the desired oxygen

preci pitation profiiikeothe heamid ekhermel okrdatmapes saplrelormedios y upon
Surface 3 ofPTRE TS Darer (Ree g PYHARTA ARy 2eRBTE I thdaurteor
silicon waf ediffushds ebyayswalls amemherodheshigeontaons tae asyheete iaf
0Lt eh a1 on gl YESIOChSE. pnc oyl eRLEs Bcher BRUDOLAN AREh RY S
on one out-diffusion is significantly less than what is observed
in conventional processes for the formation of denuded
zones. As a result, the ideal precipitating wafers of
the present invention have a substantially uniform
20 interstitial oxygen concentration as a function of
distance from the silicon surface. For example, prior to
the oxygen precipitation heat-treatment, the wafer will
have a substantially uniform concentration of
interstitial oxygen from the center of the wafer to
25 regions of the wafer which are within about 15 microns of
the silicon surface, more preferably from the center of
the silicon to regions of the wafer which are within
about 10 microns of the silicon surface, even more
preferébly from the center of the silicon to regions of
30 the wafer which are within about 5 microns of the silicon

surface, and most preferably from the center of the



20 side as conpared to the other. The starting material for the process of
the present invention may be a polished silicon wafer, or alterna0ivaPR,2088
silicon wafer which has been | apped and etched but not polished. In

addi ti on, th(ﬁ{l\égf er may have 25 vacancy or self-interstitiapcppiddijofaf ects
as the prgﬁb §t intrinsic poi nt defect. For exanple, the wafer may be
vacancy dom nated fromcenter to edge, selfinterstitial dom nated from
center to edge, or it may contain a cegntral core of vacancy of doni nated
material 30 surrounded by an axially symetric ring of selfinterstitial
dom nated material . WO 00l 13226 27 0 2 APR 2003 PCT/US99/1 9842 If an
epitaxial layer is to be deposited upon an ideal precipitating wafer, the
process of the present invention nmay be carried out either before or after

t he epitaxial sprion, .lt _carri hefore, it .be.b desirable to
stabilize t élgggge%gpgggﬁﬁkfa?g Hﬁ% gégfgh“Eéﬁ?%r%r$ﬁ¥%gglﬂa?§§uéfter t he
process of Bheipressntfi nrentiidn camnd sheffarce t hdrepihaxi abndeposi &i on. | f

carried out _after,. it y.be_desirable tao carry out.the process_of the
resent | nvERPPERPFICHRE B ERETLAERR ST s TomA &1 P9 Bf L BFoEha

epi taxi al deposahcaninprhe deggkehe cov@icnty ataties ¢ ou resedyt hdie process of
t he present anen%ign can _be %ﬁhieved. The nmeasuyr enent of cr%stal lattice
vacanci 8s i APSPhgP8%er PEEAFTEPIYC R ERFshd adr ARRP OO by PPt TR%Mm 15

di ffusi on apakysrsblinngeneral rhphatbawh i1pdeposited on the sanpl es and

diffused in a horizontil surface with the diffusion tinme and tenperature
preferably bei ngT¥BEEELEY s REHICRaP e PREGHLCTUMBRS 1 £ FeRHARR & YO nat es

the platinugbdi £EHE1ENEnbEL SWBsER NS 29Uk # GXRAER dhea2Pfusion
st eady-state of vacancy decoration by platinumatons.” For wafers having
vacancy coné&Rbr hbrohgakhiterasee F@ﬁ%@3l1ﬁﬁ & FEPtesent e nvention, a

diffusign t-BB-BRErheTBEN 8lrUnet@i-sF3Q Gl QxR AT WL EFe NBYn PG 4SEGne

al t hough nore accurate tracking appears to bé attainable 25 at a | esser

t enper at ur edtedgstanbest Me88 Chapn sgydirgilomiarend nirezetke poasenl e

| nfluence by SELEE! §3510RRT GERIET oG yPIHIUIM LEROSL S 00 FEL DO U
preferably results in a surfacé& concentration | ess than one nonol ayer.
Pl ati num di £hespoactpdhnitdoes haes -3 edésenitbed Falseastmmel e f of £ eklaepl e, by

Jacob et aldenuéedAQBhe QQY%h@ W%%EIB%bn%is%%?cﬁgqgag;rg%PgErQPn@hgnd
15 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 at a distance from the silicon surface
20 equal to one-half of D, will typically be at least about
75% of the peak concentration of the interstitial oxygen
concentration anywhere in the denuded zone. For some
oxygen precipitation heat-treatments, the interstitial
oxygen concentration at this position will be even
25 greater, i.e., at least 85%, 90% or even 95% of the
maximum oxygen concentration anywhere in the denuded
zone,
In a second embodiment of the present invention, a
non-nitriding atmosphere is used instead of the nitriding
30 atmosphere in the heating (rapid thermal annealing) and

cooling steps of the first embodiment. Suitable non-



0 2 APR 2003 WO 001 13226 28 PCT/ US99/ 19847 Ryssel, "The Modeling ?fz APR 2003
PlatinumDiffusion In Silicon Under Non-Equilibrium Conditions,"

El ectrochem ciety, vol. 139, p. 256 (1992); Zi mer manp rt8seiss:
SeilenthasuéﬁgLﬁﬁghiner, "Vacancy Concentration Wafer 5 Mapping In

-Silicon," Journal of Crystal Gowth, vol. 129, p. 582 (1993); Z mrermann
and Fal ster, "Investigation O The Nu%beation of Oxygen Precipitates in
Czochral ski Silicon At An Early Stage,” Appl. Phys Lett., vol. 60) p. 3250
(1992); and Zi nmmermann and Ryssel, Appl. Phys. A 10 vol. 55, p. 121
(1992). Exanples 1 through 5 illustrate the ideal oxygen precipitation
process, with Exanple 5 particularly illustrating the oxidative thermal

anneal of the present invention. The%g gxanples shgg!d t herefore not be 15
i nt er pret ed P2 44 (3P TRASES S BARPEES1 a590N e o edingl e G5t HXERR? e

pul I ed by the Geziaedy adiskioted Roguch! h6Rdoaid iRAHS hedbd-& iftarimisid i con
waf ers. These wafers were then subjected to a surface 20 oxidation step
(S1), rapid 4RNSRA2hARAI FABPRELRY FASAPt r e Aiat ugiegoP SpICh SRR v

cool ed (S3),rrNthsibl At Reh 9 APmOXYHERST ARkl 28l oN randiipW h step (S4)
under the conditions set forth in Table |. The_initial oxygen concentration

of the Waf eraGHNYE ore2 ¥t @PRESIN-aspelerdved voopgdd mecdiigitate density
i the bulk ofodfi aRiersaller 5tep, S4 (CPDLjand e depi ol the denuded

zone after step S4 (Dz) are al so report in Ta 0 2 ARR 2003 WO
00/1 3226 29 OrABLERU4mS5 400,000 ppma), more preferably less than 0.005

atm. (5,000 ppma), more preferably less than 0.002 atm.
(2,000 ppma), and most preferably less than 0.001 atm.
10 (1,000 ppma) .
In a third embodiment of the present invention, step
S, (the thermal oxidation step) 1s omitted and the
starting wafer has no more than a native oxide layer.
When such a wafer is annealed in a nitrogen atmosphere,
15 however, the effect differs from that which is observed
when a wafer having an oxide layer which is greater in
thickness than a native oxide layer ("enhanced oxide
layer") is annealed in nitrogen. When the wafer
containing an enhanced oxide layer is annealed in a
20 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
25 as a function of annealing time 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
30 density) profile which is generally "U-shaped" for a

cross-section of the wafer; that is, a maximum



hcz~/ us99/1 9sa~ Sanpl e4-74-83-1415 mn atl1l5 mn atSll,OOOCl,OOOCngBei$ N%
+in N2 +~1% QZ-1 % OB85 seconds35 seconds35 secondsS2at 1250Cat 125bTAPR 2003
1250C n NZin Arin NZS3100C/ secl1l00C/ sec100C/ sec4 hr at4 hr at4 hr at S4800C

+800C +8Qﬂ$(ﬁ hr at16 hr at16 hr atl, 000C1, 000C1, 000G n p&i/usditiods2
N2O, (at o] 101" 6. 67 x

101' 7. 2x101" OPD( at ons/ cnB) 1x1014. 4x1091. 69x101DZ(depth in ~. n) 70950 Fi gures
2, 3, and 4 show Gross-sections of t@f resulting 15 wafers (these figures
are enl argenents of photographs taken at a nmagnification of 200X); sanple
4-7 is shown in Fig. 2, sanple 4-8 is shown in Fig. 3, and sanple 3-14 is
showmn in Fig. 4. In addition, the concentration of crystal lattice 20
vacancies in the sanple 4-7 was nmapped using a platinumdiffusion

t echni que. _A glo% g%igka&ngn1concentrationwﬂxﬂ 2 APR 03.VI)00€I3226

PCTI US99/ 18842°3b* 967 8lis “dept KT 8mIhe s IFate St YR haf by ¢Re 4eht h of 0
m cr onet ersf coheefpondi agdt aldke furdidces dnmdfa trel awfes)y appeatsnt n Fi g.

5. EXAMPLE_2.5.To_d t that_the .i deal i pitat
s rel at 1vaR FROEBENGBRE BT 1AkyG5h e S | U 468 oCHT Sl SRESbr own

silicon wabelk, wi bheehweamehd rudv idathalirdtfrerteindn axy gete confentival k ons wer e
subjec%ed to,theaiﬁngﬁseries of steps descrihed in Exanple 1. The 10

condi t Pons*PHF12 1PHe @PPILIINEGHY i§FUGal T i F YRR 51PN of the

wafers (Olyhbehoie 8beRSnEH 1inSéafldi®s mxibely e iidted dsasdadéy (OPD) in
the bulk of the wafers after step S9, and the depth of the denuded zone

(DZ) afterl8Y8p- SOFHECREATGIEd Fromidreasin farereahnas il erible
reported ipedabteihl anFiger@ss® inh ARG ShOM@NSSsSES, | onsydfetde

resulting wafers (these figures are enlargenments of photographs taken at a
magni f i cat L8AX&RI2B0XFhiggnplore3-thars asHsii Ven Fiifle elagaimpl e 3-5 is shown

nFigo 7. and pagBkendnfals SIS flhthdk suddRODI A2 e TABLE 115

difference in behavior for wafers having no more than a
native oxide layer and wafers having an enhanced oxide
layer can be avoided by including molecular oxygen or
another oxidizing gas in the atmosphere. Stated another

15 way, when wafers having no more than a native oxide are
annealed in a nitrogen atmosphere containing a small
partial pressure of oxygen, the wafer behaves the same as
wafers having an enhanced oxide layer. Without being
bound to any theory, it appears that superficial oxide

20 layers which are greater in thickness than a native oxide
layer serve as a shield which inhibits nitridization of
the silicon. This oxide layer may thus be present on the
starting wafer or formed, in situ, by growing an enhanced
oxide layer during the annealing step.

25 In accordance with the present invention, therefore,
the atmosphere during the rapid thermal annealing step
preferably contains a partial pressure of at least about
0.0001 atm. (100 ppma), more preferably a partial
pressure of at least about 0.0002 atm. (200 ppma). For

30 the reasons previously discussed, however, the partial

pressure of oxygen preferably does not exceed 0.01 atm.



0 2 APR 2003 PCT/US991198.t2 Sanpl e3-43-53-6 115 mn atl5 mn at 1y JMiapRragoos
11§11, 000C1, 000C1, 000Ci n N2+in N2 +in N2 +-1% QZ-1 % O, --1 % O35 seconds35
secondsSS\ﬁ§§@Eﬂ§§Zat 1250Cat 1250Cat 1250Ci n N?in N2in PCT/US99/19842
NS3125C/ sec Secl125C/ sec4 hr at4 hr at4 hr at S4800C +800C +800C +16 hr
at16 hr at16 hr atl, 000C1, 000C1, 000C n N,in N2in

N?0 (at oms/ cnB) 6x101" 7x101' 8x101' OPD( afprs/ cm ) 4x1011x1016x101DZ( depth in
~Cm-.4 0-4 0.-4 0 EXAMPLE 3 15 To denobnstrate that the ideal oxygen
precipitation process was relatively independent of the conditions used for
t he oxygen precipitate stabilization and growh step (S4), a wafer (sanple
1-8) having the sane initial oxygen concentration was subjected to the sane

series of st d | bed_iin.Ex | e foar l.e 3-4.except at a ~
o PR 2003 U o678 SEBER 45 Rel s B sants rersbliess 04 6
DRAM pr ocessawas (Sedoaspphe) oxggenlpmetiepipratfe rstdly |liesst idhmrana. gd 2w h
step ($4). Figure Ws_a oss-.section _of. the . resulti waf er hi s
figure is an®efl af%eﬁgﬁt pB‘Pag pﬁSFo&‘PﬁBhptrglggﬁagilyas%sr?agﬁﬁq cogt(?é) of
200X). Afterashep(59p08apphaes.l-8 and 3-4 had conparabl e bul k oxygen

ipitate densiti 7x101/ ¢ f le 1-8 4x101/ cmi . f |
51 %) and conpar abl' 8V AERGACH 2 e “BoBEnE L A BECELLI 40 TN SrsS 10

Exanpl e 4 Thisikexaihgeahl husbepheset havihgnad phat iray e ghses wefl in the
density of bul k rricrodefecLs %}BI\/ER i.e., the gen ity of oxygen

preci pi t ant sO*EAT hePBept tBPTH eLg&nbged S28R Y(%E) %ngtﬂct 1615 ¥ o an
increase in ¢herdllcenpenl’ abioragh dOXKEeMallN s aat, MR U ninge  he
heat-treatnment. Three different sets of wafers were subjected to rapid

t her mal anne@hli AYYdRBeRtPREPNRYCpREEEEs 2EHEAILENGN $INAFe andHdrZOgaN Set A

vere anpgal efe @bspROPE £or 1305€¢a01da HRdehed N Lik0GRRAIMRRNG & h t he 20
wafers in Set B were anneal ed under the sane conditions for 20 seconds:

and, the waf 8F8Pi f: .Seits CER e tamnealed xyYI9V0ENnearl 3ngseE6RITEYN®Er an

argon at nmosphereorMelr §0¥LIAL LAN BFeR WS @%%np%rlflgrw@ QN AN Q{r,t he
wafers in the three sets in this Exanple. 25 As indicated by Table II1,

bel ow, the ofygennphivedl.pmaysbeepeasornedeased emperadstiranafieremithin a
Gach vafer wALThar o wagellS oI, Bln PateR (hE ATt ONo RIS are
present1¥n Tabheall ktepehew. bee® 2oAPRe2@d3 .CVOWRHRNEX2REBI3 this
oxygen anneal step may optionally be performed for any of
the above-described embodiments as a means by which to
further tailor or profile the vacancy concentration
within the silicon wafer and, as such, the resulting
20 oxygen precipitate pattern in the wafer.
Without being held to any particular theory, it is
believed that oxygen annealing results in the oxidation
of the silicon surface and, as a result, acts to create
an inward flux of silicon self-interstitials. This
25 inward flux of self-interstitials has the effect of
gradually altering the vacancy concentration profile by
causing recombinations to occur, beginning at the surface
and then moving inward. A region of low vacancy
concentration may therefore be created which, following
30 an oxygen precipitation heat treatment, results in a

denuded zone having a depth optimized for the particular



, Table I'l'l 5 10 15 PCT/ US991i 98. ~2 Wafer Set Oxygen Parti al Pressuhgﬁu@h 2003
_Density (defects/cm3)DZ Depth (m crons) A250 ppna6. 14x10970A500
ppma6. 24x10980A1000 pprma2. 97x10980A2000 ppnma7. 02x108100A5000
ppma2. 9% ooNPALkx106 pprma6. 03x10NDB500 pprma2. 59X10980B1000PCT/US99/19842
-ppmal. 72X109100B2000 ppnma9. 15X108100B5000 pprma2. 65X10' NDB1x106
pprma2. 17X106NDC250 ppnma2. 65x10990C500 ppma4. 03x10970C1000
ppmal. 72x109140C5000 pprmal. 69x108120,320 ND = not determni ned. The above data
shows that as the partial pressure og oxygen in the atnosphere increases,
t he nunber density of bulk mcrodefects decreases. In addition, when the
oxygen partial pressure reaches 10,000 ppnma, the nunber 25 density of bulk
m crodefects is indistinguishable fromthe nunber density of bulk

m cr odef ect i i e i r ich_h j to an
oxygen O %‘%0‘%@ %oﬁfﬂ%‘%&%@cﬁ? &ég%g??ﬁ’ﬁ%ﬁ%ﬁ%@% %ﬁle

heat - t r eat resinticent afiem. prior rapid thermal annealing in accordance with
the present invention. 5 Oxj dative Thernal Anneal _Tr.eat t For
pur poses of ill 32?% a JTlnlg 1{}1/55%);(?:: atkll?/\él?ﬂetr:ﬁgl Pgﬁgé{ ntcreélgtrr%n C*of° %t he
present i nwerddromessivitdoin welierisyulioblai aédtheomidingine warfiest,alttsd |1 con

i ngots grown i acgﬁéganpe ith the C20chralskL nmet hod, hangg oggy a 10
native oxi ERHEYer et subf eETRCED 27 r aPFdlPher REFPEGTEYISIYg D (S2) .

I'n each casgy éﬂ%d@f%%%@r@é@@@l B¢ tondrbapkdgt Reemalaanngalgli ypder an
ammoni acont ai ni ng_ at nosphere at about™ 1180 C for about 3 mnute, and then

rapidly mmﬂxﬁﬂqq§gq ¢éf@m¢iﬁ@rﬁ@quooccurs. The rate of oxidation
is in turn dependent upon a number of factors, such as
the atmospheric conditions, temperature and duration of
10 this oxidation step. For example, the rate of oxidation
will increase as the concentration of oxygen in the
atmosphere increases, with the rate being greatest when
pyrogenic steam is employed.
It is to be noted that the precise conditions for
15 the oxidative treatment may be empirically determined by
adjusting the temperature, duration of the anneal and
atmospheric conditions (i.e., the compositicn of the
atmosphere, as well as the oxygen partial pressure) in
order to optimize the depth t and/or t'. However, if
20 something other than pure oxygen or pyrogenic steam is
employed in the present process, preferable the partial
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
25 noted that the limitations placed upon the oxygen
content, or partial pressure, for the thermal anneal step
S, are not applicable for this optional step of the
process. Furthermore, if the peak concentration of
vacancies for region 17 is to be substantially retained,
30 the temperature of this oxidative treatment is preferably

in excess of about 1150°C. More preferably, the



15 FIGS. 11 and 12, it may be observed that, follow ng an oxygen g9 APR 2003
.stabilization and growh step (S9) and an NEC-1 treatnent, such process
condi ti ongaoRht¢a silicon wafer having essentially no denuperiuzsmesend a
bul k oxygen precipitate density (OPD) which is greater than about 1 x 20
10" atons/cnB. In contrast to the wafer of FIGS. 11 and 12, a denuded zone
may be formed if, after cooling (S3) 5% conplete and prior to step $4, the
wafer is subjected to an oxidative thérnmal anneal step. Referring now to
FIGS. 25 13 and 14, after cooling was conplete the surface of a wafer
etched slightly in order to renove any nitride |ayer present. The wafer was
then heated to about 1180C for about 3 m nutes under an oxygen-contai ni ng

ambi ent, having an .oxygen concentration pn_thi anpl e .of about 02 APR
2003 WO 00! 538 SRS gty ToeRst 1‘6}661,‘1Li qaHa ], 50 e RO SRR . It
may be obserangd dyreat ,diid@wvitng tite oryfenraetabiehitz atfi ereand,gr owtilk hatep
($4) and an NEC-1 .treatnment, such process conditiogns.yield .a silicon wafer
having a derirdaty z‘b‘#edacfecbtw%fpﬁﬁ%g?ugﬁr5t5ﬁ05ﬁd étbﬁlsk%(?ifféhe rtg’baftpi tate
density (OPDRf whichcdnpapreains iHabe@bothah xhi@lediparB/enBuRaierdiaig now
to FIGS.. 15 and 161’“# ma% be o servedkt hat the oxi.dative thermal anneal
step may be PETHR et SRS oraS SPORK oF OPRETEFRLLOR Wit HAC TS ded
10 treat nentrddicic i BuRel, bycshd Bl ¢i agctbessi decaliskhe afRr adiedt is not to
be treated. The wafer shown in FIGS. 15 and 16 was treated in the sane

manner as tHeEsAMRnahim ¢h reEcigsapadiselfi-interstatdédid on that one
side of the waferoyas abé%ﬁf@a@yv%%?&aﬂa&ﬁtnﬂa% %e'e'nC%ngﬂtereectﬁ 15
coating using a low tenperature, chem cal vapor phase deposition (cwﬁ
process. |t wafiehenaibses veapi®by , cool £dwi A§ an exgpe’d.sebbivei zahirongand

growt h ep ) %‘f@'s' NEG n e i fer. s a denuded
zone dggih é#ﬁgﬁaut 395n10n&?%%€§%g§ éﬁi%ﬁ§ﬁgs%% tt%g g%félég%
(front-side)yamdndees hershrel dedvesigdempbatksiderhef stimglwafearysssslentially
had no denuded, zone. The bul k.oxygen,precippitate densit OPD) . of the wafer
was greater ?eﬁlalng%%butgg %‘abi?}ét %ﬁ%}gﬂ% EB? ?’g%teg’bzhr%tv(@é:at f2t surface

et chi ng of tdenoafterat?bon oprefibve anyefftrtdeellgy et rpzesentwiithinotthe
necessary in_oyder to achieve the resg#%gﬂgf t he present. process. Rather,

the surface ST $3 Bptfvhal “BWg, eake , & SOREEEBE viewed in a
limtinpesendestribusidn b8 fuysbel batedckhatcangivisew afc BExanpl e 30 5,
that a denuded zoge nqﬁ be ef{ectivgég formed by thermally annealing the
wafer in the&b‘?%‘% AL BFSHRAPLE 5OAPRP2085 AP GUFFISSs TBER {98, -2 36
oxi di zi ng attwsphesrge Adfli t empathyurasdenuded 1zare a@owd sby copher

enbodi nents of tﬁg present invention be further nodified by this

JRL:)
thermal oxi d3EFORt r At FEAET ?BraEQAHpFé? VREAGERT FOGF e ok ed zones of
sanpl es 4 5 grandi 4-Gn{EXanRLebdenNBYL BB BEEEAFRdrDYbeSHY adddthd:t he

20 erased. Preferably, however, the cooling rate is at
least about 20 °C per second. It is to be noted that as
the cooling rate is changed, the resulting profile may be
further modified. Accordingly, depending upon the
desired profile to be obtained, the average cooling rate

25 may be at least about 50 °C per second, about 100 °C per
second, or up to about 200 °C per second or more.

Once the wafer is cooled to a temperature outside
the range of temperatures at which crystal lattice
vacancies are relatively mobile in the single crystal

30 silicon, the cooling rate does not appear to

significantly influence the precipitating characteristics



sanples to this thermal oxidation treatnment prior to the oxygen
.precipitation heat treatnment of step S4. Likew se, for sanple 3-1ﬁ2(ﬂ¥33%?e
1), a denuded zone may be forned by subjecting the wafer to this thernmal

oxi dati ony@dOutnEat nent. In view of the above, it wll be s®EW/Uusht8he
several objects of the invention are achieved. As various changes coul d be
made i n the above conpositions and processes w thout departing fromthe
sctope of the 15 invention, it is intgsded that all matter contained in the
above description be interpreted as illustrative and not ina limting
sense. 0 2 APR 2003 37 1. A process for heat-treating a single crystal
silicon wafer to influence the precipitation behavior of oxygen in the

waf er in a subsequent thernal processing step, the silicon wafer having a
front surfagecha hagkrsuirf@thusd, Chds ahop! Jpcefet veeBet RarkbRnl, and back 5
surfaces, a surface |ayer which conprises the region of the wafer between
the front S&ifac€aland C%?naﬁeéxlaﬁwel,yut*h%a%%%anﬁlr%ﬁph@ai/r BRt c3trf&€e and

toward thecgenthaknel aRcthe AL Ke | BYOHH CAREOABLE SRS LREpr 8gi on of

t he wafer between the central plane and surface | ayer, the process
conprisingcﬁﬁél§éeﬁ§tof: 10 heat-treating the wafer in an atnosphere to
formceystal | afrhjge epeantie ot ind s fagenand bul knl ayeepcabithe wafer
thermal |y annealing thé heat-treated wafer at a tenperature in excess of
about 1150elitgraftatsossharcantipd higna bae tvatapeessoneeptrasygen of at

| east abou PRE, g&g} ' e | LRg f e anneal ed
wafer to p&b ggéehqakﬁgggﬁaéﬁag 1%%%%%@3t%%n€%§ rg?igég%gg Vlégin whi ch

t he peak deesicryibesl din getwedr abwveentiatopdangl wi t Whehetborcentrati on

general ly decreasing.in the direction of the front.surface of .the wafer and
Phe it 1 or SROEEE R s ARG ao ot SYatankt (O TRe 286 R REe 2ERE bul k

| ayer 3obei 15y maghbéhgte2bea thathnalhattr éaireeint dafsdrhidoendf erimt a tenperature
in excess of, 75QC, is capahle.of formng a denuded zqne.in the_surface
| ayer and GUEERTE USRS dr° ot Tat east ntbhe B RAFAYEr LAPRRTERE

concent r at iigh pafe fldie- X Wdrh st @ Si ped pdest Pl bat €soirntt hesbahk | ayer

being primarily dependant upon the concentration of vacancies. 25
excess of tens of microns, several tens of microns, or

l

more.

15 It is to be further noted that the flexibility
offered by oxidative treatment enables this approach to
be successfully performed on a wafer having a vacancy
concentration (number density) profile which is generally
"U-shaped." More specifically, as noted above, if a

20 wafer having only a native oxide layer on the wafer
surface is subjected to the thermal anneal step S, in a
nitriding atmosphere, the resulting wafer will possess a
vacancy profile which is generally "U-shaped." By
subjecting such a wafer to this oxidative anneal

25 treatment, the vacancy concentration profile may be
altered, the exposure conditions being selectively
determined in order to yield a desired vacancy profile
which comports with present invention.

In other embodiments of the present invention, the

30 front and back surfaces of the wafer may be exposed to

different atmospheres, each of which may contain one or



2. The process of claim1l wherein the heat-treatnent to forn1crysh APR 2003
lattice vacancies is achieved by heating the wafer to at | east about 1175C
for a peri@go@pfszhess than about 60 seconds. 0 2 APR 2003 B8TASINI6842
process of c?ain11 or 2 wherein the wafer is heat treated in a nitriding
-at nosphere to formcrystal lattice vacancies. 4. The process of claim3
wherein the nitriding atnosphere 5 ha§6a partial pressure of oxygen of |ess
t han about 5,000 ppna. 5. The process”“of claim1l or 2 wherein the wafer is
heattreated in a non-nitriding atnosphere to formcrystal lattice
vacancies. 10 6. The process of claim5 wherein the non-nitriding

at nosphere is primarily argon, helium or a mxture thereof. 7. The process

of claimb5 wherein &hﬁ:non-nitriqjnqngﬁﬂﬂgfhere has é artial greiﬁure of
oxygen of | 858St KA TdSHE &0 it 18 999t ockRE SFEPAFM tP€2, 3,
4, 5, 6 or Pavhkeseirfaae @f dhd aysfer anay dven axpdbedf tonh suciadenal the

f by heati h f ' h f t ai ni
at mosphor 6 BHTGFERGSEhEaAle 20 THod HCR 01F TRET9a1 &6 FabPhce”

vacanci es. 9itHidipgocesmspfhedal Ml wardathes By N whet i prpewatdre for the

thermal _anneal is about equal to the te erq%ure,foL the heat-treatnment. 25
10. TheSprod&s§ -of %l ai ML HED T h The BE nmdLPRer 27F8rStKe t her mal

anneal has anpaElied wWiiQ%s Wi et ofn afadeassd- ahedt a208ngefant; 0 2
APR 2003 39when annealed in this manner, the faces which are in
face-to-face contact are mechanically shielded from the
atmosphere during the annealing. Alternatively, and
10 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
15 wafer (see Fig. 1). Shielding one of the surfaces of a
silicon wafer in this way yields a wafer which contains
an asymmetric distribution of vacancies. As a result, a
wafer may be obtained having a denuded zone on only one
side, or having a denuded zone of a greater depth on one
20 side as compared to the other.

The starting material for the process of the present
invention may be a polished silicon wafer, or
alternatively, a silicon wafer which has been lapped and
etched but not polished. 1In addition, the wafer may have

25 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 edge, or it may
contain a central core of vacancy of dominated material

30 surrounded by an axially symmetric ring of self-

interstitial dominated material.



11. The process of claim1 or 2 wherein the anneal ed wafer is cooled at _a
.rate of at least about 20C/ second through the tenperature range o2 vAfiRcHI03
crystal | attice vacancies are relatively nobile in silicon. 5 12. The
process Qo @i@dbim 1 or 2 wherein the anneal ed wafer is cool rdr/asI®EI et e of
-at | east about 50C/ second through the tenperature range at which crystal

| attice vacancies are relatively nobile in silicon. 13. The process of
claiml or 2 wherein the heat-treateg,wafer 10 is cooled at a rate of at

| east about 50C/ second through the tenperature range at which crystal

| attice vacancies are relatively nobile in silicon, prior to thernal
anneal ing. 14. The process of claim1l or 2 wherein the heat-treated wafer
15 is cooled at a rate of at |east about 100C/ second through the

tenperature range at, whi;¢h.gr YLStlaa E]Iat {d qgov&ga@%%gglg%% ﬁ"l”qt 5¥el y nobile

insilicon, prior to therma annedl i ng. ess eat-treating a
single crys@ahlsprecgnlm@temgtmaﬂﬁnwﬁuhﬂﬂpmp¢¢ﬁ£pméct@@tpreaanbehavior of

oxyOen, | ARGaHELEL, W, 2pURSUE el o cgpel 00,5100 L1l | con

waf er having a rront s ace S rbré}f’ween t he
front and dapd:kasmaﬂadeppsatawnf.aCdﬂ ayearr vdd odsutcdn@fcbses iﬂ:\ana}egben of the
waf er ?etwgen th nt SUE) ce and a di stance, asured iromthe front
25 surface 5ﬁar? %t {f& 3P P Y HHy %I%E&%l‘F%E/%rn% RCLCBRpri ses
the regi oncefitthe waf ehebelafeen dfercailid Pridane endeiseirpassehayer, the

process co the s heat-treating.the wafer in_an atnosphere

risi n S of:
to form crggf’ﬁf‘tll it pOE 57"& QFE &9 FRHSSAY APAPHE bRk | Bhers of the

waf er; carried out after, it may be desirable to carry out the

process of the present invention in the epitaxial reactor

10 immediately after the epitaxial deposition, provided the
cooling rates required by the process of the present
invention can be achieved.

The measurement of crystal lattice vacancies in

single crystal silicon can be carried out by platinum

15 diffusion analysis. In general, platinum is deposited on
the samples and diffused in a horizontal surface with the
diffusion time and temperature preferably being selected
such that the Frank-Turnbull mechanism dominates the
platinum diffusion, but which is sufficient to reach the

20 steady-state of wvacancy decoration by platinum atoms.
For wafers having vacancy concentrations which are
typical for the present invention, a diffusion time and
temperature of 730 °C for 20 minutes may be used,
although more accurate tracking appears to be attainable

25 at a lesser temperature, e.g., about 680 °C. 1In
addition, to minimize a possible influence by
silicidation processes, the platinum deposition method
preferably results in a surface concentration of less
than one monolayer. Platinum diffusion techniques are

30 described elsewhere, for example, by Jacob et al., J.
Appl. Phys., vol. 82, p. 182 (1997); Zimmermann and




0 2 APR 2003 40 oxidizing a surface of the heat-treated wafer by h@giAmgzmm
said wafer in an oxygen containing atnosphere; and, controlling the cooling
rate of th §&Q§§¢ed wafer to produce a wafer having a vacapey/useos/ 19842
concentrat’g profile in which the peak density is 5 at or near the central
plane with the concentration generally decreasing in the direction of the
front surface of the wafer and the difference in the concentration of
vacancies in the surface and bul k Iayé?% bei ng such that a thernal

treatment of the wafer at a tenperature in excess of 750C, is capable of
form ng a denuded zone in the surface | ayer and oxygen 10 clusters or
precipitates in the bulk layer with the concentration of the oxygen

clusters or precipitates in_the bulk |ayer bein rimarily dependant upon
t he concent rEf$%" of @Eﬁa%%@ﬁg?n@69§Tﬁi EFBnggggﬁqﬂ%QQﬂLRS &S the

surface of theideatodSednieat Bdiual ebnlse¥vhdi, 2zed byikeatddthamichwafer in
t he presence of pyrogenic steam rocess of claim 15 wherein the

17. Th
surface of t3REkeRY. tYeht e Raf Br ?§6o%5852éd By MREFMERG s SR ®r i n an

oxygen cont ag& énZRa Bt SRS PHCER Ay Ngvachaktl aonReessdte & wagwen of at
| east about 100 ppma. 18._ The process of claim15 or 17 wherein the wafer
i s heat ¥redMaRPindalni £+18FAY. At HBEBRBAeOf o Cryisiady oMt atqlce 129,
vacanci es. 25 193> TheopspcegsmpbrabhahMia h1LtthenaiR ddhe Jafein igr heat
treated in a non-nitriding atnosphere to formcrystal lattice vacancies.
20. The procEss Mpcteataensef19xyggnoPregippepsies dm Sgaghralski

Silicon At An Early Stage," Appl. Phys. Lett., vol. 60,

p. 3250 (1992); and Zimmermann and Ryssel, Appl. Phys. A,
10  vol. 55, p. 121 (1992).

Examples 1 through 5 illustrate the ideal oxygen
precipitation process, with Example 5 particularly
illustrating the oxidative thermal anneal of the present
invention. These Examples should therefore not be

15 interpreted in a limiting sense.

EXAMPLE 1
Silicon single crystals were pulled by the
Czochralski method, sliced and polished to form silicon
wafers. These wafers were then subjected to a surface
20 oxidation step (S,), rapid thermal annealing step in
nitrogen or argon (S,), rapidly cooled (S,), and subjected
to an oxygen stabilization and growth step (S,) under the
conditions set forth in Table I. The initial oxygen
concentration of the wafers (0,) before steps S, - S,, the
25 oxygen precipitate density in the bulk of the wafers
after step S, (OPD), and the depth of the denuded zone

after step S, (DZ) are also reported in Table I.



.30 | ayer

wafer to atenperature of at

or

period of |
further co
by subjecti

to cause o

10

15

20

17 wherein the oxidized wafer
20C/ second t hrough the tenperature I Q range at which crystal
vacancies are relatively nobile in si4d
17 wherein the heat-treated wafer
50C/ second t hrough the tenperature range at which crystal
are relatively nobile 15 in silicon
process of claim 18 wherein the heat-treatnment to formcrystal
vacancies is achieved by heating t

con.

Is growmn on the front surface of the wafer by heating t
0 2 APR 2003 41 the presence of an oxygen containi ng at nosphere
the heat treatnment to formcrysta
claim 15 wh 0]]/713%& ein the heat-treated 5 wafer is oxidi zegpdaydwatgspg said

| east about 1150C. 22. The process of claim15
Is cooled at a rate of at

| atti ce vacanci es.

prior to thermal

| east about
|attice

23. The process of claim 15 or
is cooled at a rate of at

| east about

| atti ce vacanci es
anneal ing. 24. The

| attice

Bliif &r to at | east about 1175C for a

TF=§€fﬁﬁﬂ§?=?€= 5 DY
ri sisgmphe step of revgaling|the vacancy cgncentBatibon pr
g the annealed{wafer To an oXygen precipitdtion heat-treaf nent
gen 15 min at 15 min at
1 1,000°C 1,000°C none
in N, + in N, +
~1% O, ~1% 0,
35 seconds 35 seconds 35 seconds
8, at 1250°C at 1250°C at 1250°C
in N, in Ar in N,
S, 100°C/sec 100°C/sec 100°C/sec
4 hr at 4 hr at 4 hr at
S, 800°C + 800°C + 800°C +
16 hr at 16 hr at 16 hr at
1,000°C 1,000°C 1,000°C
in N, in N, in N,
0,
(atoms/cm?) 7x10Y 6.67 x 107 7.2x10%
oPD
(atoms/cm?) 1x10?%° 4.4x%x10° 1.69x10%
DZ
(depth in um) 70 95 0

Figures 2, 3,

wafers

and 4 show cross-sections of the resulting

(these figures are enlargements of photographs

taken at a magnification of 200X); sample 4-7 is shown in

Fig. 2,

shown in Fig. 4

In addition,

sample 4-8 is shown in Fig. 3, and sample 3-14 is

the concentration of crystal lattice

vacancies in the sample 4-7 was mapped using a platinum

diffusion technique.

A plot of platinum concentration

At

21. The process of

bf i | e



clusters or precipitates to formin the bulk layer with the concerg p aAARo2003
.of 25 the oxygen clusters or precipitates in the bulk |ayer being primarily
dependant »*1(5’96713‘2%‘3 concentration of vacancies. 26. The process/ushydBiz
wherein oxygen precipitation heat treatnment conprises thermally
-annealing the wafer at a tenperature of 0 2 APR 2003 42 800C for at |east
about four hours and then thernally anpealing the wafer at a tenperature of
1000C for sixteen hours. 27. The process of claim1l or claim 15, wherein
the oxidised 5 wafer is cooled at a rate of at |east 5C per second. 28. The
process of claim1 or claim15, wherein the heat treated wafer is cool ed at
a rate of at |east about 5C per second through the tenperature range at
whi ch cryst i r i vel 0 i i I pri or
which crys ngJeaIIsg&t,r I HACANG 8" BubBLAR! Y2 Xnt0 IR & dd &0

CACALLA A ,m_lqmoraqmnwmowespoangEtAatheAfrmst side of the wafer)
9A@/oANFE A AYY. Al  AY%NAQ.A AL A Ay A

A(Y. AF. AU, A"‘/E@l %Aﬂ”% .

A@. A . A{) Prmm) *H 8:J./uv-{vpkfa\V]c”ha] ca] ca] ca] cal] ca] ca] ca] ca]ca]ca]ca]c
ajcalcalca]calcalca]calc allc

a)J ca] ca] ca] ca] c™a] cTa] ca] ca] ca] ca]%%MB%%F—\ 0j ' 357Qzupkfa\ W] ca] ca] ca] ca] ca
J]calc al c To demonstrate that the ideal oxygen precipitation

N

ol cal cal cal e caleal sal epl epl o) ahaglenaled o Calsake sl ool e
di #V\]###f&##]$ ﬂ’tﬁl"/&@/ﬁa@ehﬂ T4K{4{q Mn)m:) 91 Ni rbwr whgeYE] ] Qh}c‘ié&] ]m]J_fwsi: a)]aii&]riga] i:a] c
a)J ca) ca] ca cA ca cal ca cal cal ca ca] ca] cal
))i,j,p,q,- I'lqrﬁ"]/ ’}E‘!gz%?/ ‘1‘3 ﬁ@ §§ 5°g g’SEJJ@ g’@\?&ltﬁﬁ] )?ﬂ]%’&]ca] cal ca]
cal ca] cal cae]gh@J]@aﬂlceaE] cof cgdgp&ca]ggakgg]agahﬁa]gc;a kca].calgal cal ca] ca] calc
a)J ca] ca ca] cal 67D7E7G??77808H888T8X8Y8c8d88888 9#9&9' 9J9}999T: U. Z:c:r;

{vql gb]>q ] ] CQH s £ c2a¢a) eh) Eaféa] §5FE’§] c&P@a]l@a]téa] awa]e@a] ca] cal c
a] ca] c"a] ca] & Gl o] Lol Caf caheakgabls ) before ste

; <<S===>>7 @ (@ @A) AaAGBTB' Bc Bs BBBBBBB" F#I‘—'FF}xsm d_Z]]]]ca ca] ca] ca] ca] ca]

ca] ca] ca] ca]CH|IR] CA]e%l RH 258 cAtral bH] ¢aPPA] 48] EAECH iﬂ ¢dleca] ca] ca] ca

| FH
Icﬂ (C?JJJ KKMwl\ﬁ\;I\ﬁ\]/]\?P afte%@l‘%ﬁ% the d }}(S%:F dt%T]ET%gf a] caTca] cal ca]
ca] ca] ca] ca] H%\?])ca?]ﬁ:faqlca?‘cw c3] & d@ﬁ]%%l-]?é%ﬁ} chien] thg cafrhieq) @ﬁ] th§¢ca) ca] ca]

! UU Z7\ (\
ﬁgl\fis% Z] ca] ca{%aﬁ%%%/ca?(\@fz‘gg ca]tga] %]é% ]eca] ¢a] cfa] cafcg] caj ca]

x?iggq}xsni dTZ]ﬁ] ca t-E:Sz'i]%fa % 183] Eai‘c&] 85] &a cg]ncaﬁj é’]“cé’] ca] ca] ca
] ca] ca] ca] ca:]Q:Qa)])ca] sahehd ca]ca]sa]sha]vna]LnaFixgl\/kﬁyy!am{LbQBHB} Glsr Bhpowa=~B~~~
~~m—m— - KT a}x Z] 11 ] cal calcal cal al,cal ca] ca]ca]ca]calc
a] ca] ca] cal car] ca]%a] ca] %%f]‘ c%%%%%%a% ] (’55] 8&}%‘3’5' aBp Z[ $1>AR} xsni d_Z]]]
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca! Rj*]~Si noW} xsnid_Z]]]]ca]ca] ca] ca] ca] ca] ca] ca] ca]
caj] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca] ca! VW
)\ vy, 8;J

vl wnmhc”Y]]]]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]ca]calca]ca]c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! R-ehi gs



“d*: DEK| wmhc”Y] ]]] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] calca]calc

Jca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! BC4m
} xsni d_ZU] ca] ca] ca] ca] ca] ca] ca] ca] ca] c”a] c”a] cha] cMa] c”a] ca] ca] ca] ca] ca] ca]
ca] ca] calwalg@dgal ca] ca] ca] ca] ca] ca] ca! =WrZvwabzt nhb\ Vi d_Zlrafd@bséal c al c
a] cMa] c”Ma] cMa] ca] ca] ca] ca] ca] ca] ca] ca] ca] cMa] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]

cajc”alcalcalca !"

f1C APR 2032

"$9%-JLW w mhc] Xi d_ZU] ] ] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c*a] ca

] ca] ca] ca] c”*a] c*a] c*a] c*a] cMa] ca] ca] @

3 ca]

caJ ca] ca

Wef npsf.78g& "a"*:{vqgl ga\W]]ca]caU] ca]ca]ca] ca]ca]ca] ca]ca]ca]ca]ca]ca]cal

ca] ca] ca] ca] ca] c*a] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca!

: 8BNORS

01ztoje [V]]ca]ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]c”a]ca]l
ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] c™a] ca! JKRT_kn~op) *zupkfa\W]]ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] c*a] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
cal] c™a] ca] ca] cal *+7: 1 f gWK#$. 1c| wr gt ¥ I1l1l ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca
]ca] ca]ca] calcalcalcalcalcalcalcalcalcalcalcalcalcalca

d V[:}xsnid

Ca] Ca] Ca] Ca]_ﬂ]n% !‘L%Sfag‘}&igj Eg% r(':'a] Cg_{ r%g'}‘ﬁg% gg% Cg} ]Ca fﬁl}?\e\?’]ﬂc

calcalcalcal D
a] ca] ca6ca ca

npO0i Ta
ca] ca]

{vqgl gb] X]]]] @a] ca] ca] ca]ca] ch
aJca] ca] ca] cdg] ca] calga] ca] ca
L{ Ldg( wy2\ &Qlwr mhc”Y]]]]] ca]
a] ca] ca] ca] cd] ca] ca] ca] ca] ca

ﬁ]%J eald o

Ca ga] (oF:
caj cil%czg] ca] q

41 call gal cal ©

C

] cai %io:aj( caj

a] ceaﬁql@a* q&(

4] CalsCﬂJl%ala%al q

] cq
mhc

cal

36$%§{§>%)

al cal c

] caU] c
“Y111]

] ca] ca] ca] caleatecatecatecateeat
ca] ca] ca] ca] ¢a] ca] ca] ca] ca’ P
f10900& () -sh0%& ()s, 10900
D &@10% . & (f- &@H109& () -

nEE" $008R4E)
R (9t ! (

k. @1 006K, () -

ol oo

S@0UR&oL)ts f
109808 §0°C 4
" 10988&() - , 4

(<RI S#10%
& ()-m3 S#10

1094.09%#10% \ (FITO& () -, T #(#
L[ wu3rQ2! 58#}{:)0/@>&' (Q-m! +S#Hl

0% & ()-, 10

- & ()-8 | SH109K (D25RC/ASEI% & (3

0%"57& () -m

FIOYFU=U& () -

25020882 (
| +S#10900&' ()

1083&8&ddonds

U]

caj ca]

@th‘ViZ&O("):
k"@\i%i@% & (Y-
TOrHIOYE3& 1) -

) - 3269LESEF- ( ¢
-m ! S#10% B" B&'

, 8:J

9
()-m

| +S#109% B" B&[[() - m | 5SAL0%& (
109& ()-" 109 ()-S109& ()- 1OP&
10>>?F }[ <x Yl S- #1098 ()-f!
| #@109TsTs&|j() - '\ 0j aBxY: ! -

-m’? Y

L @ i

IRl

4 hr at

@ {2 Fugpc

®
5#10")“&'05’)0-°F$‘V&'}I3} rg\ =

() -

109& ()-1*1 0%)&'()-5*‘!10 a& (]) °§°1(570/& ) - $LO%B0 (G -
110% & ()- 1 N, in N,
41 1096T& () - lll\/ﬁSlO‘V@ () g/l)%& () - 35Q-A[ 7X6g\ =! | 5$10%69& () - O! >$10%4&& ()-

I
0

0! $10% 111 & () -

10[[ 10[[!5$ 0% &
aBMe! | 5y" 109418
}[OMEL!1 58" 100 () - poi- #10%&
dl " g A SHE! (e oms / em?)

?348/&&3

0!
0'01

#10%;.

0(1) s1(
(9] Cf

()-0!59
0% —-)—siq
()-!-#10%&' ()

% & {,)r Gbf wi [
$1006->& () - 0! §

-y10%: ()-!y]

— YR
0%& ()-f 109%&

ME! | W9 14
10%@%’; 9o

15

4x101° 1x10%° 6x10%°
DZ
(depth in um) ~40 ~40 ~40
EXAMPLE 3

To demonstrate that the ideal oxygen precipitation

process 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

20

described in Example 2 for sample 3-4 except that a

()-z
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Figure 9 shows a cross-section of the resulting wafer
(this figure is an enlargement of a photograph taken at a

5 magnification of 200X). After step S,, samples 1-8 and
3-4 had comparable bulk oxygen precipitate densities
(7x10'°/cm’ for sample 1-8 versus 4x10'°/cm® for sample 3-4)
and comparable denuded zone depths (approximately 40

micrometers) .

10 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

15 concentration of oxygen in the 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

20 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-
oxidation step was not performed on any of the wafers in
the three sets in this Example.

25 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 present in Table III, below.
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Wafer Oxygen Partial BMD Density DZ Depth
Set Pressure (defects/cm?) (microns)
A 250 ppma 6.14x10° 70
5 A 500 ppma 6.24x10° 80
A 1000 ppma 2.97x10° 80
A 2000 ppma 7.02x10°® 100
A 5000 ppma 2.99x10’ ND
A 1x10% ppma 6.03x10° ND
10
B 500 ppma 2.59X10° 80
B 1000 ppma 1.72X10° 100
B 2000 ppma 9.15X10° 100
B 5000 ppma 2.65X107 ND
15 B 1x10° ppma 2.17X10° ND
C 250 ppma 2.65x10° 90
C 500 ppma 4.03x10° 70
C 1000 ppma 1.72x10° 140
C 5000 ppma 1.69x10° 120

20 ND = not determined.

The above data shows that as the partial pressure of
oxygen in the atmosphere increases, the number density of
bulk microdefects decreases. 1In addition, when the
oxygen partial pressure reaches 10,000 ppma, the number

25 density of bulk microdefects is indistinguishable from
the number density of bulk microdefects which is observed

in wafers which have been subjected to an oxygen
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EXAMPLE 5

5 Oxidative Thermal Anneal Treatment

For purposes of illustrating the oxidative thermal
anneal treatment of the present invention, silicon
wafers, obtained from single crystal silicon ingots grown
in accordance with the Czochralski method, having only a

10 native oxide layer were subjected to a rapid thermal
annealing step (S,). In each case, the wafers were
annealed in a rapid thermal annealer under an ammonia-
containing atmosphere at about 1180 °C for about 3
minute, and then rapidly cooled (8,;). Referring now to

15 FIGS. 11 and 12, it may be observed that, following an
oxygen stabilization and growth step (S,) and an NEC-1
treatment, such process conditions yield a silicon wafer
having essentially no denuded zone and a bulk oxygen
precipitate density (OPD) which is greater than about 1 x

20 10 atoms/cm?.

In contrast to the wafer of FIGS. 11 and 12, a
denuded zone may be formed if, after cooling (S;) is
complete and prior to step S,, the wafer is subjected to
an oxidative thermal anneal step. Referring now to FIGS.

25 13 and 14, after cooling was complete 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-containing ambient,

having an oxygen concentration in this Example of about
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(s,) and an NEC-1 treatment, such process conditions yield
a silicon wafer having a denuded zone depth of about 60

5 pm and a bulk oxygen precipitate density (OPD) which is
greater than about 1 x 10 atoms/cm’.

Referring now to FIGS. 15 and 16, it may be observed
that the oxidative thermal anneal step may be performed
on only one side of the silicon wafer. Single-sided

10 treatment is achieved by shielding the side of the wafer
which is not to be treated. The wafer shown in FIGS. 15
and 16 was treated in the same manner as the wafer shown
in FIGS. 13 and 14, with the exception that one side of
the wafer was shielded by first forming a silicon nitride

15 coating using a low temperature, chemical vapor phase
deposition (CVD) process. It may be observed that,
following an oxygen stabilization and growth step (S,) and
an NEC-1 treatment, the resulting wafer has a denuded
zone depth of about 60 um on the side which was not

20 shielded (front-side), while the shielded side (back-
side) of the wafer essentially had no denuded zone. The
bulk oxygen precipitate density (OPD) of the wafer was
greater than about 1 x 10!° atoms/cm’.

It is to be noted that surface etching of the wafer

25 to remove any nitride layer present is not necessary in
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

30 5, that a denuded zone may be effectively formed by

thermally annealing the wafer in the presence of an
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samples to thlS thermal oxidation treatment prior to the
oxygen precipitation heat treatment of step S,. Likewise,
for sample 3-14 (Example 1), a denuded zone may be formed
by subjecting the wafer to this thermal oxidation

10 treatment.

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

15 invention, it is intended that all matter contained in
the above description be interpreted as illustrative and

not in a limiting sense.
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surface and toward the central plane, and a bulk layer which comprises
the region of the wafer between the central plane and surface layer, the
process comprising the steps of:

10 heat-treating the wafer in an atmosphere to form crystal lattice
vacancies in the surface and bulk layers of the wafer;

thermally annealing the heat-treated wafer at a temperature in
excess of about 1150°C in an atmosphere having a partial pressure of
oxygen of at least about 100 ppma; and,

15 controlling the cooling rate of the annealed wafer to produce a
wafer having a vacancy concentration profile in which the peak density is
at or near the central plane with the concentration generally decreasing
in the direction of the front surface of the wafer and the difference in the
concentration of vacancies in the surface and bulk layers being such that

20 a thermal treatment of the wafer at a temperature in excess of 750°C, is
capable of forming a denuded zone in the surface layer and oxygen
clusters or precipitates in the bulk layer with the concentration of the
oxygen clusters or precipitates in the bulk layer being primarily
dependant upon the concentration of vacancies.

25

2. The process of claim 1 wherein the heat-treatment to form
crystal lattice vacancies is achieved by heating the wafer to at least

about 1175°C for a period of less than about 60 seconds.
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range at WhICh crystal lattice vacancies are relatively mobile in silicon.

5 12.  The process of claim 1 or 2 wherein the annealed wafer is
cooled at a rate of at least about 50°C/second through the temperature

range at which crystal lattice vacancies are relatively mobile in silicon.

13.  The process of claim 1 or 2 wherein the heat-treated wafer
10 is cooled at a rate of at least about 50°C/second through the
temperature range at which crystal lattice vacancies are relatively mobile

in silicon, prior to thermal annealing.

14.  The process of claim 1 or 2 wherein the heat-treated wafer
15 is cooled at a rate of at least about 100°C/second through the
temperature range at which crystal lattice vacancies are relatively mobile

in silicon, prior to thermal annealing.

15. A process for heat-treating a single crystal silicon wafer to
20 influence the precipitation behavior of oxygen in the wafer in a
subsequent thermal processing step, the silicon wafer having a front
surface, a back surface, a central plane between the front and back
surfaces, a surface layer which comprises the region of the wafer
between the front surface and a distance, D, measured from the front
25 surface and toward the central plane, and a bulk layer which comprises
the region of the wafer between the central plane and surface layer, the
process comprising the steps of:
heat-treating the wafer in an atmosphere to form crystal lattice

vacancies in the surface and bulk layers of the wafer;
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in an oxygen containing atmosphere; and,
controlling the cooling rate of the annealed wafer to produce a
wafer having a vacancy concentration profile in which the peak density is
5 at or near the central plane with the concentration generally decreasing
in the direction of the front surface of the wafer and the difference in the
concentration of vacancies in the surface and bulk layers being such that
a thermal treatment of the wafer at a temperature in excess of 750°C, is
capable of forming a denuded zone in the surface layer and oxygen
10 clusters or precipitates in the bulk layer with the concentration of the
oxygen clusters or precipitates in the bulk layer being primarily

dependant upon the concentration of vacancies.

16.  The process of claim 15 wherein the surface of the heat-
15 treated wafer is oxidized by heating said wafer in the presence of

pyrogenic steam.

17.  The process of claim 15 wherein the surface of the heat-
treated wafer is oxidized by heating said wafer in an oxygen containing

20 atmosphere having a partial pressure of oxygen of at least about 100

ppma.

18.  The process of claim 15 or 17 wherein the wafer is heat-
treated in a nitriding atmosphere to form crystal lattice vacancies.
25
19.  The process of claim 15 or 17 wherein the wafer is heat-

treated in a non-nitriding atmosphere to form crystal lattice vacancies.

20. The process of claim 15, 17, 18 or 19 wherein an oxide

30 layer is grown on the front surface of the wafer by heating the wafer in
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21.  The process of claim 15 or 17 wherein the heat-treated
5 wafer is oxidized by heating said wafer to a temperature of at least about
1150°C.

22. The process of claim 15 or 17 wherein the oxidized wafer is
cooled at a rate of at least about 20°C/second through the temperature

10 range at which crystal lattice vacancies are relatively mobile in silicon.

23. The process of claim 15 or 17 wherein the heat-treated
wafer is cooled at a rate of at least about 50°C/second through the
temperature range at which crystal lattice vacancies are relatively mobile

15 in silicon, prior to thermal annealing.

24.  The process of claim 18 wherein the heat-treatment to form
crystal lattice vacancies is achieved by heating the wafer to at least

about 1175°C for a period of less than about 60 seconds.

20
25.  The process of claims 1 or 15 further comprising the step of
revealing the vacancy concentration profile by subjecting the annealed
wafer to an oxygen precipitation heat-treatment to cause oxygen
clusters or precipitates to form in the bulk layer with the concentration of
25 the oxygen clusters or precipitates in the bulk layer being primarily

dependant upon the concentration of vacancies.

26. The process of 25 wherein, the oxygen precipitation heat

treatment comprises thermally annealing the wafer at a temperature of
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27. The process of claim 1 or claim 15, wherein the oxidised

5 wafer is cooled at a rate of at least 5°C per second.

28.  The process of claim 1 or claim 15, wherein the heat
treated wafer is cooled at a rate of at least about 5°C per second through
the temperature range at which crystal lattice vacancies are relatively

10 mobile in silicon, prior to oxidising a surface of the wafer.



