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1 LOW DEFECT DENSI TY, | DEAL OXYGEN PRECI PI TATI NG
BACKGROUND OF THE | NVENTI ON The present
ﬁ@m MMFraIIy relates to the 5 preparat|on pf

material substrates, especially silicon
mafer§§mmh|ch are used in the manufacture of
el ectroni c conponents. More;particularly, the present
invention relates to a S|I|con wafer, and a process

for the preparati QoW heteedr M@ngQTYdurlng the 10

heat treatTBRAL CYR¥EENOPRESISTiANING Wy, PESL T ary
el ectroni c device manufacturing process, may forman

tribution of oxygen
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it reaches a concenttr er
RoPubPLFRy o6t 25y gy iadditiconlly cbetatenper atdisd 19f

memaaﬂenr@gq%narmnkah the agt A dy\?énti’sg 98LLan ¢

ficient .of, ox en in so ed SI con §uch
Coe %"ﬂ?ra fend AR hafefpetSel ubility of 30
oxygeslngleobm&sydm(EﬂliﬁoﬂhewmﬁaﬁeiétHh@SSEXEhQ%b

op of .electronrc
%é%erigf EE%Cﬁ%%&$ﬁ¥géé§g%éziéfctté Eabrlcatlon 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
in a quartz crucible, it is contaminated with various
impu;;tigsﬁ;émqng which is mainly oxygen. At the
tempéfatﬁféﬁof 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

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.
As the crystal grows from the molten mass and cools,
therefore, the solubility of oxygen in it decreases
rapidly, whereby in the resulting slices or wafers,
oxygen is present in supersaturated concentrations.
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As the crystal grows fromthe nolten mass and cool s,
therefore, the solubility of oxygen in it decreases
rapidly, whereby in the resulting slices or wafers, 35
oxygen is present in supersaturated concentrations.

2 Thermal treatnent cycles which are typically

enpl oyed in the fabrlcatlon of el ectronic devices can
cause the precipitation of 2 oxygen in silicon wafers
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écommonly 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
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 inexrt ambient for
a period of at least about 4 hours, (b) oxygen
'precipitate nuclei formation at a low temperature (600~

750 °C), and (c) growth of oxygen (Si0,) precipitates at a

high temperature (1000-1150 °C). See, e.g., F. Shimura,
Semiconductor Silicon Crystal Technology, Academic Press,

Inc., San Diego California (1989) at pages 361-367 and
the references cited therein. '

More recently, however, advanced electronic device
manufacturing processes such as DRAM manufacturing
processes have begun to minimize the use of high
temperature process steps. Although some of these
processes retain enough of the high temperature process
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750 C), and (c) grow h of oxygen (Si Q2) precipitates
at a high tenperature (1000-1150 C). See, e.g., F.
Shinura, Sem conductor Silicon Crystal Technol ogy,
Academ c Press, 30 Inc., San Diego California (1989)
at pages 361-367 and the references cited therein.
More recently, -however, advanced el ectronic device
manuf act uri ng processes such as DRAM nanuf acturi ng
processes ha%$ begun.to giginize the use of high 35 :
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e L _process,conditiqgns. a

vaZ ety G GHEEE hEBre el QSRR ISRR AT G TR, all

FRVEtient iaoris t hesobj ect s of the invention

therefore, is the provision of a single crystal

silicon wafer which, 15 during the heat treatnent
Y5 OF, el ectronic device

manuf agldilg RhdT PSS s Wok | thar Thadlntkd8al therefore, is
g%p-unlforn1dept di stributi-on of _oxy

S PHAVAOEN (Mo BrovralBnCEYSsadnsaligrer Wifiesh waich,
dptriimg theaitbateprosachbhy EPelea dgné_@%@rﬁ%‘%ﬁl‘%f 28,
e e b e B B RS, RESHR st s o ot 1o
adegdf, e nonT Uski fdm hdepoh ndi sbnibhitibe déEnededierone
prdcliPBtates; the provision of such a wafer which will
optimally and reproducibly form a denuded zone of
sufficient depth and a sufficient density of oxygen
precipitates in the wafer bulk; the provision of such a
wafer in which the formation of the denuded zone and the
formation of the oxygen precipitates in the wafer bulk is

not dependant upon differences in oxygen concentration in

'~ these regions of the wafer; the provision of such a

process in which the formation of the denuded zone does
not depend upon the out-diffusion of oxygen; the
provision of such a wafer in which the thickness of the
resulting denuded zone is essentially independent of the
details of the IC manufacturing process sequence; the
provision of such a wafer in which the formation of the
denuded zone and the formation of the oxygen precipitates
in the wafer bulk is not influenced by the thermal
history and the oxygen concentration of the Czochralski-
grown, single crystal silicon ingot from which the
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formati on of the oxygen precipitates in the wafer bul k
is not dependant upon differences in oxygen
concentration in 25 these regions of the wafer; the
provi sion of such a process in which the formation of
t he denuded zone does not depend upon the
out-diffusion of oxygen; the provision of such a
wafer in which the thickness of the resulting denuded
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R et P g DR DR CAAPLPRl ARE (1R SRS ragian-
umgrfoxmid st thst iobubfonrgbtaly dizalt ilca tvaomancies, with
W ES e M fon of vacancies in the bulk layer being
greater than the concentration of vacancies in the
surface layer and with the vacancies having a
concentration profile in which the peak density of the
vacancies 1s at or near the central plane, the

concentration generally decreasing from the position of

"peak density in the direction of the front surface of the

wafer. In one embodiment, the wafer additionally has a
first axially symmetric region in which vacancies are the
predominant intrinsic point defect and which is
substantially free of agglomerated intrinsic point
defects, wherein the first axially symmetric region
comprises a central axis or has a width of at least about
15 mm. In another embodiment, the wafer additionally has
an axially symmetric region which is substantially free
of agglomerated intrinsic point defects, the axially
symmetric region extending radially inwardly from the
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20 the concentration of vacancies in the bulk |ayer
being greater than the concentration of vacancies in
the surface layer and with the vacancies having a
concentration profile in which the peak density of the
vacancies is at or near the central plane, the 25
concentration generally decreasing fromthe position
of peak density in the direction of the front surface
of ,the wafer. In one enbodi nent, the wafer
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tde &%P8bnSPLERIR1k3Yeon Heat treatment consisting
essentially of annealing the wafer at 800° C for four
hours and then at 1000° C for sixteen hours, the wafer
will contain oxygen precipitates having a concentration
profile in which the peak density of the precipitates in
the bulk layer is at or near the central plane with the
concentration of the precipitates in the bulk layer
generally decreasing in the direction of the front
surface layer. The wafer additionally comprises, in one
embodiment, a first axially symmetric region in which
vacancies are the predominant intrinsic point defect and
which is substantially free of agglomerated intrinsic
point defects, the first axially symmetric région
comprising a central axis or having a width of at least
about 15 mm. In another embodiment, the wafer
additionally comprises an axially symmetric region which
is substantially free of agglomerated intrinsic point
defects, the axially symmetric region extending radially
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particul ar, the bulk layer has a substantially uniform
oxygen concentration and a concentration of crystal

| atti ce vacanci es such that, upon subjecting the wafer
to an oxygen precipitation heat treatnment consisting
20 essentially of annealing the wafer at 8000 C for
four hours and then at 10900 C for sixteen hours, the
wafer w Il contain oxygen precipitates having a
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interstitial oxygen in the denuded zone. The wafer is
further characterized in that, in one embodiment, it
comprises a first axially symmetric region in which
vacancies are the predominant intrinsic point defect and
which is substantially free of agglomerated intrinsic
point defects, the first axially symmetric region

- comprising a central axis or having a width of at least

about 15 mm. In another embodiment, the wafer comprises
an axially symmetric region which is substantially free
of agglomerated intrinsic point defects, the axially'
symmetric region extending radially inwardly from the
circumferential edge of the wafer and having a width, as
measured from the circumferential edge radially toward a
center axis, which is at least about 40% the length of a
radius of the wafer.

The present invention is further directed to a
single crystal silicon wafer comprising two major,
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conpri ses a denuded zone which contains interstitia
oxygen and whi ch conprises the region of the wafer
from the front surface to a distance, D1, of at |east
about 10 15 microneters nmeasured fromthe front
surface and toward the central plane. The wafer is

al so characterized in that,the concentration of
interstitial oxygen in the denuded zone at a di stance

g@m@rdklyﬂﬁafﬁﬂiepfsﬁ%fb%eét onRAYs Qh-Q%AéHet ont

ntrat on of 20 interstitia gen in e
g&?ﬁ& 2 q’h‘éatﬁ?e?nfis the, pthex Qfar‘”é’ét@ ilsed:hen back
Ehatfaden qme;mbmifaem e bént&"@'lp!’p'l%%% %eft'vféén Pl # Yont

HTRLIhC vacanci es ar.e
%ﬁedomdnarﬁlﬁgf?orl nsi %nﬁanFla&u Frgﬁlﬁ’\ﬁl'h @rﬁiﬂes joining the
§G§§Fa@ﬂdﬂb%CHr@@rﬁacagglanﬁrahedsumﬁudamrayé¥5dBﬂéEstlng

f , &St S | i.on

@Lg QOhteslrrﬁat‘gﬁ gxfzec?ﬁsra agilaéggr %Eg@tlk & dg%&taﬁ’c&' & ©f no

F‘@ &t ?’é’ﬁ"olﬁb%!st% mhcaﬁmtehersmﬁo@merﬂrontthsunm‘ame and a

bommﬂhwyériﬁbmp%i%iﬂ SYHBEELELS ohE Eoﬁh@hh%&éfshegyeen the

tantiall % | onérated intrinsic

B8REeRd. Wlare, a1 yRaoPEdnhoerréareglanest od ng

paaﬂtalclll}lalrnvvaﬂté ybuil}omaper ﬁaéC awfsabgﬁtah@hang»e Wi form
measuyred fromthe

V|n |
?gum‘ er en i aﬁjpa do2 r%ﬂﬁiafll QOPSﬁBFHa&lOE‘eH?eFrX)ﬁt@l
MF@RC@sV@tcarmsmnn un%thepbangubjefctangr atleUsvaFler to

t rther
%??3%?%%% PRecin L eREn nbBKCEEpRBukAL HohSE R inesi ng
FRECRE 16 wqfer?é?rsﬁqﬂyupsraheewa@rfacegooen@ Gorwiionir

hSuEbeahﬁomheﬂﬂﬁﬁfﬁﬁb@ﬁ éhﬁofﬁgﬁitéaﬂ hgﬁrgth%%eouafer
h is the back surface of the wafer, a cent
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generally decreasing in the direction of the front
surface layer.

The present invention is further directed to a

process for heat-treating a Cz, single crystal silicon

"wafer to influence the precipitation behavior of oxygen

- in the wafer in a subsequent thermal processing step.

The wafer has a front surface, a back surface, a central
plane between the front and back surfaces, a vacancy sink
at the front surface, a front surface layexr 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, a bulk layer which
comprises the region of the wafer between the central
plane and the distance, D,, measured from the front
surface of the wafer, and an axially symmetric region
which is substantially free of agglomerated intrinsic
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bul k I'ayer conprising the region of the wafer between
the central plane and the front surface layer. In 10
particul ar, the.bul k layer has a substantially uniform
oxygen concentration and a concentration of crystal

| atti ce vacancies such that, upon subjecting the wafer
to an oxygen precipitatign heat treatnent consisting
essentially of annealing the wafer at 8000 C for four
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in part apparent and in part pointed out hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic depiction of the process of
the present invention.

Fig. 2 is 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
(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.

Fig. 5 is a graph of the log of platinum
concentration (atoms/cm?) versus depth from the surface of
a wafer (sample 4-7) which was subjected to the series of
steps set forth in Example 1.
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5 cooling rate of the heat-treated 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. The
difference in the !0 concengration of vacancies in the
front surface layer and the bulk layer is such that a

f t a tenperature ip
qicess ot 720" C tuFrotdipetd 8 & ARG of & vaer
2 Nh:tcme ¥agnsubliethed tloaydre and-ine/ geh steps

QbﬁSE@MtHNiﬂHE%a biates in the bulk L5 zone with the
concegxratlon of t'he oxygen clusters or precipitates
bei ng FgE el i3S HIRRITaBROALL ReCrosscanatitdmmbia wafer

%aampdee§457twnn&h“*aéayﬁb ecEEHeEOOQh%P%%f¥EL of .steps
tgreihp ven |on MA|| be in part apparent
g N art *ﬁ *hereinafter. ?0 BRI EF

DESCRIFFWEI 0} (iFS W@wfm Fbg. alcik®sd -8k ©f a wafer

{ i nventi on
996110 5 NI 5%y L EOPLET Py CRARL S o
fgg peth. Apn \Hﬁ%ﬂplmé processed as described in
ExanpFeg.2% ks %!ﬁhé%dérépﬂhgfogrg?gfgwﬁ%ctrﬁg of a wafer

ross=secti waf er  (sanpl e
gﬁB B&Feg"@g t“‘ﬁ't‘ M&s Hbkeeped Hesthebeeriesbodnsteps
aethgrth u&.@xﬁmﬁxgﬂy@h of a cross-section of a

fer 0 a I 14) whj ch was, subj ected to the
22r|es §f é?eﬁ% QRQP?rﬁ%&BﬂpPg theppymberj deasity

@fabhlbfmpnqugjautqﬂ@HMDNHWet@@Qeﬂh?athg#al pressure of
o seiyotes 2 SR JU B85 0s" I S
& §§5é§9 Pér tSHT’H;I-eE)@‘ﬁrﬂfeall syl fvon Bafera fhotogoadnce
with ehespreeehitOn ifert W €las described in Example 4.

FIG. 11 is a graph which shows an example of how the
initial concentration of self-interstitials, [I], and
vacancies, [V], changes with an increase in the value of
the ratio v/G,, where v is the growth rate and G, is the
average axial temperature gradient.

FIG. 12 ig a graph which shows an example of how AG,,
the change in free energy required for the formation of
agglomerated interstitial defects, increases as the

- temperature, T, decreases, for a given initial

concentration of self-interstitials, [1].

FIG. 13 is a graph which shows an example of how the
initial concentration of self-interstitials, [I], and
vacancies, [V], can change along the radius of an ingot
or wafer, as the value of the ratio v/G, decreases, due to
an increase in the value of G,. Note that at the v/I
boundary a transition occurs from vacancy dominated
material to self-interstitial dominated material.

FIG. 14 is a top plan view of a single crystal
silicon ingot or wafer showing regions of vacancy, V, and
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(sanpl e 3-4) which was subjected to the series of
steps set forth in Exanple 2. Fig. 7 is a photograph
of a cross-section of a wafer 5 (sanple 3-5) which
was subjected to the series of steps set forth in
Exanple 2. Fig. 8 is a photograph of a cross-section
of a wafer (sanple 3-6) ich was subjected to the
series of steps set forth in Exanple 2. 10 Fig. 9 is

s@lﬂh@heeﬁ:%ﬁhtqfala Qf Oforefied £ 88 Rhtar¥eier rec3aBiely,
% Th ch Vz%g jected to the series of steps set

2§ Fehli Rk am) $RRF o FERNPELYEREN tarem.

t he Flme_(ethde.rsslat )lor@lfmd:lligqm pr@deggcbgctBUQ)alve,rlw of a

a r ure. o 0 resent

S%#ﬁ%gph%y%ESUrgﬁél B EFRHRT ngﬁﬁﬂgalﬁﬁgdﬁFa§lngPQ
axigdlyl symietor anafegrisoon o ficx ocdastant wilt hmieherppeseriion

fnyﬁﬁtaﬂg otdS described in Exanple 4. FIG 11 is a

C

grap h shows an exanple of how the initia
concBREr alifod Sofrs diagetrreduced] by pl pcaandf 2he

yRganevesari Ve FHS asgi At
mifieaneycearklor PTUMMIH & pREAETSAC Be e Frifor

f?il?Héngaéeﬁgg%%u%ﬁ PR a}?ﬁ?%lei’éaFéﬁP hepE 12 s

tnegtmphtmhleho&h@mﬁJancﬁxaﬂﬁlﬁao?eh@ﬁblﬁy,c thegehanrge
the for

d . f
rég {Déemgel‘rf Z? g Q/ersci"}rfr}adtleo dPRREEL2 hc?eggggrgiiyh@nnular
sh@ppéraxgaélyTsymmguxmnxxegrmnaoglBemfkmnteabtltlal
d&rﬁi‘ﬁﬁ%&ah 22820158 rd Y réf[%‘?hﬁ‘l’l@?’ BEbsehtChetield 2
aph_whi ¢

shows ‘an exa
t%ﬂceﬁﬂﬁaﬁ. e a1 -agalkomeratadsingeystitdalodefects.

vacapggesi7l Vs o€ dﬂﬁ”&ﬁfﬁﬁfmgréﬁé R%déussggdaﬁlft) as
value of the ratio v/

adg‘gP85§8§ m%ugrtY&ta&ntimtéasesmwme bawugth pgdl rate

idoflecrbatedt limeavly dmmdaryortibansEt ths oeedtdh of the
céggggxacancy dominated material to self-interstitia
mnated material .
FIG. 18 is an image produced by a scan of the

minority carrier lifetime of an axial cut of the ingot
following a series of oxygen precipitation heat
treatments, as described in Example 5.

FIG. 19 is a graph of pull rate as a function of
crystal length for each of four single crystal silicon
ingots, labeled 1-4 respectively, which are used to yield

a curve, labeled v'(Z), as described in Example 5.

FIG. 20 is a graph of the average axial temperature
gradient at the melt/solid interface, G,, as a function of
radial position, for two different cases as described in
Example 6.

FIG. 21 is a graph of the initial concentration of
vacancies, [V], or self-interstitials, [I], as a function
of radial position, for two different cases as described
Example 6,
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35 FIG 14 is a top plan view of a single crysta
silicon ingot or wafer show ng regions of vacancy, V,
and 10 self-interstitial, |, domnated materials
respectively, as well as the V/I boundary that exists
between them FIG 15 is a | ongitudinal, o
cross-sectional viewof a single crystal silicon
i ngot showing, in detail, ahl5 axially s¥n?ﬁtr!ﬁ90t
[ nstant_di gmeter portion o e i .
L?gal ogggugsaﬁgoilﬁagae %Béghc%fg ReERBNTSf afha function of
mnbel t posdtder, Ishetime te adxfxl Qte?ﬁérﬁ%u&tgepgﬁg'g_ﬁe in
LN [ en precipitation at, .
FaaPtenfe? TR P A LS R SEh S oo ey Peamole 7.
regi onf 6€ - vddadey ad @riapdt exf neersel £ - ingenstaklinl
abmiteht rahaBaad 11k ﬁ'éhéegﬁgnﬁgg%}pg conditions
S -interstitial , domnated natertal, the . )
'Yar Y2 presdRt Figt-weeh anchers e afublyodestribed in
apepropbeaved interstitial defects. .5 FIG 17 is a

gr aph puLl rate (i..e. seed |%éa as a function o
crystafi?éng?h}ssﬁ@wﬁm?aﬁmPQQéP |IPY a2 escag of the
debneutey tancaeky lofet imep@s ion a:»tidaitw)ecdlenef haﬁ]‘: ehE@re

I : (S A pr.oduce a scan,o e
%ﬂ%%of?iﬂyg‘géglgi & S% fleet%?%g ST LR ?Jcﬁ%tﬁfl?ﬁekeat
iqﬁﬁﬁtm$%FFomPﬁgd§S§@ﬁh§ﬁ(ﬁh(Bﬁqmpimr@C|pltatlpn heat
treat nengs, 26sidescyheg i 15@m é% fﬂ%q;&%’yﬁs?ﬁ of the
qr of pull rate as a function of" “Crys b '
fﬁ 3&%‘&“@?1‘?06? 5 ﬁgllné’téﬂﬂs_tc%ﬂ e ilepgtis ¢hgohs, single
|catyed teall. 1s 41 £ espEE hige!,Y 2 sV HE @l HISEY ézear}{gaféd% a
curve, o abel, ed v*(Zé,.as desc%kfed i n Exanpl e 5.f Lﬁ%

20 is a g'rapﬁao%stﬁl &\rp@rggg.@_r uged diipet icR%R © e
griapekty acathéermelt fealing ioft e aﬁﬁ.algf):fu.;tﬁsoﬁta segment of
f i of LAl ithon, f two different_cases
;gﬂg%ggg?beﬁaﬁﬁghgofE§§H§ﬁ§W§ 1Yo i & abo?t 250 mm from
the shoulder of the ingot, following a series of oxygen
precipitation heat treatments, as described in Example
10.

FIG. 26b is an image produced by a scan of the
minority carrier lifetime of an axial cut of a segment of
an ingot, ranging from about 250 mm to about 400 mm from
the shoulder of the ingot, following a series of oxygen
precipitation heat treatments, as described in Example
10. ' _

FIG. 27 is a graph of the axial temperature
gradient, G,, at wvarious axial positions for an ingot, as
described in Example 11. _

FIG. 28 is a graph of the radial variations in the
average axial temperature gradient, G,, at various for an
ingot, as described in Example 11,

FIG. 29 is a graph illustrating the relationship
between the width of the axially symmetric region and the
cooling rate, as described in Example 11.
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FIG 21 is a graph of the initial concentration of
vacancies, [V], or self-interstitials, (1), as a
function of radial position, for two different cases
as described Exanple 6. 11 FIG 22 is a graph of
tenperature as a function of axial position, show ng
the axial tenperature profjle in ingots for two

di fferent cases as descri in Example 7. FIG 23 is

fadh tratio
oL PNED 30 Zer R PRLBLEESbh G o HEET 8 | GETs pegment
afh gln%zt andaBgingr xpom apoues@fasoemmp dbeup| 250. mm
£l t&feléh@ﬁlagEgSprH@U(i go*ey F 0 %ﬁ{gt$§%% Le

m norit carrier fetime of an aX|a cut

dEF T RfGtOR o?’l‘@mﬁn@eée%rﬁé%l@ﬁaéﬂmretml’ecuCéﬁscaubﬁd in
Exﬁmpléeatnents as described in Exanple 8. FIG 25 is

gr ustrati t he sition of the V/I
boumf'g]%1 é ?uﬁc??’gﬁogf’: E‘eolfeﬁgi’t Rt ek 9f @ segment
off \est alngot j cnangmggt from dbsuti BOG i REEBSUO. 448 mm

b f th
ey CarerapEOF PhRC1RE0L S diob e gment

dsicorat iomorndrandehgetrdmlabeatt ing0 etmli 0 ddbmutilléd in
BRArg¥n 11 he shoul der of the ingot, following a series
tion heat treatnents, as described

of oxyge reC|g|ta
a‘ng 01802 PhefogsBphs ofn amnagd 3t deitfe cof by segment
oefcmn Cn‘fn_cjds‘ne ffiaﬁgingyf@afnr aBbuk letdf N q{obaé?ag% 8&7”% Uhm
nt [ rangi rom abou
Pl 50 Goneiier B CHRe LohBir o e Lo | SRRRer

dfecﬂderqp aasdr aedebécoxyigiindatimeciqudiat idesdeitied in
BE{EMIEnts, . as described in Exanple 10. FIG 27 is a

gra of the axial tenperature gradient, Go, at
varléﬁ§3ax3%ll%oélphohggrephanflm@maxxﬁi cut of a segment

of an ingot, ranging from about 600 mm to about 730 mm
from the shoulder of the ingot, following copper
decoration and a defect-delineating etch, described in
Example 11.

FIG. 34 is a graph illustrating the radial
variations in the average axial temperature gradient,
Go(r), which may occur in hot zones of various
configurations.

FIG. 35 is a graph illustrating the axial

‘temperature profile for an ingot in four different hot

zone configurations.

DETATILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

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
precipitates for IG purposes. Advantageously, this ideal
precipitating wafer may be prepared in a matter of
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described in Exanple 11. 30 FIG 28 is a graph of the
radial variations in the average axial tenperature
gradient, Go, at various for an ingot, as described
in Example 11. FIG 29 is a graph illustrating the

rel ati onship between the wwdth of the axially
symetric region and the 3.5 cooling rate, as
described in Exanple 11. 143FIG 30 is a photogr?ph of
an_axi al cut of a segnment of an ingot, ranging from
DB BUE P34 8IRY o SBbBL ABEhNAT ! RBmFOREosh ekldm dThe he

BROGCordd o r@lbﬂ@@eamafjﬁﬁﬁbﬂgk@ﬁgaﬁgld%xsgﬁg o This
C escri be
g?éﬁggfgls a 09%9}%ﬁmp%?t§ﬁ é?lgpecﬁﬁ ldrcon whddent
gptarmimgst | onzﬂgﬁ:@pévohhabmahné@?ﬁmﬂwhﬁc&bﬁwyg%ﬂ)WHml
QW. N

Feap1e sl e ek OEL LIS 500
PHOERSTpl e 11. FIG 32 is a photograph of an axial cut
of a se@mRMartofn rhéf@@ialrEBPdEHe ?aghibg%%c&%QHQPlng

t bout romthe shou
oFa&?m r?g?tgk?pé%‘?es%}?efc&%‘{%ﬁl%dlﬁ aefSé@eleekzurm'@mm

st&hpo@emrﬁd:ﬁdvhfbﬂﬁnﬁalﬂ@élfe éi—lcEHGf%:‘%%ofb.sg%nlgr]]_eotcrystal
of, a cut of a segnen

%?g ron1a 5ﬁ$‘%6%?%%?t%lgﬁoﬁ?gvgﬁtﬁﬁpaﬂrSﬁpp%galskl
§ﬁU§Fé geowing inrgoiods ol | suchgmebhpds, decaealli e

20 ampl.e. .
Fnadel S IO R RSB, S 200 B

EEFP%H&% i S t?b‘- R akonl eittélnpbﬁat ine §radhdntira,
Qﬁ@ﬁtgnﬂ@dﬂbﬂ“&&lﬂ&éﬂ G%%iEEIZ@QSEn%ioﬁgr'QHQ emic . fress,
E% ur%t| grap USt atl ng
b 1con Chemical Etching, (J. Grabmaier ed.)

Sprlnger Verlag, New York, 1982 (incorporated herein by
reference) .

Czochralski-grown silicon typically has an oxygen
concentration within the range of about 5 x 10 to about
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
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
about 750 °C to about 350 °C, oxygen precipitate
nucleation centers may form in the single crystal silicon
ingot from which the wafer is sliced. The presence or
absence of .these nucleation centers in the starting
material is not critical to the present invention
provided, however, these centers are capable of being
dissolved by heat-treating the silicon at temperatures
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tenperature profile for an ingot in four different hot

zone configurations. DETAI LED DESCRI PTI ON OF THE

PREFERRED EMBODI MENTS I n accordance with the present

invention, an ideal 30 precipitating wafer has been

di scovered which, during essentially any. electronic

devi ce nanufacturlng procegs, . will forma denuded

zone of sufficient depth and a wafer bul k containing
n@tsﬁﬁhéﬂdags‘3?“%ﬁ&h9f195§988 pES?E%&E@%%%J(gr%é%ments,

pur poses. Advant ageousl dea preci pi
suﬁheﬁsmpwlmra)aﬁlw $hlscemt aér aot erperatunss QfSla:thut
8H00ks Wyt | FoP MO ¥Sechi EESb1§§@éxHHE§§(¥enters

This process creates

SI manuf acturi pg i ndustry
l"t%ﬁ‘& Loty (REet ??P%B%emﬁ#cﬁelaat digispdyest at
témplemhrte”se mrm e:a%ez\aschfowgaa wulslo Squrecgqa tate
L h £0oni ¢ _devi ce nmanuf ac roces
ABRERI 'S SAE O GG R ERR A PR 1S BRy
apatdr Sofx t presdnt tiameentdndn | $he siregenas yb&baldensity) -

o8l b‘x?%'%nm%ﬁfl ng“gé‘it%‘t:[]&? Hﬁgfeﬁ{:ggﬁdcteh%{%%csdaqg{

crys grown 1 n accoraance w onven |onaI
dEFechlyl Haaswisdtvsing crragenbloayaidadd erdtewisiquss .

véRlilbuds tediaidaids Shay 098 §§é8'nHowE@EQ’”Qo‘%ﬂH&f&btl

and I|sh|n techniques are dISC osed, for exanple,
3@ eRRTR ondhiBt BFEULPHEY Eipsiugsed,
pfeeﬁﬂdunng doaglen sré&eepitale H889eagAdnSiddii®¥ys in the

SERGREr e b h kil 1er AR RRFErAPEF RUes Sn e Stwn
atz bdiesd sKiteg dwn subjeocningpthel By lhasnak coxrgerxygen
pERSEPL O A MY CrdtpeRle” BpRer the BRI B
the @@ué”élct to’s%e‘?ﬁ%‘iﬂ%? pFaat Fﬁﬁlﬁéﬁé‘lhfobeoﬁneté‘rﬂélm eq:fter
abecaiRfen eseitp Bt yiS8CRERL edrERemehiRe @XHEN annealing
t %n%% égﬂéénglggmperature of 800° C for four hours and
then at a temperature of 1000° C for sixteen hours.

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 reasdns, therefoxe, it is preferred
that the single crystal silicon starting material have a

low concentration of carbon. That is, the single crystal

"gilicon should have a concentration of carbon which is

less than about 5 x 10 atoms/cm’, preferably which is
less than 1 x 10 atoms/cm’, and more pfeferably less
than 5 x 10 atoms/cm’.

Referring now to Fig. 1, the starting material for
the ideal precipitating wafer of the present invention,
single crystal silicon wafer 1, has a front surface 3, a
back surface 5, and an imaginary central plane 7 between
the front and back surfaces. The terms “"front" and
"back" in this context are used to distinguish the two
major, generally planar surfaces of the wafer; the front
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the ideal precipitating wafer, the starting wafer may
have an oxygen concentration falling anywhere within
or 25 even outside the range attainable by the
Czochral ski  process. Dependi ng upon the cooling rate
of the single crystal silicon ingot fromthe
tenperature of the nelting point of silicon (about
1410 C) through the range &6 30 about 750 C to about

350 .C, recipitate nucleation centers may form
SO o
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maﬁessarliw(hhb éﬂﬁfé&@3§@?@ ?ﬁlcﬁbﬁg?ggﬁgﬁfg%fgadev1ce
t star
L NG R
abwehier wafleas @ cdritar tarm Lapabé@ Héré?hnﬁec@s%%ﬁll\ﬂgfj the
t temperature
s 0 U APl TR o
QRER H§1§ﬁn§ﬂq|ﬁ}QQQ¥Qn1¢(ﬂﬂwzmea;seﬁpbratatedof In
a@@mt1oﬁQOb@dHﬁéé“§¥ﬂlédH‘ %?é %igg h%%% Lhese
t hat they are |nca a
E@gl \%‘&Cgtne@st RgerdtiaTe s(TOY) | nW@ZIQe%Bdoboabouhe
mﬂ&poﬁDnthEtwdaetre@v |1dc1).‘ﬂé{t fu m%gfggﬁgegh%%%e%nd
' reci pi
STEELRETTS! Honit SRl A TrecieR aFPaAsely faLl
wiehant aopm@@t.eﬁ@ @ammcﬂmma]dlm%tcﬁvéy, m@ﬁé{réﬁ ,UghegTTYV,
Lable t arji.ous rechni ques
&&?ﬁeghéggéwabr% ; fﬁ%y¥r1 rec *%htd%?%Et Phéi FLose
?P%’s’%m@atA@nprt&ﬁ m}sigmmtsa:medoe grbdxist faglowyghin an
m@gmat:?t eeﬁwaqa&:ll%@aec%mﬁr? i%e oéi%é?gpxca” be

st abi,l i eC| piitates can r OWNn

efr2dip a§EbF’&E ttﬁ’é-' fyantorpnd Rarlxgyehagss.
preC|pntatﬁmmshe@mﬂddﬂméﬁﬁ“bf-Hhé5p£$@b§§e§§nﬁﬁe gresent
ihranetye! geben.con s cand s Be peatlel T
meapheyge theswepess, atoagrewper aupee falci®Q0 dxfd layer 9
VIRHER NOHG818BEs wafer 1. 1In general, the oxide layer
will have a thickness which is greater than the native
oxide layer which forms upon silicon (about 15

Angstroms) ; preferably, the oxide layer has a thickness
of at least about 20 Angstroms and, in some embodiments,
at least about 25 Angstroms or even at least about 30

Angstroms. Experimental evidence obtained to-date,

however, suggests that oxide layers having a thickness
greater than about 30 Angstroms, while not interfering
with the desired effect, provide little or no additional
benefit.

In step S,, the wafer is subjected to a heat-
treatment step in which the wafers are heated to an
elevated temperature to form and thereby increase the
number density of crystal lattice vacancies 13 in wafer
1. Preferably, this heat-treatment step is carried out
in a rapid thermal annealer in which the wafers are
rapidly heated to a target temperature and annealed at
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then at a tenperature of 1000 C for sixteen hours. 20
Substitutional carbon, when present as an inpurity in
single crystal silicon, has the ability to catalyze
the formati on of oxygen precipitate nucleation o
centers. For this and other reasons, therefore, it is
preferred that the singlegrystal silicon starting
mat eri al have a 25 | ow concentration of carbon. That
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preseaxte arke mmﬂtrod?ngt EBfBEphelris tﬂmatt hr@é ?rant
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e R R Lb O 8T r e Bt (Hidetiher A ragen-
CRstaifdaes ssempyunfiegsar bach ast amvurcia avh 2tlect & Ophfable
o#eWiGe i I rld §HQ§£§H§QH|¥1EECE brj,{ 5%%'“”Té§déﬂ%?%Phere

back surface of t tern1|s
MRYc ES8T iGN S het 5enﬁwelyupfaaet@foge|m omfrert mbgeh i s

f f C ce
TS T SR
¥ =ulhe

aS{ BFEPDt hi ARNESSTEASRIRIVITANGY
cwappnmnhﬂnmm EMmoughdnalahebehweQHJQNQMhﬂéﬁé& ate, if

R T i R

not preci racti cal
tﬁﬁ@ﬁ@ﬁtqﬁﬁmamﬂhEtheféfvwllmﬂgﬁnaﬂﬁlmyNhﬁfmdiﬁﬁfiﬁé& at

I clLps p I mat t m
tggﬁSESﬁgﬁﬁiféf%gfﬁr 59 feagg Bﬁéa@%égﬂ& hs %ﬁ§¥# gor
aﬁhlgﬁqqsgﬁﬁﬁgg}n%@@pyds (e.g., at least 3), preferably

for several tens of seconds (e.g., 20, 30, 40, or 50
seconds) and, depending upon the desired characteristics
of the wafer, for a period which may range up to about 60
seconds (which is near the limit for commercially
available rapid thermal annealers). The resulting wafer

will have a relatively uniform vacancy concentration

-(number density) profile in the wafer.

Based upon experimental evidence obtained to-date,
the atmosphere in which the rapid thermal annealing step
is carried out preferably has no more than a relatively
small-partial pressure of oxygen, water vapor and other
oxidizing gases; that is, the atmosphere has a total
absence of oxidizing gases or a partial pressure of such
gases which is insufficient to inject sufficient
quantities of silicon self-interstitial atoms which
suppress the build-up of vacancy concentrations. While
the lower limit of oxidizing gas concentration has not



10

15

20

25

30

35

15 equi di stant between the front and back surfaces. In
a first enbodi nent of the process of the present
invention wafer | is heat-treated in an
oxygen-contai ning atnosphere in step S, to grow a
superficial oxide layer 9 which .envelopes wafer 1. In
general, the oxide layer 20 will have a thickness
which is greater than the Adtive oxide Iayer whi ch

bout .15, f bl y,
AL pURa ) LR o 2R3 EQER) BBRERTAR S cha
ﬁmgspnammadndaressmm efibogygent ef 0anll easbspheties?5
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e e e 0] orm an ere Crease
?%gt?aﬁn% e%ﬁﬁég)?fi¢h%??s$3Fe?afPlE% EQﬁEPg§rfsl|nn°
marerthap.g&@ﬁﬂrab1®05t¢Mm heatoooeppmamt mbep pseferably
n
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rs are rapidl
Hﬁ@fﬁﬁﬁf?&lhfedlcatm% ttﬂmnt@m@t abufBlf arma r(él, Q@IOVPWa)
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g ected to a tenmperature In €xcess o
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BLMRSRRRIE, f%#&si A hl ﬁhﬁégcggp&ehnb@gthe gingle

nltrogen alning co
gayssadh saémmmw%.%mmswbagbbtbe wafer was sllced or

as a consequence of some other event in the previous
thermal history of the wafer or of the ingot from which
the wafer is sliced. Thus, the presence or absence of
these nucleation centers in the starting material is not
critical, provided these centers are capable of being
dissolved during the rapid thermal annealing step.

The rapid thermal anneal may be carried out in any

" of a number of commercially available rapid thermal

annealing ("RTA") furnaces in which wafers 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
temperature to 1200 °C in a few seconds. One such
commercially available RTA furnace is the model 610

-furnace available from AG Associates (Mountain View, CA).

Intrinsic point defects (vacancies and silicon self-
interstitials) are capable of diffusing through single
crystal silicon with the rate of diffusion being
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of nitriding an exposed silicon surface. The
atmosphere nmay thus consist entirely of nitrogen or
nitrogen conpound gas, or it may additionally
conprise a non- nitriding gas such as argon. An

i ncrease in vacancy 15 concentration throughout the
wafer is achieved nearly, _if not imediately, upon
achi eving the anneal i ng erature. The wafer wll

A COBHRETC Fhe baRt R R e of
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thavelr@mrdﬁyaétﬂ eSS €oRf  0XY¥JERe ABEMPLREE LY YZitiL
wa$ass 1s decreased through this range of temperatures,
the vacancies diffuse to the oxide layer 9 and become
annihilated, thus leading to a change in the vacancy
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

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
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
decreasing in the direction of the front surface 3 and
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| ess than 0.01 atm (10,000 pprma); nore preferably the
partial pressure of these gases in the atnosphere is
no nore than about 0.005 atm (5,000 ppma), nore
preferably 10 no nore than about 0.002 atm (2,000
ppma), and nost preferably no nore than about 0.001
atm (1,000 ppma). In addltlon to causing the
formation of crystal Iattlcé vacanci es, the rapid
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tweeef pieat i snahkdRCEh@R tifedthe For example, the wafer may
be annealed at a. temperature of 800 °C for four hours and
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
previously rapidly thermal annealed wafer will have
separate zones which behave differently with respect to
Oxygen precipitation. 1In the high vacancy regions (the
wafer bulk), oxygen clusters rapidly as the wafer enters
the furnace. By the time the loading temperature is
reached, the clustering process is finished and a
distribution of clusters is reached which depends only
upon the initial concentration of vacancies. In the low
vacancy regions (near the wafer surfaces), the wafer
behaves like a normal wafer which lacks pre-existing

oxygen precipitate nucleation centers; that is, oxygen
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diffusivity of the intrinsic point defects and the
reconbination rate as a function of tenperature. For 5
exanple, the intrinsic point defects are relatively
nebil e at tenperatures in the vicinity of the
tenperature at which the wafer is annealed in the
rapid thermal annealing s &P whereas they are
essentially imuobile for 7any comrercially practlca
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% ane 7 and the vacancy co
€ 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.

The depth t, t’ from the front and back surfaces,
respectively, of oxygen precipitate-free material
(denuded zones) 15 and 15° is primarily a function of the
cooling rate through the temperature range at which
crystal lattice vacancies are relatively mobile in
silicon. 1In general, the depth t, t’ increases with
decreasing cooling rates, with denuded zone depths of at
least about 10, 20, 30, 40, 50, 70 or even 100
micrometers being attainable. Significantly, the depth
of the denuded zone is essentially independent of the
details of the electronic device manufacturing process
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decreasing in the direction of the front surface 3 and

19 back surface 5 of the wafer. In general, the

average cooling rate within this range of

tenperatures is at |east about 5 C per second and
preferably at |east about 20 C per second. Dependi ng

upon the desired depth of 5 the denuded zone, the

average cooling rate may preflerably be at |east about

50 C per second, still nore preferably at |east about
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ime the Ioad erature |s reache
¥ grﬁ éh%l§ HCORgsyrface, even more
preferably from the center of the silicon to regions of
the wafer which are within about 5 microns of the silicon
surface, and most preferably from the center of the
silicon to regions of the wafer which are within about
3 microns of the silicon surface. In this context, a
substantlally uniform oxygen concentration shall mean a
variance in the oxygen concentration of no more than
about 50%, preferably no more than about 20%, and most
preferably no more than about 10%.

Typically, oxygen precipitation heat-treatments do
not result in a substantial amount of oxygen outdiffusion
from the heat—treated wafer. As a result, the
concentration of interstitial oxygen in the denuded zone
at distances more than several microns from the wafer
surface will not significantly change as a consequence of
the precipitation heat-treatment. For example, if the
denuded zone of the wafer consists of the region of the



10

15

20

25

30

35

di stribution of clusters is reached which depends only
upon the initial concentration of vacancies. In the

| ow vacancy regions (near the wafer surfaces), the
waf er 35 behaves |ike a normal wafer which | acks
pre-existing oxygen precipitate nucleation centers;
that is, oxygen 20 clusterpbpg is not observed. As the
tenperature is. increased above 800 C or if. the
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secondarily a function of the cooling rate. In '
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dioxide, and other such non-oxidizing, non-nitriding
elemental and compound gases, or mixtures of such gases.
The non-nitriding atmosphere, like the nitriding
atmosphere, may contain a relatively small partial
pressure of oxygen, i.e., a partial pressure less than
0.01 atm. (10,000 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.

(1,000 ppma).

In a third embodiment of the present invention, step
S, (the thermal oxidation step) is omitted and the
starting wafer has no more than a native oxide layer.
When such a wafer is annealed in a nitrogen atmosphere,
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
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(denuded zones) 15 and 15" is primarily a function of
the cooling rate through the tenperature range at
which 30 crystal lattice vacancies are relatively
nmobile in silicon. In general, the depth t, t'
increases with decreasing cooling rates, with denuded
zone depths of at |east abpyut 10, 20, 30, 40, 50, 70
or even 100 mcroneters being attai nable.
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Wddh e 8DRUAN increase in vacancy concentration in wafers
lacking anything more than a native oxide layer.

Experimental evidence further suggests that this
difference in behavior for wafers having no more than a
native oxide layer and wafers having an enhanced oxide
lajer can be avoided by including molecular oxygen or
another oxidizing gas in the atmosphere. Stated another
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
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
stérting wafer or formed, in situ, by growing an enhanced
oxide layer during the annealing step.
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3 mcrons of the silicon surface. In this context, a
25 substantially uniform oxygen concentration shal
nmean a variance in the oxygen concentration of no
nore than about 50% preferably no nore than about
20% and nost preferably no nore than about 10%

Typi cal |y, oxygen precipitation heat-treatnments do 30
not result in a substantial anount of oxygen
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annealed while being stacked in face-to-face arrangement;
when annealed in this manner, the faces which are in
face-to-face contact are wmechanically shielded from the
atmosphere during the annealing. Alternatively, and
depending upon the atmosphere employed during the rapid
thermal annealing step and the desired oxygen

‘precipitation profile of the wafer, the oxide layer may
-be formed only upon the side of the wafer at which the

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

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
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-
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20 el enental and conpound gases, or m xtures of such

gases. The non-nitriding atnmosphere, |ike the
nitriding atnosphere, may contain a relatively small
partial pressure of oxygen, i.e., a partial pressure

| ess than 0.01 atm (10,000 ppna), nore preferably
| ess than 0.005 25 atm (5,000 ppna), nore preferably
| ess than 0.002 atm (2,0 ppnma), and m)st
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defects; alternatively, the self-interstitial dominated
region 60 may extend from center to edge, or the vacancy
dominated. region 80 may extend from center to edge.

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

15 mm in width, and preferably has a width which is at

least about 7.5%, more preférably at least about 15%,
still more preferably at least about 25%, and most
preferably at least about 50% of the radius of the
constant diameter portion of the ingot. 1In a
particularly preferred embodiment, axially symmetric:
region 90 includes axis 120 of the ingot, i.e., the
axially symmetric region 90 and the generally cylindrical
region 80 coincide. Stated ancther way, ingot 100
includes a generally cylindrical region of vacancy
dominated materlal 80, at least a portion of which is
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bul k with the m ni num concentration in the wafer bul k
initially being approxi mately equal to the
concentration which is obtained in wafers having an
enhanced oxide ||ayer. Furthernore, an increase in
annealing tinme will 20 result in an increase in
vacancy concentration in wagers | acking anything nore
than a native oxide layer. Experinental evidence
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W : r [ ye nd,
VB Tar o T SN ol A JRR GRVBE Thee
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If an epitaxial layer is to be deposited upon an
ideal precipitating wafer, the process of the present
invention may be carried out either before or after the
epitaxial deposition. If carried out before, it may be
desirable to stabilize the oxygen precipitate nucleation’
centers in the wafer after the process of the present

-invention and before the epitaxial deposition. If

carried out after, it may be desirable to carry out the
process of the present invention in the epitaxial reactor
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
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
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atm (1, 000ppma). In other enbodi nents of the present
invention, the front and back surfaces of the wafer
may be exposed to different atnospheres, each of

whi ch may contain one or 15 nore nitriding or
non-nitridi ng gases. For exanple, the back surface of
the wafer may be exposed tg a nitriding atnosphere as
the front surface is expos to a non- nitriding
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lenth Eichiner, acancy Concentratlon Wafer
Mapping In Silicon," Journal of Crystal Growth, vol. 129,
p. 582 (1993); Zimmermann and Falster, "Investigation Of
The Nucleation of Oxygen Precdipitates in Czochralski
Silicon At An Early Stage," Appl. Phys. Lett., vol. 60,
p. 3250 (1992); and Zimmermann and Ryssel, Appl. Phys. A,

vol. 55, p. 121 (1992).

" Preparation of Single Crystal Silicon

Containing an Axially Symmetric Region

Based upon experimental evidence to date, it appears
that the type and initial concentration of intrinsic
point defects is initially determined as the ingot cools
from the temperature of solidification (i.e., about
1410°C) to a temperature greater than 1300°C (i.e., at
least about 1325 °C, at least about 1350 °C or even at
least about 1375 °C). That is, the type and initial
concentration of these defects are controlled by the
ratio v/G,, where v is the growth velocity and G, is the
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i ngot 100, grown in accordance with the Czochral sk

nmet hod, conprising a central axis 120, a seed-cone

140, an end-cone 160 and a constant di aneter portion

180 10 between the seed-cone and the end-cone. The

constant dianmeter portion has a circunferential edge

200 and a radius 40 exten?bng fromthe central axis

120 to the circunferential edge 200. In addition, the
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;ﬁ%é-interstitial 15 dom nat ed nateriaIrGO,lwhfgﬁaﬁfature

su ?éntially free of agglonerated intrinsic point

d;ef eckefesuingutdi Fdca 1g]e,n_eﬁc|al- g%n@yééggﬁgcaglb%%: lq;f fV/Go,

Hf ¥agap 0 t ter] _portron or all o

VVhtI-“Ch rragxgﬂs?r%g‘ %%u %%ﬁﬁqg;¥f¢3r€ef%?e’é§§%ﬂ‘é‘rlat ed

izzzmﬁﬁz S?P?FhEGSdébﬁieﬁztﬂgkyrua%?méy,dbh?nagg? growth
rsMMmELSL R L&k 4N r&8! ey ext el rom

cent er L}z ed or th@é véa?aﬁacy@d%b%g’th@'ﬁ}’eé?%%e%ouljon

THE Rt da’f’%gﬂrﬁééﬁt dnfioymatgeon | rapprarsbodi bentpoart

2xdxal 0y ewPreEk)iwheedi op 99 abasrAinkat ingRs Wedhne in
f fl.boun ary

0 adi us _40 extendin 25 fromV
‘%% {é,}t‘]%z%’fl i Eﬁ@?rétt‘ﬂr@a%r €155 n@PRAt angt Within
thel perperabliyehaangewiddifingds ebdwe at A&eﬁﬁis?FQEEical
5% sti nor e

VaB%, . | east_,about, .

retera § géﬁﬁggg?géﬁgbﬁ P BGRE TS r DT EFPRBRY at
HRItapbe sbopanilhbriadi.us of the 30 constant

di ametere ROr {hPReobst o n paLkiGul arl -
($referred enbodiﬁent,QZxPa %%egéﬁngPFi%rlt éﬁﬁoﬁxﬁb“a' the
MIPYS 5P 250VaFapmd esngdcrgases. t Helkemiaklyas the
aalan B0 toinerde. ot gied oo pec AL HAINE! BBk 5

col nci.de,. a anqt her. way, ingo
qéﬁﬁ%ﬁké?%ﬁ%%ng aPF §6§PSﬁJPF&£15%§ﬁ%ﬂ??ﬁa%%%ancyf these
wurdent et haner rehcBOa aevedastt axioridLn @ipabssbulst ion
120 dHees Wi ag9! rated, de .§.; 0N gzittion,axi Ly
,lsymretrjlg, reg?o%‘qgoggx?él%dgn%ogéérlté’ Io?r; l'heo‘-?éja?tl‘gﬁgﬁ‘:ts
18 sufficiently high, a reaction, or an agglomeration
event, will likely occur. Agglomerated intrinsic point
defects in silicon can severely impact the yield
potential of the material in the production of complex
and highly integrated circuits.
In accordance with the present invention, it has

been discovered that the reactions in which vacancies

‘within the silicon matrix react to produce agglomerated

vacancy defects and in which self-interstitials within
the silicon matrix react to produce agglomerated
interstitial defects can be suppressed. Without being
bound to any particular theory, it is believed that the
concentration of vacancies and self-interstitials is
controlled during the growth and cooling of the crystal
ingot in the process of the present invention, such that
the change in free energy of the system never exceeds a
critical value at which the agglomeration reactions
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about 20% preferably at |east about 40% nore
preferably at |east about 60% and still nore
preferably at |east 5 about 80% of the | ength of the
constant dianmeter portion of the ingot. In another
enbodi ment, such wafers may be obtained froma single
crystal S|I|con i ngot 100 conprising an axially
synnEtrlc regi on 60 which g8nerally has a width 10
ured fromcircunferenti e 200

S
?%at“é?flﬁou?ﬁ%aro&%%m UCk 259 Ofmgtsfﬂ NP CPE&t or
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qwf ‘i's to be deposited upon an |dea
preci pitating wafer, the process of the present
I nvention may be carried out elgff{ fore or after
the epitaxial deﬁé%htko#TIHn({ T §ut before, it
may be desirable to stabilize 't &/ Bkden blb0|p|tate
nucl eation 25 centers in the wafer after the process
of thehares@nt i nvention and before the epitaxim
deposition. cartied,out after eS|rabIe

it may b
to carry oﬁf;"’tlhés 5§ &henge difb R &R ’F$1¥e P¥ohPREn
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The né&sap§%éM@hﬁﬁlcrystal | atti ce vacancies in

single crygtalg @Hé(gﬂlg%ﬁhﬁﬁiégﬁ%t@ﬁtout by platinum
di ffusi on anal ysis. In general ati numis deposited

on 35 the ?a&ﬁlé@%ﬂﬁ?Wﬁ?#%Eﬁ%FlhnaKhorlzontal surface

wth the [V/I] is the concentration of vacancies or
interstitials, as applicable, at a point in space
and time in the single crystal silicon, and
[V/I1%? is the equilibrium concentration of
vacancies or interstitials, as applicable, at the
same point in space and time at which [V/I] occurs

and at the temperature, T.

According to this equation, for a given concentration of
vacancies, [V], a decrease in the temperature, T,
generally results in an increase in AGy due to a sharp
decrease in [V]® with temperature. Similarly, for a
given concentration of interstitials, [I], a decrease in

' the temperature, T, generally results in an increase in

AG; due to a sharp decrease in [I]*¥ with temperature.
Fig. 12 schematically illustrates the change in AG,
and the concentration of silicon self-interstitials for
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diffusion tinme and tenperature preferably being

sel ected 27 such that the Frank-Turnbul | mechani sm
dom nates the platinumdiffusion, but which is
sufficient to reach the steady-state of vacancy
decoration by platinumatoms. For wafers having
vacancy concentrations whigh are 5 typical for the
present invention, a diffusion tine and tenperature
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barriér for the formatlon of agglomerated vacancy defects

is approached. As coollng continues, this energy barrier
is eventually exceeded, at which point a reaction occurs.
This reaction results in the formation of agglomerated
vacancy defects and the concomitant decrease in AG, as the
supersaturated system is relaxed.

The agglomeration of vacancies and interstitials can

-be avoided in regions of vacancy and interstitial

dominated material, respectively, as the ingot cools from
the temperature of solidification by maintaining the free
energy of the vacancy system and the interstitial system
at values which are less than those at which
agglomeration reactions occur. 1In other words, the
system can be controlled so as to never become critically
supersaturated in vacancies or interstitials. This can
be achieved by establishing initial concentrations of
vacancies and interstitials (controlled by v/G,(r) as
hereinafter defined) which are sufficiently low such that
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| east about 1325 C, at |east about 1350 C or even at

| east about 1375 C). That is, the type and initia
concentration of these defects are controlled by the
35 ratio v/CGo, where v is the growth velocity and G
is the 28 average axial tenperature gradient over this
tenperature range. ReferrghRg to Fig. 11, for

i ncreasing values of v/Go, a transition from
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égncgﬁgrgglogng% self-interstitials and vacancies,
provided sufficient time is allowed for the radial
diffusion of the initial concentration of intrinsic point
defects. In general, the diffusion time will depend upon
the radial variation in the initial concentration of
self-interstitials and vacancies, with lesser radial
variations requiring shorter diffusion times.

Typically, the average axial temperature gradient,
Gy, increases as a function of increasing radius for
single crystal silicon, which is grown according to the
Czochralgki method. This means that the value of v/G, is
typically not singular across the radius of an ingot. As
a result of this variation, the type and initial
concentration of intrinsic point defects is not constant.
If the critical value of v/G,, denoted in Figs. 13 and 14
as the V/I boundary 20; is reached at some point along
the radius 40 of the ingot, the material will switch Ffrom
being vacancy dominated to self-interstitial dominated.
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interstitial defects can be suppressed. Wthout being

30 bound to any particular theory, it is believed that
the concentration of vacancies and self-interstitials

is controlled during the growth and cooling of the
crystal ‘ingot in the process of the present

i nvention, such that the ¥hange in free energy of the
system never exceeds a 35 critical value at which the
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In ener al change in systemfree energy
ngéh ® %%lHFP%eCPﬁéeq§§%9HQﬂ19@1%ﬁﬂ%ﬁp%gﬁF%ﬁErated
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s of merated inte
SR o BERATRER L Gl Aty (i BT PhSsonapt
vEdanan demippatedethatieyriBduo ofin Whidld) titw, inftk&lln

Joﬂqéﬂdréti&%ILFeQah E%Eé@“ﬁéﬂf%agéélgs'é EQSCEEBHQSf

ree energy for reaction
inppreneing c¥adavgncy defects or 15 the reaction which

for mepd heni phgpst bbh%lalr%fgefé /1 BSoaidhi-§abl ecoBlba from

t he Bol t zmann const an the tenperature in

gh7 1 §eTREFARUESNLENER Qﬁddrﬁlaat\ﬂaq,ranerae%l%% daéfuswn of
ﬂﬂﬁéwéﬁitialsata&saﬁMd ealtadicidlis il & Nrs@astlyaidward

T B ekl o P RRNY e it ihofgeop naflon®ob "Sere-

mrm@rstnmls wathappeldagatiless . atIn heddstaben poratdiab
SPREES B0 bFMBedl -WAEl ddla 00 SndOeuPPLca! oENEne

t'enperat ur e According to T s equat i on,
%ﬁxﬁﬁﬁ%dﬂég%tpgpugnagfthe crystal cools. The surface of

the crystal is capable of maintaining near equilibrium
point defect concentrations as the crystal cools. Radial
diffusion of point defects will tend to reduce the self-

~interstitial concentration outside the V/I boundary and

the vacancy concentration inside the V/I boundary. 1If
enough time is allowed for diffusion, therefore, the
concentration of vacancy and interstitials everywhere may
be such that AG, and AG; will be less than the critical
values at which the vacancy agglomeration reaction and
the interstitial agglomeration reactions occur.
Referring again to Fig. 15, the crystal growth
conditions, including growth velocity, v, the average
axial temperature gradient, G,, and the cooling rate are
preferably controlled to cause the formation of a single
crystal silicon ingot 100, as previously described.
Preferably, these conditions are controlled to cause the
formation of an axially symmetric region of interstitial
dominated material 60 and a generally cylindrical region
of vacancy dominated material 80, which may or may not
contain an axially symmetric region of agglomerated
intrinsic point defect-free material 90. When present,
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vacancies, [V], a decrease in the tenperature, T,
generally results in an increase in LG/ due to a sharp
decrease. in [Vleq with tenperature. Simlarly, for a
30 given concentration of interstitials, [I], a

‘decrease in the tenperature, T, generally results in

an increase in LA due to3a@ sharp decrease in [I)"
th te rature. Fig. 12 schematically illustrates
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sty | Bsepldviiclsl ¥ Qi 3% dgled NOPE 00 Ch | é,}?%%?'p%desent,
éﬁgﬁ1the genperature of soli éflcatlon Wi t N
SPRURT AR Y s S RIRATLS SR 6%eahsof Brssappridsdi omic

m&ytheryonaEMQmmﬁwxﬁusﬂySﬂiééﬁ&beéglféggigrﬁgligals
I ncr eases a
ézugP?on %%BEﬂMé§Z§§%§ﬁi¥rﬁ%@%&?ﬁbe E8PLPBEL §Parigh 90 may
A Ve | pomgn¥artiatemeT Gyl dray rtiles Iexﬁgmeoffahaatﬁb%x%fl axis
t] ects s __approac
B0 Pneof 8 i1y (AN £0 Reean L' Q0GR ERatppath,
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a heoinbnekihthatisofaaft Hedt daeneases. céﬁ@%&?ré¥1sa3 2
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region 90 is determined.
The growth velocity, v, and the average axial
temperature gradient, G,, (as previously defined) are
typically controlled such that the ratio v/G, ranges in

value from about 0.5 to about 2.5 times the critical

~value of v/G, (i.e., about 1x10°° cm?/sK to about 5x10°5
. cm?/sK based upon currently available information for the

critical. value of v/G,). Preferably, the ratio v/G, will
range in value from about 0.6 to about 1.5 times the
critical value of v/G, (i.e., about 1.3x10°® cm?/sX to
about 3x10°® cm®/sK based upon currently available
information for the critical value of v/G,) . Most
preferably, the ratio v/G, will range in value from about
0.75 to about 1.25 times the critical value of v/G, (i.e.,
about 1.6x10°% cm?/sK to about 2.1x10-5 cm?’/sK based upon
currently available information for the critical value of
v/G,) . In one particularly preferred embodiment, v/G,
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25 The aggl oneration of vacancies and interstitials
can ,be avoided in regions of vacancy and
interstitial domnated material, respectively, as the
ingot cools from the tenperature of solidification. by
mai ntai ning the free energy of the vacancy system and
the interstitial system 30,gt values which are |ess
than those at which aggl oiferation reactions occur. In
S, Y. b r sQ as o
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PhACEEEEs calo BT ot Gy B e, S8 vt ot v/c,.
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cm 15 to about cm or éra
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- sl leantenbbiiti alos ws/,aqwmé e5re 2Or8h0Vi dedleast about

é&fﬁbﬁkgntakdn%os% %gé¥m§agf¥ é@eléggt about 75 hours for

5111c9n crystals having a nominal diameter greater than
200 mm. Control of the cooling rate can be achieved by
using any means currently known in the art for minimizing
heat transfer, including the use of insulators, heaters,
radiation shields, and magnetic fields.

Control of the average axial temperature gradient,
G,, may be achieved through the design of the "hot zone"
of the crystal pﬁller, i.e. the graphite (or other
materials) that makes up the heater, insulation, heat and
radiation shields, among other things. Although the
design particulars may vary depending upon the make and
model of the crystal puller, in general, G; may be
controlled using any of the means currently known in the
art for controlling heat transfer at the melt/solid
interface, including reflectors, radiation shiélds, purge
tubes, light pipes, and heaters.  In general, radial
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di ffusion of the initial concentration of intrinsic
point defects. In general, the diffusion time wll
depend upon the radial variation in the initia
concentration of self-interstitials and vacanci es,
with | esser radial 25 variations requiring shorter

diffusion tinmes. Typicallyg the average axi al
tenperature gradient, Go, Increases as a function of
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R A AL 120G R e e
LERR Y I @hgo§s§§p§|grgw¢hpg@b£(ﬁéqnman&nrﬁmmré@@ingly
ieqpottiddit UPActor. This is because the growth process
becomes much more sensitive to any variation in the pull
rate, which in turn directly effects the growth rate, wv.
In terms of process control, this means that it is
favorable to have values for G, which differ over the

radius of the ingot. Significant differences in the

-value of G,, however, can result in a large concentration

of self-interstitials generally increasing toward the
wafer edge and, thereby, increase the difficultly in
avoiding the formation of agglomerated intrinsic point
defects. '

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

Radi al diffusion of point defects will tend to reduce
the self- interstitial concentration outside the V/I

boundary and 20 the vacancy concentration inside the

VIl boundary. If enough tinme is allowed for

di ffusion, therefore, the3&oncentration of vacancy

and interstitials everywhere may be such that AG and
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exdtarenaiynmebile at temperatures near the solidification
temperature of silicon, i.e. about 1410°C. This
mobility, however, decreases as the temperature of the
single crystal silicon ingot decreases. Generally, the
diffusion rate of self-interstitials slows such a

considerable degree that they are.esséntially immobiie

. for commercially practical time periods at temperatures

less than about 700°C, and perhaps at temperatures as
great as B00°C, 900°C, 1000°C, or even 1050°C,.

It is to be noted in this regard that, although the
temperature at which a sgself-intexstitial agglomeration
reaction occurs may in theory vary over a wide range of
temperatures, as a practical matter this range appears to
be relatively narrow for conventional, Czochralski grown
silicon. This is a consequence of the relatively narrow
range of initial self-interstitial concentrations which
are typically obtained in silicon grown according to the
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di stance within the given length of the axially
symmetric region 60 is determined. Simlarly, the
width of axially 15 symretric region 90 is determ ned
by neasuring the distance fromthe V/I boundary 20
radially toward a point which is farthest fromthe
central axis 120. In other 3words, the width is
nmeasured such that the m ninmum distance within the
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papf eheed fohad Hhesufids$H&3, which act to prevent an

agglomeration event from occurring. Utilizing the
diffusivity of interstitials by controlling the cooling
rate acts to relax the otherwise stringent v/G,
requirements that may be required in order to obtain an
axially symmetric region free of agglomerated defects.

- Stated another way, as a result of the fact that the

cooling rate may be controlled in order to allow
interstitials more time to diffuse, a large range of v/G,
values, relative to the critical value, are acceptable
for purposes of obtaining an axially symmetric region
free of agglomerated defects.

To achieve such cooling rates over appreciable
lengths of the constant diameter portion of the crystal,
consideration must also be given to the growth process of
the end-cone of the ingot, as well as the treatment of
the ingot once end-cone growth is complete. Typically,
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cooled fromthe solidification tenperature to a 10

tenperature in excess of about 1050 OC over a period

of Wat |east about 5 hours, preferably at |east

about 10 hours, and nore preferably at |east about 15

hours for 150 mm nom nal dianeter silicon crystals,

(ii) at least about 5 houssg, preferably at |east

about 10 hours, nore 15 preferably at |east about 20
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@ﬁethenaﬁaﬁtaﬁd&MEﬂdﬁIpdidﬂbﬂ}“but also during the growth

of the end-cone of the crystal and possibly subsequent to
growth of the end-cone. The relatively constant rate may
be achieved, for example, by (i) reducing the rates of
rotation of the crucible and crystal during the growth of
the end-cone relative to the crucible and crystal

- rotation rates during the growth of the constant diameter

portion of the crystal, and/or (ii) increasing the power
supplied to the heater used to heat the silicon melt
during the growth of the end-cone relative to the power
conventionally supplied during end-cone growth. These
additional adjustments of the process variables may occur
either individually or in combination.

When the growth of the end-cone is initiated, a pull
rate for the end-cone is established such that, any
segment of the constant diameter portion of the ingot
which remains at a temperature in excess of about 1050 °C
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5 nelt and crystal. This is acconplished either by

adj usting the position of the apparatus in the hot
zone, or by adjusting the position of the nelt
surface in the hot zone. In addition, when a heater
is enployed, Go may be further controlled by

adj usting the power supplkhgd to 10 the heater. Any, or
all, of these nethods can be used during a batch

eﬁp@@méab&lsl d@f@%ﬁﬁe'ihé@xh&i‘ H?H:o‘f | H@E ot deRlfi&tt (s)
ng the process. i s generall Ere erred for, sonme
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cartalnt enperatairle, é#mmﬂ?ﬂhenfegﬁbn Eeeéebiﬂdqﬁhbmerated
. . a . f of, di er ngot..
S6RBShERt 8.y W0, S tLATRLEL ey nadt o ",
tespershurgesifgn e dvhairmralvcautan.béns°C| n Go to be

m ni gz gdheIRRNAN (H%téésugsﬂﬁﬁg@ﬁhakgﬁfﬁéj6f the vacancy

mai nt ai Ni ng a corst ant gr owt e bec
domipaksrngiag imm awpirt %mf o¥ aekdeh thes sippressisy tafe

aggmbhérﬁlt@‘ae&%tm:?am&‘fg@{iﬁ REYS bkl \é%ﬁl%ﬁefa/ The
v rlatlon in the pull ate, Eéln turn directl

§cPE. thte YR RIS dePﬁn r RB UVGbKBEe§§d the

cooihb.ngl ratthi .s rzaaartSryehtailllbuISefrauﬁEiahlot od\Essigns
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u ch dlffer r adi t he
w¥2h0?§ %ign%%(xnﬁg%ﬁf? eFeReks ) ﬁgPNS %Cﬁaﬁdgfér epPull
rh§ﬂevéﬂd @m@h&ngnrat¢lwulhrgksoonaeytrathewﬁse these

I oygr
e e o End, e DERSER 8%, pPMBCILDF, |
CRYStailng PSS GHEPerd RbaYE! ofbeaadtined tdie poi nt
iRGegdetaetial |dbm/n%l\‘:@<ﬂ fégléﬁreﬁeénaf e 1erlePf

b t radi al
SGRPrRERSHEY Ao o Taobrt CrnrRyvt Hogt D pr oduss.
1sodbsakabﬁuﬂdo(mEnnﬁypmcahéyW1ﬁhh¥eﬁgtﬁastE%gmﬂd tars
t . e cr.yst en
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rang fom ab A Aute
enﬁﬁﬁdn@gg thyeefdr it yencacbeuvbegthe crystal radlus and

the minimum radius of the vacancy dominated region along
the length of the growing crystal in a given crystal
puller.

Thé'optimum width of axially symmetric regions 60
and 90 and the required optimal crystal pulling rate

profile for a given crystal puller hot zone design may be

"determined empirically. Generally speaking, this

empirical approach involves first obtaining readily
available data on the axial temperature profile for an
ingot grown in a particular crystal puller, as well as
the radial variations in the average axial temperature
gradient for an ingot grown in the same puller.
Collectively, this data is used to pull one or more
single crystal silicon ingots, which are then analyzed
for the presence of agglomerated interstitial defects.
In this way, an optimum pull rate profile can be
determined.
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rate will range from about 0.25 mm m nute to about 0.6
mm m nute and, nore preferably, from about 0.3
nmminute to about 0.5 mmminute. It is to be noted
that the pull rate is dependent upon both the crystal
di aneter and 5 crystal puller design. The stated
ranges are typical for 20@omm dianeter crystals. In
general , the pull rate will decrease as the crystal
di ameFég i A& dessemn i-mWeproﬁheedcbysbalsc@;ﬁ Ito%r Y

I rakes_in_excess o
e [t e L P8 2T ET Pl o section of
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paéelpadamaﬁa f&%tt-aér@@éﬁéz%§ wﬁ&l:ﬁ sbibly %.lelf%w ng

fqQrmati on of an aX|a grmetrlcreg

?éﬁf’gﬁg‘ﬁtﬁ' OLt BRATFEEE wi tHE t R %P?BF SeAl emampilieodn Wlha.ch a

naauabpaflrmsm{ foull efsdd tpRbrdi &f ysi Qﬁ iéxcl_é %Bg 50L&k n
rate as_th

h I
%egtlr Iulll etrt Iczg?oq% g‘gsf?b%nt enﬁ@rﬁb&ﬁeeﬁéb‘@l}ﬁ, a
illlil')@)l-tp-@nt qus—‘m.e:rq)eﬁza:trmrae BLGNY )C hatS v i @@é fmax:Lmum

“’?Eﬁf‘?%ﬁt TS AR AT QSuin gt e CEFRL oh AP exppesed
bEhE Eénéxtlpeﬁ?él%/ gfsinat on tefipeegionesoficayglbeerated

snteﬂstutahuo@eﬂe%@ﬁrﬁw &ofa ﬁ'éﬂé{??ﬂum VZGO fﬁﬁouatlt which

C..T bility, however, reases
%%ﬁg%?‘é?ghé( SRS TG FRELQN 338l the | hewhmimgwidth.
decr eﬁneadd@eneﬁﬁhﬂcy tHderadidf Upaplaf 86850k + /§
fﬁé 1#25?%‘ Is sl ows such a_25 consi derabl e’ degree

are. essé‘ﬁqraﬁa}%ﬁ Thdbd 1L fide drfiueief | the
rgeti cHl/Gyimay patsodsaay axipdnat wes dears d hem a change

00 Shoc° ESsRAIRE oo BIRR PR 281 855 L Bhrfy e o
e séFeaﬁralﬁhat Pracessugh Rae a 39tamndged aCaoehablski
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over range
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éHéH@es, in the pull rate in turn cause v/G, to vary over
the length of the constant diameter portion of the ingot.
In accordance with the process of the present invention,
the pull rate is therefore controlled in order to
maximize the width of the axially symmetric region of the

-ingot. As a result, however, variations in the radius of

the ingot may occur. 1In order to ensure that the
resulting ingot has a constant diameter, the ingot is
therefore preferably grown to a diameter larger than that
which is desired. The ingot is then subjected to
processes standard in the art to remove excess material
from the surface, thus ensuring that an ingot having a
constant diameter portion is obtained.

In general, it is easier to make vacancy dominated
material free of agglomerated defects when radial
variation of the axial temperature gradient, G,(x), is
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silicon. This is a consequence of the relatively
narrow 35 range of initial self-interstitia
concentrations which are typically obtained in
silicon grown according to the 37 Czochral ski nethod.
In general, therefore, a self- interstitia
aggl oneration reaction may 4dccur, if at all, at
tenperatures within the range of about 1100C to about
popEmiged + yRefetying ot Edger 36ur exdfalabmmpebGRiGe 5
S fu 0 a e -3
PELFIIN o ok afer of e HSPREE hBE_%o%ka#?ﬁﬁgggaﬁﬁﬁfqﬁxﬁfe

Loterstitials appear’to be nobile lepe ] .
Pﬂéuﬁﬁﬁﬁﬁﬁ turtgn %ﬁepﬁéﬁeﬁﬁﬁthﬁhyﬂ¥_ Gien g ehe axial
wéhipeﬂamimlgwa]}dféﬁel ,fcpm)aJOOfJ:lEqQ-&h@{ ebﬁgltelﬁ be ggeut
i_ute. Pref.er e cooling rate w range,
%ngg:pg%ua Oou?n%fqa@)n%gﬁuf:get SrXﬁGG‘S‘ Fasliysy ARteTwoed by
pVQMQgﬂﬂgxﬁhqngzﬁﬁﬁmne.irﬁmntheteﬁﬂdsammdﬁfhon()1
] , il r rom abo . .
Er e o e (- ERERERE e TR ot B e i st
vbeni fFvshal viwere Pagbedwinhhet Eonesr degdgnated as
vemnenaG@s/dn, Wil &8 halia! Shsbell 2ah APREA A BE 1n
nn?lie,.the self-interstitials may be given nore tine
FolTl 1 f tSeVRS TRk PASEHRR o eheatrycrystatar havéng
oachmﬁwaeﬁﬂm}h_ri@é'ﬂl naé@é:t:w?! Qﬂémf waﬁrt%ﬂ l&%y e@ét t _oglesany
ni_hi l.at ed. e. concentrati on_of such interst)
% lﬁ&y#%ﬂﬁhﬁcﬁ&ﬁ%% %ﬁﬁp%ﬁggeSF FRECATEERES Fedrshs -
Hhena@myﬂnﬁkﬂiWErevgullédomnohomrabn@slH@dﬂﬁ?dﬁkdf&%
LEf usi [ ifi b r in € it s .
S5 B 2o B L SYitleh, Bade MeBREL Raci® MiEdapion tn
G &)/ regueveFents mas nRSSbele ctwiokdain orgetals having

QBAn AR ool it éd | Ma SY PR FCohCBefR el 88 Qlige whiﬁq was
d another way, as™a resu

3Pdenols FEBIMRTAEA GBBEFR FaFeoRly BEiedndesiy of the
cwryetddr. to allow interstitials nmore tine to diffuse,

e Lo 45 Aot YRHUER, BEbLI I I present
invention, the initial concentration of silicon self-
interstitial atoms is controlled in the axially
symmetric, self-interstitial dominated region 60 of

ingot 100. Referring again to Fig. 10, in general, the
initial concentration of silicon self-interstitial atoms
is controlled by controlling the crystal growth velocity,

. v, and the average axial temperature gradient, G,, such

that the value of the ratio v/G, is relatively near the
critical value of this ratio, at which the V/I boundary
occurs. In addition, the average axial temperature
gradient, G,, can be established such that the variation
of G,, i.e. Gy(r), (and thus, v/G,{r)) as a the variation
of G, (and thus, v/G,) as a function of the ingot radius
is also controlled.

In another embodiment of the present invention, V/G,
is controlled such that no V/I boundary exists along the
radius for at least a portion of the length of the ingot.
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30 for purposes of obtaining an axially symetric
region free of agglonerated defects. To achi eve such
cool ing rates over appreciable |engths of the
constant dianmeter portion of the crystal,
consi deration nust also be given to the growth process
of 35 the end-cone of the 4¢mgot, as well as the
treatment of the ingot once end-cone growh is
Ionphiselelgphcalthe, =33 iqumn ionpheancy ddmihetgdoviiom

n | 0 f t
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e%thﬁglﬁspé e&%w%mw tw%e%%%esuVéGpangEh% is,
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cus ters |t| y
FBTSRag B LiFr PEEMRER SHE 15t FRLCVEDOS! s Do pahe 2.1
ahmehltHEedrlbaddknvakuetm@'tbapentratlon inthis
| oner segnent may not be suppressed to a sufficient
degree and agoloneratlon of |nterst|t|al defects may
De ‘ 3 hetbs of such

defeck 1%H@Pd¥é&“&éf§b&é1ﬁiysbeO&@Eeé€€HEB§ of ifi®er of
is 15 therefore preferred that constant

gﬁerefltpmqu%ﬂfe% he ForgRxaaRtea fhPPoPRtERE ietects,

brSDOl‘:lkéfbla:t@C?ﬂ@ wamyL@etézgéhrbgswerfe&{ml iaAly
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eREhRRELERE Fandhe ey 2f1 800, SEPRLE) 1hh e SBheo eton
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nt. _d | SO in e ow h
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Yemagishih edf alhe e'iﬁjnmed Thelr eu‘af:hnelly don& &R
f(@.b@zfmy be gy ek ak@ar&X28P! €hebﬁe‘:b)ctr1‘%ﬁ#%ﬂ"g

the_rates of_. rotation_of the cr bl e and crystal
aEENRTeMAE 5t HRIPTHFY 5% ﬁ‘ét%ndtgéaﬁePFQF&tSlSv Yo YR be
Qked ke dtk o Veddllomerated interstitial defects. When

this technique is used, such defects appear as large pits

on the surface of the sample when present.

Agglomerated defects_may also be detected using
laser scattering techniques, such as laser scattering
tomography, which typically have a lower defect density

- detection limit that other etching techniques.

Additionally, agglomerated intrinsic point defects
may be visually detected by decorating these defects with
a metal capable of diffusing into the single crystal
silicon matrix upon the applicatioﬁ of heat.
Specifically, single crystal silicon samples, such as
wafers, slugs or slabs, may be visually inspected for the
presence of such defects by first coating a surface of
the sample with a composition containing a metal capable
of decorating these defects, such as a concentrated

solution of copper nitrate. The coated sample is then
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rotation rates during the growth of the constant

di ameter portion of the crystal, and/or (ii)

i ncreasing the power supplied to the heater used to
heat the silicon nmelt during the growmh of the
end-cone relative to the power 30 conventionally
supplied during end-cone gr h. These additiona

adj ustments of the process Variables may occur either

'H@éé’é&*u%w Qém]bgr‘ég@en%teltl% ntgzﬂ?thbe ﬂ59§t ang éout

end- cone_is init ra
iRt anfexhabostich t“haltlte@nyi%fahﬁagrrekﬁ minutes in order

Qﬂﬁsiﬂﬂiugéaﬂﬁéeheﬁaﬂth%ﬁopEH@“EddBEg %hhéggatggated
at a i%gg a?ure i n_excess of about™ 1050 C

AR SardethErnacom &eBerARtWERerthus causing
tegEnd € 5) tofbebemeoa&h@aeaqllw@emﬁmﬁat@é aHa
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&#*g%%gﬁ‘m?%téﬁ bRk Bef R b5 ithe RS s el habewnich
gaelkealys cave efdreseats tenperature of |ess than about

1050 QAff@rp&8¥ng§|ytﬂgt%gIﬁig #%;B%%g #ﬁ% LelBCo a

vacancy_ dom nat ed”f egdi on
dRjpririeeh delinggkéner ated i dinerandet etto deémove sayface

he scdievada ghecip itaﬁt%f E@ed@éﬁ réﬁ%“é?ﬂg9§”3§th a

AS t
Trient shed e ﬂgﬁéﬂ 5PF) SRR & i alRiS 7 chbnuees. A
ahaviccd browi§RE T &t chubblutabe, (ﬁn@xcmés Ngbdat eSsVI bbrcent
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S e d I Bo8S8n OIS TR0 i
thﬁﬁ&@iﬁ¢9b$cthel¢5(ﬂﬁﬁesgﬂumwmn(hanEnght)Sganﬁ &beat 25
(ﬁefﬁéﬂéﬁﬁyéisghleE@réE &l % éﬁ%f%ﬂéﬁFﬁéiﬁﬁﬁgny

maxi m zed It ESI ra ntarn
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ryﬁﬁﬁéﬁﬁbdotombtB@ébn@xéﬁéﬁhﬁé dehs dif ffﬁﬁ%¥§h$§tﬁﬁ§n

t he stal radjus nlnlnun1ra I US O

RS "B F81 EHSREGTGN LB B 1 SRR PBIWTHGA etch
galngorr st anbouta3gi tenaboyst s minutes. Typically,
the sample will be etched using a Secco etch solution
comprising about a 1:2 ratio of 0.15 M potassium
dichromate and hydrofluoric acid (49% solution by
weight). This etching step acts to reveal, or delineate,
agglomerated defects which may be present.

In general, regions of interstitial and vacancy
dominated material free of agglomerated defects can be
distinguished from each other and from material
containing agglomerated defects by the copper decoration
technique described above. Regions of defect-free
interstitial dominated material contain no decorated
features revealed by the etching whereas regions of
defect-free vacancy dominated material (prior to a high-
temperature oxygen nuclei dissolution treatment as
described above) contain small etch pits due to copper
decoration of the oxygen nuclei.



10

15

20

25

30

35

pul ler. The optimumw dth of axially symetric

regions 60 and 90 and the required optiml crystal

pulling rate 25 profile for a given crystal puller hot

zone design may be ‘'determined enpirically. Generally

speaking, this enpirical approach involves first

obtaining readily availabl,g data on the axia

tenperature profile for an ingot grown in a _

pefting¢liansrystal puller, as rell as 30 the radaal t

variations in.the average axial tenperature gradien
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Eéé‘FFL@rleofdefaECZm rﬁﬂﬁ‘a&ﬁetergmgetEﬂollllgﬂmm@mrSErde&cts,

(0] [ r ' e
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f)ﬁbd&c@l mrslc;aafcsicm wb;bgraﬁat néea@rﬁ%SI %d ldt Hef¥ %uch
t.ran s fromayv (r) at which

SRa R et i w R 1RS: A ErElRy | APoadhmeanted
Lagemﬁmm;namxﬁﬁﬁﬁtﬂér(sh&hltmagnlagghemwﬁwméalﬂﬂtﬁﬁnsic

' I | def O to
seiborestamama o, e, 6 el 1,

Feg ﬁoﬁnﬁ%ﬁq%éﬂr?dx@ﬁnﬂ\w @mlomra@eu,t waggtl@rrtermted
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over the_radi of

GREFeEF AP B I-'fe%‘FthOBhéﬁgé’hllﬁhv crytad dattice
vasthtiefls raigliohemate At 10081 18" Redhe t0e W tance
&%ggﬂr%%§@réﬂ(xx§§htréi gxféaggagdcg%%%g&gfggtlal edge of
a wafer or ingot; 'substantially free of agglomerated
intrinsic point defects" shall mean a concentration of
agglomerated defects which is less than the deétection
limit of these defects, which is currently about 103
defects/cm’; "V/I boundary" means the position along the
radius of an ingot or wafer at which the material changes

from vacancy dominated to self-interstitial dominated;

" and "vacancy dominated" and "self-interstitial dominated"

mean material in which the intrinsic point defects are
predominantly vacancies or self-interstitials,
respectively.

Examples
Examples 1 through 4 illustrate the ideal oxygen

precipitation process of the present invention. Examples
5 through 11 illustrate the preparation of single crystal
silicon containing an axially symmetric region of vacancy
dominated material, self-interstitial dominated material,
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process, v is altered as the pull rate is adjusted

t hroughout the growth cycle, in order to naintain the
20 ingot at a constant dianmeter. These adjustnents, or
changes, in the pull rate in turn cause v/Go to vary
over the length of the constant dianmeter portion of
the ingot. In accordance wgh the process of the
present invention, the pull rate is therefore
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Ver. 2 and Ver. 3 which have | esser radial variation
in 15 &(r), however, it was possible to obtain
crystals having vacancy domi nated material from
center to edge which was free of agglonerated defects
for some axial length of the crystal. In one
enbodi nent of the process of.the present 20
invention, the initial concentration of silicon self-
interstitial atons is coQkE?blgd in the axially

et ric =D donmi nat ed regi on 60 of

‘|n again to Hi n generar, the
3 g 7 ‘ gcpl f4 é‘n‘ p?qt tigl 3-14
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and thus, v/Go){as a functlon of the ingot rpdius is

fil so coryol | ed, || nlanetheecenodiromvc afed he prg@@m@/sec
nvention, VG |35 is controllled such that np V

poundary exi sts gl on radrjus Tor at |eas

portion of the |engt éﬁ ke |ngot & thik |e% m,at
he silicon is vaca 8n1nate ngL éhter to 800°C +
fircunferential pdgeja @'blonera ncy déﬁeEFsat
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adratty—Trnwer— |um“.c \,:.u"""’f‘“J*'°2 edgel-5—of

ngot pr@®ncipally by controlling V/ Go. That is, t he
r ohRROWEHEIE) ong ar e7xbAt™r ol | ed 6067 hat 10¥’Go| hasy @x10!7
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.1 ti@gﬁ the critical value qf v/ Go. Vi sua

7

Det egLbRg /et 99| oner af pghcDef eqts 4505 1.69%101°
DZ
(depth in um) 70 95 0

Figures 2, 3, and 4 show cross-sections of the resulting
wafers (these figures are enlargements of photographs

taken at a magnification of 200X); sample 4-7 is shown in
Fig. 2, sample 4-8 is shown in Fig. 3, and sample 3-14 is

shown in Fig. 4.

In addition, the concentration of crystal lattice
vacancies in the sample 4-7 was mapped using a platinum
diffusion technique. A plot of platinum concentration
versus depth from the surface of the wafer (a depth of 0

micrometers corresponding to the front side of the wafer)
appears in Fig. 5.
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-g@pllcatlon of heat.

10 Aggl onerated defects nmay be detected by a nunber of
different techniques. For exanple, flow pattern
defects, or D-defects, are typically detected by
preferentially etching the single crystal silicon
sanple in a Secco etch solution for about 30 m nutes,
and then subjecting the 15 §¢nple to m croscopic

i nspection. (see, e.g., amagi shi et al.,

Sem cond. Sci. Technol. EZAM ES (1992)). Al though
standard for the detect ggl oner at ed vacancy
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dehmaﬁ|ﬁmgummseaﬂefenlargsmehtasoa O et aﬁhﬂiéﬁken at a

r at ogted s hen
eatqﬁﬂ{ gn%g?% (r aWEEE énaaﬁghfgggﬁb 6
@6mﬂezﬁxﬁxxﬁf$mowhoun Bigi ndy eendo sabgle ESGﬂnﬂnshbwn in

Forger to diffuse the netal into the sanple. The

heat treated sanple is then cooled to room

tenperature, thus causing 5 the netal to becone

critically supersaturated and precipitate at sites

within the sanple matrix at which
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EXAMPLE 3
To demonstrate that the process of the present

" invention was relatively independent of the conditions

used for the oxygen precipitate stabilization and growth
step (S,), a wafer (sample 1-8) having the same initial

oxygen concentration was subjected to the same series of
steps described in Example 2 for sample 3-4 except that a
proprietary, commercial 16 Mb DRAM process was used as

the oxygen precipitate stabilization and growth step (S,).
.Figure 9 shows a cross-section of the resulting wafer
(this figure is an enlargement of a photograph taken at a
magnification of 200X). After step S,, samples 1-8 and
3-4 had comparable bulk oxygen precipitate densities
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defects" nmean defects caused (i) by the reaction in
which 5 vacanci es aggl onerate to produce D defects,
flow pattern defects, gate oxide integrity defects,
crystal originated particle defects, crystal
originated |ight point defects, and other such
vacancy rel ated defects, (||) by the reaction in
whi ch self-interstitials a&& onerate to 10 produce

P Bl P e e Bp ol B goampte 3-a)

?ﬁ@eF@F‘Pﬁr&MbI@efcamsde@hmnenéapthggl(appmﬁd\ately 40
mbetbmeitergdoi Nt defects caused by the reaction in
which silicon self-interstitial atons aggl onerate;
"aggl onerated 15 vacancy defects” shall nean

aggl oner at ed vacancy pEsEmpef£ct s caused by the
reactbgg |g ;%1 ystal Tattice vacancies

aggl offer at 67 lqﬁﬁﬁét?ﬂetHFsFﬁﬁﬁé thags maad be
opapryededny gheaxdendity of rbun’fcenhﬁﬁfbdlafé@&% 133 e.
rate 20 !

; |
sniehentihgnn ol BdalbrcLies, Lottt dd 27
d@QreRer P8¢ d&Zdctreswiiting sfressathancrbesdetiec tihen

ettt gt o D <AL, A

YRRC-FRGRLECHE -an THGR HE @@ﬁ%@taﬁe%ﬁl@ﬁ wnéem&twﬁnd

shiangeseds thr oA aMyrogkor mtxfé% 18g S@h&eknbs&%hbl al
nat e

e 'vaca d '
ﬁ@@%EQE SPg tﬁﬁﬁs ‘do ST et %%FeﬁlﬁﬁrﬁnaWﬁﬁéREd at
12e0P6t EpnsBeO [S@W&Eft&ﬂ:lsr g enipregeni ﬁﬂﬁibbﬁhere, the

W@féfﬁ'?ﬁ QEtSQI%é#Ft ﬁﬂééiéélu??%gf Céé%ﬁg F&Q itions

ng Exanpl es roug
Yoeh peeengstatineh pcessferstie Peesenveravenhiealed at

fk@ﬂpte§0r536h%@@$ﬁ&51dﬂdé?téﬁuéiégﬁ Qﬁﬁggﬁﬂgkgn ofy pre-

e.crystal silicon contalning an
%’%‘3@%‘%98 FEGPONASt NRic ARHL Fonedrehated aht §hﬁawafers in

Ble¢ f Ehneer stk dn doiishahednsd eri al, 45

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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or both, which is substantially free of aggl onerated
intrinsic point defects, as previously discussed. Al

of these Exanpl es should therefore not be interpreted
ina limting sense. 5 | DEAL OXYGEN PRECI PI TATI ON
PROCESS EXAMPLE 1 Silicon single crystals were pulled
by the Czochral ski nethodggsliced and polished to
formsilicon wafers. These wafers were then subjected

to a surface 10 oxidatingphisd epr£.S1), rapid thernal
anpealing step in nitr r_argon (S2), rapidly

D

s& |za??o %gzagg%ﬁggt :de E gél oéég%r;th DZ Depth

migrons)
ormartTgns—set—+or-th——HA— ”Y(,J

condent rlati on2950 phmawaf erls (Oe bekDo® steps Sl -84,

he , 15 {oxyg reci prtate den3|t NI ne porkof—the
mféArO afforggg Qg (('PF\ ﬁl }PDth f the 80

enusded zone 1 oafat g;rpng ep CM (DZj L1 g SO repo_rtedgbg
46 TABLCE 5%

(D

' nAat. 411 0866P GT!W@none in N27 492N +° 106 O7- 1%0a2

allpl =14 oo I o i atT>
5 gecor dsSSs%z%oﬁES sedonds Z'Sﬁé ii,'SOCat /1250 2
t t ; d (—S-EC

t4%r at4 hixao® S860C +§00C 80k 106 hr| at 16 hgp

ht 16 hr |at

B * 500 ppma 2.59X10° 80
B 1000 ppma 1,72X10° 100
B 2000 ppma 9.15X10°® , 100
B 5000 ppma ~ 2.65X107 ND
B ' 1x10° ppma 2.17X10° ND
C 250 ppha 2.65x10° 90
o] 500 ppma 4.03x10° 70
c 1000 ppma 1.72x10° 140
| c 5000 ppma 1.6'9x10° 120
ND = not determined

The above data. shows that as the partial pressure of
oxydgen in the atmosphere increases, the number density of
"bulk microdefects decreases. In addition, when the

oxygen partial pressure reaches 10,000 ppma, the number
density of bulk microdefects is indistinguishable from

the number density of bulk microdefects which is observed

in wafers which have been subjected to an oxygen
precipitation heat-treatment without a prior rapid
thermal annealing in accordance with the present
invention.

Single Crystal Silicon Containing an Axially Symmetric Region
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1, 000C1, 000C1, 000C in N2in N2in N2 QO
(atons/ cnB) 7x10176. 67 x 10177.2x1017 OPD

(at ons/ cnB) 1x10104. 4x1091. 69x10' 0 DZ (depth in m 70950
Figures 2, 3, and 4 show cross-sections of the
resulting 15 wafers (these figures are enlargenents
of phot ographs taken at a n@gnification of 200X);
sanple 4-7 is shown in Fi , sanple 4-8 is shown.

g." 2
in Fig. 3,. and sanple 3 [ hown in Fig. 4. In
addi tion, the_concpntraé%éﬁE%%Léfystal lattice 20
vacanci eSPEA iizatsap| Rracqdyee RappddCuystigla
pl at i Rumtedn Haysingh & Rrmi epabst Angl BetoRopeaDemian
concentration _versus depth fromthe surface of the
waf er ¥t HEREN28P BM Sificdfet@rEs ek rekbbeen ngngett was
fgroun sutlée of coRivdbsls) irARREAIS tHe @11 Sradd was ramped.

%%é%f o_denpnstrate that,the process of the )
presé%fi;ig$8th§Ruis%rgsaWWVgVV11Hﬁ%ﬁgﬂa%ﬁtoo?sowyé@ﬁn'
coreenthat 1engtbr ofz abler alrstdtagr owFig | | TDNshaher he pull
t f g £di t c at |, ons
e ST esrag TR B cr ) RO, PUERRE T hEE
iaFCouBppt e 1Prenestamdiishad orakdemperatiese profile of
theyrdwihgab 00X HECH nGRRACER Iiaid W e d NEURT EESah@ the pre-
before. ,steps S, - , the oxygen precipitate density
(ecﬁit?)bjrhSPﬁg TaAB ALK VEF itte R oFR Hhe eRVerage SEXand
theemplepa tupe yhedidemydey, zane .| DZ}xe?fat;@.ralstt%ﬁnp‘iélr@%ure

f he rface of, the er are reporte
i%i Ei:a%%gt I %P‘n}ilhﬁu Peeé% /§,°&fd)§l’¥bt%r§%%%\/ c€}6§§? sg'&ﬁ'itloﬁ@tes
ofexdesebegbedngondhenge that ingot would be vacancy
dominated material from the center to the edge at one end
of the ingot and interstitial dominated material from the
center to the edge of the other end of the ingot. The
grown ingot was sliced longitudinally and analyzed to
determine where the formation of agglomerated
interstitial defects begins.

Fig. 18 is an image produced by a scan of the
minority carrier lifetime of an axial cut of the ingot
over a section ranging from about 635 mm to about 760 mm
from the shoulder of the ingot following a series of
oxygen precipitation heat-treatments which reveal defect
distribution patterns. At a crystal position of about

680 mm, a band of agglomerated interstitial defects 280

~can be seen. This position corresponds to a critical

pull rate of v'(680 mm)= 0.33 mm/min. At this point, the
width of the axially symmetric region 60 (a region which
is interstitial dominated material but which lacks
agglomerated interstitial defects) is at its maximum; the
width of the vacancy dominated region 80, R, (680) is
about 35 mm and the width of the axially symmetric
region, R;"(680) is about 65 mm.
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(these figures are enlargenents of photographs taken
at a 15 magnification of 200X); sanple 3-4 is shown in
Fig. 6, sanple 3-5is shown in Fig. 7, and sanple 3-6
is showmn in Fig. B. 48 TABLE Il 5 10 Sanpl e3-43-53-6
15 mn atl5 mn atl5 mn at S11, 000C1, 000C1, 000C in N2
+in N2 +in N2 + -1% O2-1965@2- 1% 02 35 seconds35
seconds35 seconds S2at 1250Cat 1250Cat 1250C in N2in

N2i n Rp se3izsT/ el cliowy stng2sCrrxpetalnsidtiedy igtgbtts were

Ehe§4 1 @00 G ¢80 §t&§e '\Buﬁﬁ.lgapksa%qg?f wdre somewhat
000C1, 0Q0C1, 000C in

eaﬁaﬁ&/rc aékmdzmmwlaiqohsepbhan the pull rate at
(Bt abs /oS Jrbsd QAR Xk 0d 6 102 0t BE  hsteat hyi @y»medcquﬂco zdéglon

BF ettt CiTRerd i atigat a¥FacP ma%biﬁﬁ%ﬁe%ff% iRhows
tbedprildnsraties exls far £ hihet bag ges pryetalt dledigth for each of
%h@bEdeﬂééykéHELQrPXEQled respectively, as 1-4. These
four crystals were then analyzed to determine the axial
position (and corresponding pull rate) at which
agglomerated interstitial defects first appear or
disappear. These four empirically determined points
(marked "*") are shown in Fig. 19. Interpolation between .
and extrapolation from these peoints yielded a curve,
labeled v'(Z) in Fig. 19. This curve represents, to a
first approximation, the pull rate for 200 mm crystals as
a function of length in the crystal puller at which the
axially symmetric region is at its maximum width.

Growth of additional crystals at other pull rates
and further analysis of these crystals would further
refine the empirical definition of v*(2).

Example 6
Reduction of Radial Variation in G,(x)

Figs. 20 and 21 illustrate the improvement in
quality that can be achieved by reduction of the radial
variation in the axial temperature gradient at the
melt/solid interface, Gy(x). The initial concentration
(about 1 cm from the melt/solid interface) of vacancies
and interstitials are calculated for two cases with
different G,(r): (1) Gy(r) = 2.65 + 5x107'r? (K/mm) and (2)
Go(xr) = 2.65 + 5x10°°r* (K/mm). For each case the pull
rate was adjusted such that the boundary between vacancy-
rich silicon and interstitial-rich silicon is at a radius
of 3 cm. The pull rate used for case 1 and 2 were 0.4
and 0.35 mm/min, respectively. From Fig. 21 it is clear
that the initial concentration of interstitials in the
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step ($4), a wafer (sanple 1-8) having the sane
initial oxygen concentration was subjected to the
same series of 20 steps described in Exanple 2 for
sanple 3-4 except that a proprietary, comrercial 16
Mo DRAM process was used as the oxygen precipitate
stabilization and growmh s gp (S$4). Figure 9 shows a
cross-section of the resulfing wafer (this figure is
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ans, st and . The results ‘are prese
#%b*%t?F?Q géﬁaﬁ,ls t%e same for both casesp In this

example, the pull rate was adjusted such that the entire
crystal is interstitial-rich. The pull rate was the same
for both cases, 0.32 mm/min. The longer time for
interstitial out-diffusion in case 2 results in an

1
|

overall reduction of the interstitial concentration.
This leads to an improvement in the quality of the
material since it becomes easier to avoid the formation

"of interstitial defect clusters due to supersaturation of

interstitials.

: Example 8
A 700 mm long, 150 mm diameter crystal was grown

with a varying pull rate. The pull rate varied nearly
1inear1y from about 1.2 mm/min at the shoulder to about
0.4 mm/min at 430 mm from the shoulder, and then nearly
linearly back to about 0.65 mm/min at 700 mm from the
shoulder. Under these conditions in this particular
crystal puller, the entire radius is grown under
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50 Table I'll 5 10 15 20 ND = not determ ned The above
data. shows that as the partial pressure of oxygen in
t he atnosphere increases, the nunber density of bulk
m-cr odef ects decreases. In addition, when the oxygen
partial pressure reaches 10,000 ppma, the nunber 25
density of bulk mcrodefectsy i s indistinguishable from
t he nunber density of bulk mcrodefects which is

mbsemﬂmitmanNE&@TScwhdﬁEgB?éeggﬁgﬂfﬂﬁ1¥§§§%ht8fa@rystal
t eat-tre

PENBE0g B R o Ao e B Pn &2 S £ram The
ph@yénltem@m mtmncxmst&\bt er ReXygenntand @1@@@‘3%{:%@

i ey SO e o e

PRVAEELID 7 il @ymamOppnﬁfeGano&gmomeraced

ggggmﬁggz EHARELBI PN e wir

?6@3 Frao. Fhattd oanpbenppan2. 6bXre7NB one small section
8fxthebppyalal/ XO6MAch the width of the axially

symmetric region, i.e., the region which is substantially
free of agglomerated defects, is equal to the radius of
the ingot.

EXAMPLE 9

As described in Example 5, a series of single
crystal silicon ingots were grown at varying pull rates
and then analyzed to determine the axial position (and
corresponding pull rate) at which agglomerated
interstitial defects first appeared or disappeared.
Interpolation between and extrapolation from these
points, plotted on a graph of pull rate v. axial
position, yielded a curve which represents, to a first
approximation, the pull rate for a 200 mm crystal as a
function of length in the crystal puller at which the
axially symmetric region is at its maximum width.

Additional crystals were then grown at other pull rates

- and further analysis of these crystals was used to refine

this empirically determined optimum pull rate profile.
Using this data and following this optimum pull rate
profile, a crystal of about 1000 mm in length and about
200 mm in diameter was grown. Slices of the grown
crystal, obtained from various axial position, were then
analyzed using oxygen precipitation methods standard in
the art in order to (i) determine if agglomerated
interstitial defects were formed, and (ii) determine, as
a function of the radius of the slice, the position of
the V/I boundary. 1In this way the presence of an axially
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C250ppma2. 65x10990 C500ppma4. 03x10970

C1000ppmal. 72x109140 C5000ppnal. 69x100120 Singl e
Crystal Silicon Containing an Axially Synmetric Region
51 Exanple 5 Optim zation Procedure For A Crystal

Pul  er Having A Pre-existing Hot Zone Design A first

200 mm single. crystal sil$$on i ngot was 5 grown under
conditions in which the pu rate was ranped linearly
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Q@%E@lénénoﬁxﬂﬁé1Wh§MNmGHRiCgﬁ%ﬂwpmrﬁﬁwinasaSWideh, as
hoagitadi Fabhy tad &%&E@kér&iéﬂft@aﬁ nfaeg'bs& fYt B8wara
formati on of aggl onerated 20 interstitial defectls
51 RENCERY, A8 O Nesgioc odikeeh byS cachRasE aheut
a0 potheyleagtielod it ir::&iiiﬁfs gﬁ taeqhglsc@mtt:@ﬁttb BEaingggk _

.a_section in rom abou mm t o,_abou
é%§£%$8ﬁ1t g’§ﬁ%ﬁﬁ%é¥goﬁqﬁﬁ§i?ﬁﬁ%fﬁ%l?BﬁangﬁtsgPFﬁs
wki2blyx pyemetnsc pidgtdromaedtate eat hengshywhashmeasured
4 B3A8! el ?%‘r.gr%lﬁa&i@td?rl:r?@t{ﬁéé‘é; hiBnCi¥shBbue 755
posi Ti on of about o .
of the length of the constant diameter portion of the

ingot.

Example 10
A single crystal silicon ingot have a length of
about 1100 mm and a diameter of about 150 mm was grown
with a decreasing pull rate. The pull rate at the
shoulder of the constant diameter portion of the ingot
was about 1 mm/min.. The pull rate decreased

exponentially to about 0.4 mm/min., which corresponded to

" an axial position of about 200 mm from the shoulder. The

pull rate then decreased linearly until a rate of about
0.3 mm/min. was reached near the end of the constant
diameter portion of the ingot.

Under these process conditions in this particular
hot zone configuration, the resulting ingot contains a
region wherein the axially symmetric region has a width
which about eqgual to the radius of the ingot. Referring
now to Figs. 26a and 26b, which are images produced by a
scan of the minority carrier lifetime of an axial cut of
a portion of the ingot following a series of oxygen
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680 mMm a band of agglonerated interstitial defects
280 can be seen. This position corresponds to a
critical pull rate of v"(680 nm= 0.33 nm mn. At
this point, the 30 width of the axially symetric
region 60 (a region which is interstitial dom nated
mat eri al but which | acks | omerated interstitial
defects) is at its maxinum™ the w dth of the vacancy
ﬁﬁgrﬁﬁﬁﬁﬁﬁiﬁgg?%§9ytE%aéﬁégis'Sgd@@é&ﬁé%%éﬁ%and the of
0
g%@uﬂﬂﬁ? r?ﬁﬂ%P%e%Peéxéﬂlf§961§ﬂ@@léngmﬁﬁhﬂut 100 mm to
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?}prg%gggh{%Ag%églcai core ogngag%nEy %%E%%%Ja material
which is also free of agglomerated intrinsic: point
defects,

Finally, in a region ranging from an axially
position from about 100 mm to about 125 mm there is an
axially symmetric region of interstitial dominated
material free of agglomerated defects surrounding a
generaliy cylindrical core of vacancy dominated material.

" Within the vacancy dominated material, there is an

axially symmetric region which is free of agglomerated
defects surrounding a core containing agglomerated
vacancy defects.

Example 11
Cooling Rate and Position of V/I Boundary

A series of single crystal silicon ingots (150 mm
and 200 mm nominal diameter), were grown in accordance

‘with the Czochralski method using different hot zone

configurations, designed by means common in the art,
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qual ity that can be achi eved by reduction of the
radial 25 variation in the axial tenperature gradi ent
at the nelt/solid interface, Go(r). The initia
concentration (about 1 cmfromthe nelt/solid
interface) of vacancies and interstitials are
cal cul ated for two cases w kh different Go (r) : (1)
G (r) = 2.65 + 5x10-'r2 (K/'mm) and (2) 30 Go (r) =
2uRbch BEIFQCYed (HHeMesidticétimease the Buhlicdilt
bet ween vacanc

h he_ b d
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i s redf8Eq IHAWR /| ddtrs :tltg%ﬁrs W%‘?o‘?‘éﬁeh@ngmtuldenally along

quaéld b}én‘&&fallh%.yim Q;Fdrﬁ'll téilél beggf&ggt agf?&gtgogx of
avol he 1 O ers
8o PEhe - pud Ban e nas et ded! infe Sersiphe phich were
| @gcbasbduui- dinf firsiwni diees$ or Uairgsthe ab@lp_eEi gs.
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(hefBfatich tettB e P Bk PRe Bl et of
o%FCbu ﬂp@gl&uddmaht@@:mn%lvsas Thleenoheenedaandn of
'ﬂh@éﬁ%hbh@fiyf%dﬁﬁéﬁiﬁﬁé%hfﬁﬁt%“? ﬁé?s heatl ng

ring axial tenperature pro stal,

d?‘/’ﬂglt?‘ﬁéls DAY RRRFIRE 1A gFavi Eh? dﬁsﬁﬁé’dtlon of a
nki ghs ebnddntherdiase d dépdde saperbeithath.cagedlcilng

t tial oncentration, (about cm fromthe
B B e e.%ﬂ@%éwaré Fepnzapifdy

f ooobeth dmmmngIwhidhEtlmmamméecobbérpmhbukatdewa%1ther
?ﬁ?gﬁé?#ﬁ%g éﬂW§ ééﬁ?f¥%4rra?€r%gég ﬁggﬁeof&dFoFluSters
b@FhaésééﬁenﬁﬁﬁﬂrﬁﬂUﬁrstﬂvmalcmgéeCtsnwhE@e present.

After a standard defect delineating etch, the samples
were visually inspected for the presence of precipitated
impurities; those regions which were free of such
precipitated impurities corresponded to regions which
were free of agglomerated interstitial defects.,

Another set of the longitudinal sections was
subjected to a series of oxygen precipitation heat
treatments in order to cause the nucleation and growth of
new oxide clusters prior to carrier lifetime mapping.
Contrast bands in lifetime mapping were utilized in order
to determine and measure the shape of the instantaneous
melt/solid interface at various axial positions in each
ingot. Information on the shape of the melt/solid
interface was then used, as discussed further below, to
estimate the absolute value of, and the radial variation
in, the average axial temperature gradient, G,. This
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interstitial out-diffusion in case 2 results in an

overall reduction of the interstitial concentration.

This Il eads to an inprovenent in the quality of the

material since it becones easier to avoid the

formation 25 of interstitial defect clusters due to

supersaturation of intersbBtials. Exanple 8 A 700 mm
0 nmdi angter crystal] was grown wth a
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A5525R2LaL 3R BRleen And axd rarel allon fropmthese
concentration of interstitials, it is believed that
agglomeration will not occur at temperatures above about
1650°C because, given the range of interstitial
concentrations typical for Czochralski-type growth
processes, it is reasonable to assume that the system
will not become critically supersaturated with
interstitials above this temperature. Stated another

way, for concentrations of interstitials which are

. typical for Czochralski-type growth processes, it is

reasonable to assume that the system will not become
critically supersaturated, and therefore an agglomeration
event will not occur, above a temperature of about
1050¢°C.

The second assumptidn that was made to parameterize
the effect of growth conditions on the quality of single
crystal silicon is that the temperature dependence of
silicon self-interstitial diffusivity is negligible.
Stated another way, it is assumed that self-interstitials
diffuse at the same rate at all temperatures between
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points, plotted on a graph of pull rate v. axial 20
position, yielded a curve which represents, to a first
approximation, the pull rate for a 200 mmcrystal as a
function of length in the crystal puller at which the
axially symretric region is at its maxi mum w dth.

Addi tional crystals were then grown at other pul

rates 25 - and further ana%/sis of these crystals was

j hj i ricall et.erm ned. opti mum
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AoFEEREREEDatp (Y qoRet RENEOCAs LT gRSRSn astolins

fadimushef nele isld aspittbetposbbieni10ko3de the V/ |

' h f ially 55
oymreceing S BB O RERERREl pneil & datin B gncn
hot epne dﬁﬁiﬂnzﬁﬁdwmhéoa;bﬁatrpaﬂal;bfﬁg@&ﬁﬁile for a

g I . ax i tiaons
T G S a N SR AR L R

igg  fetCobant HOFHYetmay ebpr esdaulatedhe Jtapncefld be
hbged2bhathesr: rnesild tse Shpveh h@heaggﬁgkﬂa%&%emc@fér{g%s for

be .d 1ned for the growth single cryst
ér%ﬁjc%rfi i%%%gmcgu&fm?%a‘t’a?h CRBABRRAY yraferar. pdidison
ohifbemitgomeasms Uhﬁffﬁﬁwa@rﬁﬁgathFﬁ¥”§%Q@d%ﬂdﬂﬂd¥1a

' . dt 10 nepasuge ro e , .
CorpRgaR el Ahraaton IS sRAtEnoEnsedodrearapitdal
éefentsindote. Whakt i 50%0°Ceasilabanguaddy Lead @l’ﬂg_tyl'] to

i f ot C Lhapetet  _portion. In

S e p e e I OREL ATk Bl B S ko B )
symetPi OTA&d &P Mt eEEng thagradiad essemtedflEhe

vheagcyhacraniatdld adgioh shechBgohgorhi(gh is jabuy
g?%%rnatively the width of the axially symmetric region,
it was further assumed that the radius of the vacancy
dominated core, as determined by the lifetime map, is
equivalent to the point at solidification where V/G,=v/G,
critical. Stated another way, the width of the axially

symmetric region was generally assumed to be based on the

" position of the V/I boundary after cooling to room

temperature. This is pointed out because, as mentioned
above, as the ingot cools recombination of vacancies and
silicon self-interstitials may occur. When recombination
does occur, the actual position of the V/I boundary
shifts inwardly toward the central axis of the ingot. It
is this final position which is being referred to here.
To simplify the calculation of G,, the average axial
temperature gradient in the crystal at the time of
solidification, the melt/solid interface shape was
assumed to be the melting point isotherm. The crystal
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of the length of the constant dianeter portion of the
i ngot. Exanple 10 A single crystal silicon ingot have
a length of 20 about 1100 nm and a di aneter of about
150 mMmm was grown with a decreasing pull rate. The
pull rate at the shoulder of the constant dianeter
portion of the ingot was gpout 1 mmmin.. The pul
rate decreased exponentially to about 0.4 minin.
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dIUS of_ the i ngot~ erring
EGB“ L4mi Eprartds r%g’éfsafm dekmeerayune stangothehexis of the

8rpetally Cand efedufted 5B Lfnad Q%'@ér?HﬁF°5x§glaga§ltlons
ortiaon of ESH% ot followm ng a series of 0XygQ

Fet pffatd NG REIRAT €@ oRR@ cEY R YHasednemes of
phesbngeﬁ,lmammguyzm axi al position fromabout 100 mm

t 50 d a t 250 mmto, about 400 nm are
?es en S% ghaﬁrgo r}%ee e?f‘#ler%t—m t’%ﬁ%‘é er?qlb%f e¥arpatigns in G,
ﬁégEOQDSt@ﬂ:mninmaﬂuxnﬁémstimﬁﬁl cangengrafian, alh radial

POskthen omeahouts 170 gumf0; aholly 290, MLELOMI R /g

houl der, aggl onéera
bavﬁéaayf@a%%@,@aw swirface di wast @psusSedt €d be the

anetRestWabirt LH 0N dh pée?ﬁ@ﬂnté‘i‘é@i@:.émecbﬂgge from a
gggkehghggg width of the axially 10 symmetric regio

e i SwhivEIE the s it ant ik | e 4pe§h@fvacancy
dgylinated eddirirerst idr alhdledepdtal | SuBbAYE . eqBY ushifg the

éPSWEﬁdkg%ep %p%jEQQ9tdata for the above ingot, the
difference between the calculated v/G, at the position R’
and v/G, at the V/I boundary (i.e., the critical v/G,
value) provides an indication of the radial variation in
the initial interstitial concentration, as well as the
effect this has on the ability for excess interstitials
to reach a sink on the crystal surface or in the vacancy
dominated region.

For this particular data set, it appears there is no
systematic dependence of the quality of the crystal on
the radial variation in v/G,. As can be seen in Fig. 28,
the axial dependence in the ingot is minimal in this
sample. The growth conditions involved in this series of
experiments represent a fairly narrow range in the radial
variation of G,. As a result, this data set is too narrow
Lo resolve a discernable dependence of the quality (i.e.,
the presence of absence of a band of agglomerated
intrinsic point defects) on the radial variation of G, .
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In addition, in a region ranging froman axially

position from about 125 mmto about 170 nm and from

about 15 290 nmto greater than 400 mMmthere are

axially symmetric regions of interstitial dom nated
material free of agglonerated intrinsic point defects
surrounding a generally cygindrical core of vacancy

dom nated material which is also free of aggl onerated
intrink$cnpbedt 2amgdesctef dddial iygot npeepage@nwere
ARG ogra I Si n. from about. 100 mmto
abouﬁﬂgaéanﬁk Qg?ébﬁs %hl 4 éﬁ%%p% ??FCEPsgPsﬁsspt or
|%h%ﬁ@ﬁ$t@§laﬁ@ﬁpméﬁé@ednﬂnﬂ&EStitE@loﬂeﬂggtsnerabedeach

defect spesif 8RdeRamd nd 9%%&#&1&%&8%23&0” §e°f

acanc do ‘nated nmater] al
iRERdEREt ERRraL YL REr &hies sﬁampla%@mqiytbgnwedthcof the

mxﬂa&&ymsyhmESrﬁbeQe@ﬁo&QQ|Q@¥é¥f¥h dgb§Cts Fig. 29, a
gc%w%g L8 gore co%talnln ééhonerated vaca cy

3@@# & PEXRAFPETEL MHIGThSTERRT SR A PR sAYRSALYT Of the

‘Q?MVGBOLm@IfaPyeAtsethes tdaesiti esariyysé ol asi theenphRg9bslar

(Y=0N oéfglggo W%Engz #j %éﬁ%ogﬁﬁésﬁgiognflcatlon

accordance W t '
T rRPAUME h95026ne 35 @a@ﬁqyﬂdnlmhms gesplynedoby the width
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reS| denceé 8 the siliconlm at efa
BBERdenssCoTTRE e IOk inS hpss*@eereof otheashmple

|wnpﬁ1mw5hﬂarpaﬁtabomgrtﬁ%ﬂﬁéﬁﬂ&hﬁ& f&ﬁge'nﬂﬁtok&eénof the
po.greate a.transition froma region 5

agéﬁﬁﬁer at & v3§éﬁg§yp3MWWQﬂﬁ%ﬁn¥Fq%P%. %g%%ﬁrﬁﬁser the

axgrheswgedstat thati flicalgeyoidit £ fled amt St ivBEE §F0¥Nower

Qﬁﬁbi tfa@gée QFF bgg@p%ﬁdinally along the central"-

axi s n|n para o tHe direction of grow h, and
t hen fl%ﬁ%@rom thaedatat preseritorisn il th geaph, a best fit

line may be calculated which generally represents a
transition in the quality of the silicon from "good"
(i.e., defect-free) to "bad" (i.e., containing defects),
as a function of the cooling time allowed for a given
ingot diameter within this particular temperature range.
This general relationship between the width of the
axially symmetric region and the cooling rate may be
expressed in terms of the following equation:
(Rcwm:al - Rcransition) 2. = Dete*E10500c
wherein
Rerystar 18 the radius of the ingot,
Riransition 18 the radius of the axially symmetric
region at an axial position in the sample were a
transition occurs in the interstitial dominated
material from being defect-free to containing
defects, or vice versa,
D.;s is a constant, about 9.3*10* cm’sec’!, which‘
represents the average time and temperature of
interstitial diffusivity, and
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10 each about 2 mmin thickness. Using the copper
decoration techni que previously described, one set of
such I ongi tudi nal sections was then heated and
intentionally contam nated with copper, the heating
condi tions being appropriate for the dissolution of a
15 high concentration of copper interstitials.
Following this heat treatnent, the sanples were then

rapidly cogleged, ﬂ@rtﬂg M@h&hrEQHErEQef%Qp@ﬂé glven axial
inmpurities, elt utdi f sed or precipitated
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adhadl t@@p@hat @aalqrsaélfer&he Cﬁrgo—@”“n%y's%é rtﬁ]@wfﬁé&nlf
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kSR TRES) LAPRETOR TS 8T NG PG Mot e | Best jon of
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i ng QU f _a, SI cryst silicon
ngo&é sevgrghag Rﬁtﬁgn %%ﬁé?ﬁﬁﬁ%%?t%%Seﬂo%%lng
eb@pm$ neht abowvbi dénte ab@lultatS'ISe honhatmy dre hedded etin
rder to obtain an axially symmetric region having a
width about equal to the radius of an ingot having a

‘diameter of about 300 mm. It is to be noted in this

regard that, as the diameter of the ingot increases,
additional_cooling time is required due to the increase
in distance that interstitials must diffuse in order to
reach sinks at the ingot surface or the vacancy core.
Referring now to Figs. 30, 31, 32 and 33, the
effects of increased cooling time for various ingots may
be observed. Each of these figures depicts a portion of
a ingot having a nominal diameter of 200 mm, with the
cooling time from the temperature of solidification to
1050 °C progressively increasing from Fig. 30 to Fig. 33,

Referring to Fig. 30, a portion of an ingot, ranging
in axial position from about 235 mm to about 350 mm from
the shoulder, is shown. At an axial position of about
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be justified. First, in order to sinplify the
treatnment of thermal history in terns of the tine
taken to cool to a tenperature at which the

aggl oneration of interstitial 10 defects occurs, it
was assuned that about 1050C is a reasonable
approxi mation for the tenpgﬁature at which the

aggl oneration of silicon seff-interstitials occurs
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agglomerated intrinsic point defects.

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

" of the ingot. 1In addition, the length of the ingot

segment in which the width of the axially symmetric
region is about equal to the radius of the ingot is
greater than what is observed in connection with the
ingot of Fig. 32.

When viewed in combination, therefore, Figs. 30, 31,
32, and 33 demonstrate the effect of cooling time to
1050 °C upon the width and the length of the defect-free,
axially symmetric region. In general, the regions
containing agglomerated interstitial defects occurred as

a result of a continued decrease of the crystal pull rate
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tenperature of aggloneration, the essential point of
this assunption is that the details of the cooling
curve fromb5 the nelting point does not matter. The

di ffusion distance depends only on the total tine

spent cooling fromthe nelting point to about 1050C.
Usi ng the axi.al tenperaturegprofile data for each hot
zone design and the actual pull rate profile for a 10
degading atoi agotipnithiealt orrajensmlttm teoRcéhemraahow which

1400 | at [t, sho

e har 2FHo Fovdeoe Mo il ofing piNgnghgbat
199rt¥ﬁkh°5ftbﬁecﬁﬁﬁt?dnesAMﬁreamsnhhﬁngthnofothe axially
%e&@ié Ofey&bnﬂﬁé%%st *aatla?fa’eﬁf:;a%gé” {E ﬁgii' %%‘i:'eg”

a ls5 te ure of nucl eatd on raté
e st i 1R ia eF@G@§SqlQ&akﬂﬁﬁﬂcqmﬁxﬁilﬂppIaaﬁgaabnﬁable

IﬁﬁxiKméyngWthCaEe@u@ﬂfQk&édt1f¥é53h§@é§i§g co8hiRlasing
orde ern1 t he radlﬁ_ extent of the

t%%%néyg%bﬂgn 88 PZ Xelig ﬁtﬁ?% Y (‘Rygkgrcy) , or

2pratertratiosl pLit hatmr@tthtdfa]l&e ﬁl@hfﬁlé!&ﬁet Eife for

' t th di f th
T A b e b BT e o BGPERES) FRBL i o

Tﬁﬂ?c¢@¢r%EBPVabéﬁpwt@h@h@qmﬂﬂﬂakucqm¢eﬂtfatabnOﬂequlred

\mﬁl‘%g’ @(ﬂéf@@loﬁr btf' Q@Jtel@tﬁttﬁdaf@éf@ét%y SEggefll

th o ge a synmetric region was
VB Be EQ§e&°8Hth€°q&%ﬂﬁlﬁﬁmQﬁ tﬁ@mﬁwhat lower

potiridaryt @b t @anaooltha&etf@rreoormgrféﬂoeiz@i@1&1 ThterkBitial
BT ATRAT | 53247 Shdddndiead dhid Lits | mephmun axtally
saimime e stegiah. 69. wawhmnaﬂbréNmﬁbﬂg§@nbbﬁaihgnt@Qes

i 60y BB PO Sl S PR on
|qboq% QhﬁscﬁnﬁaFlpﬁsrﬁﬂ@nnﬁﬁ(ﬂonsmaxﬂmwmrekealéy to
ejetoss B108 S GRLe ed MG (B, 08, PLELIGRy on
SEASBELDI T F?Eit|o S Ph§QﬁHtqéxﬂhQiR#ﬁ@#$%c§0§hapeaXlally
wgsmmetric region over large lengths of the ingot becomes
easier.

Referring again to Fig. 33, over an axial position
ranging from about 665 mm to greater than 730 mm from the
shoulder of crystal, a region of vacancy dominated
material free of agglomerated defects is present in which
the width of the region is equal to the radius of the
ingot. _

As can be seen from the above data, by means of
controlling the cooling rate, the concentration of self-
interstitials may be suppressed by allowing more time for
interstitials to diffuse to regions where they may be
annihilated. As a result, the formation of agglomerated
interstitial defects is prevented within significant
portion of the single crystal silicon ingot.

In view of the above, it will be seen that the
several objects of the invention are achieved.



assunmed to be the nelting point isotherm The crystal
60 surface tenperatures were calculated using finite
el enent nodeling (FEA) techniques and the details of
the hot zone design. The entire tenperature field
within the crystal, and therefore Go, was deduced by
sol ving Laplace's 5 equation with the proper boundary
conditions, nanely, the n®bting point along the
melt/solid interface and the FEA results for the
surf ab8 Verperst ghangeshFaidal e smadet hn theysbave
- ddtep6e5Hl bhsOBhd PR Rls M WAUSHEAXE hePRSE LHENEroh 2k
one of ghg |ngots prepared and eval uated are™10
FrRRENPEITPR RRYensiony, stk ededs tRaE phat matter
catai nedr iat thes aboved ddwe i dhebé Niht8kpreted as

' Lti.al concentratiaon, .a radial osition R,
%%‘?E?%&g%&&"ﬁ thhélnf ey B S $FRSS/ 1 boundary
and. the crystal surface, was assuned to be the 15
furthest ,point a silicon self-interstitial can be from
a sink in the ingot, whether that sink be in the
vacancy dom nated region or on the crystal surface.
By using the growth rate and the G data for the
above ingot, the difference between the cal cul at ed
v/Go at the position R 20 and v/ Go at the V/I
boundary (i.e., the critical v/IG value) provides an
indication of the radial variationin the initia
interstitial concentration, as well as the effect
this has on the ability for excess interstitials to
reach a sink on the crystal surface or in the vacancy
25 dom nated region. For this particular data set, it
appears there is no systematic dependence of the
gquality of the crystal on the radial variation in

v/ Ga. As can be seen in Fig. 28, the axial dependence
inthe ingot is mnimal in this 30 sanple. The growth
conditions involved in this series of experinents
represent a fairly narrow range in the radia
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variation of Go. As a result, this data set is too
narrow to resolve a discernable dependence of the
quality (i.e., the presence of absence of a band of
aggl onerated 35 intrinsic point defects) on the radial
variation of Go. 61 As noted, sanples of each ingot
prepared were eval uated Qg vari ous axial positions
for the present or absence of aggl onerated

titial defects. For each axial position
exam ned, a correlation may be nmade 5 between the
quality of the sanple and the wwdth of the axially
symmetric region. Referring nowto Fig. 29, a graph
may bé.prapaiedlehicelystaipaiescbhewgtialri tympirilsifg two
given sanple to the tine the sanple, at that

pafbirgubaheralilg ppealliednsuv@scakl ovad be ¢BQknf HeMche
solidification 10 to about 10.50C. As expected, this

?&@EB §U9ﬁ§c€h%fmkgkhwaggrtQﬁdaéhélB¥h§¥”g?tgh9cﬁeg'o@he

e. , Rcrystal - Rvacancy) has a strong ependence
h ng<h 0 t he hi s
Bk %ﬁ???kke%e@%ﬁéf?&hgé PABaTcpLshe ﬁs‘twaeat fne
tric region tq increase, .the
Brehie éggs&% BN EF R kb Rger” O FrHLTBROPETAL. coPoepGagAng the
oI|n g are needed. Based on the data present
ERoPF & BRX SUbEsFefit a FPRET Ay BéScaPRaFaled
whi ch enerall resents a transition in the
B&EPER léﬂlﬁﬁet§|Fgéoﬁrpnénﬁngobéckzeugia§E§, a radius
defect-free) to "bad" (i.e., containing defects), as
extendihgnfobmt hbecoehimglt bmesaktbownkbd tarcamfievential
i ngot dianeter within this particular tenperature

edoge. a shirfageneagerr ehathoashppibekwene rbgivwndbl ehe
the axially symetric region and the cooling rate may

harad séewséaeehbnf&%hESSQEfBB@ EHH'Q“HEQtSHH@t'Bn, of at
(Rcrystal - Rtransition) - 050C wheréin

Renyet aboli® EBemﬁéngétggstggagﬂggh’from the front surface

and toward the central plane, and a bulk layer which
comprises a second region of the wafer between the central
plane and the first region, the wafer being characterized
in that:

the wafer comprises a first axially symmetric region
in which vacancies are the predominant intrinsic point
defect and which is substantially free of agglomerated
vacancy intrinsic point defects wherein the first axially
gymmetric region comprises the central axis or has a width

of at least about 15 mm; and,



10

15

20

Rtransition is the radius of the axially symmetric 30
region at an axial position in the sanple were a
transition occurs in the interstitial dom nated

material from being defect-free to containing

defects, or vice versa, Dgg Is a constant, about
9.3*10-4 cnRsec"1l, which 5 represents the aver age

time and tenperature of interstitial diffusivity, and

62 t 16Be wWafekecompripequpr agnfopifpemgiceageakirattion of
position of the sanple to cool fromsolidification to
aboancies0@itRetber cogcagairationFpd. v@ganctiegannbéhe bulk
seen that, for 5 a given ingot dianmeter, a cooling
legernbyihg gstameiredhannthedebntenebbaibnanfaxiaglahyies in
symetric region of a desired dianeter. For exanple,

tae anrifaget 1Ageirnguah €hak®t epodf sabgetbtidg e @dfer to
axially symretric region having a w dth about equa

Bﬁ BR?gEﬁdb¥§c951EQ%1bﬁgﬁkaga¥régtggn9btQ'ﬁ%ﬂuﬁgg zone is
bet ween the tenperature range of about 1410C an

1050 rti r f g IS
R T T b
Simlar for _an_ ngot. havi aget er of bo t 200
RRECARLLRFaF| §¥8y FRENErC 1PobPen CHal TaYETwhdE

15 equal to the radius of the_ingot nmay be obtalned i f
sepﬁéeﬁrﬁﬁﬂgntéépébﬁteﬁagﬁangéuﬁgﬁ§spartp€@Fap1§a¢@ﬁoﬁn the
of the ingot is allowed to cool for about 25 to about
bglknhdawver beingi priimasily flgpehdansxupapoltheedoncentration
cooling tines of about 65 to about 75 hours may be
péedtadangi28.order to obtain an axially synmetric

region having a w dth about equal to the radius of an

i ngot having a dianmeter of about 300 mm It is to be

noted in this regard that, as the dianmeter of the

Ingotzlnc&EQS@afera@@Ibugaal1 @0ekkend bl Mgl 8t 844LE €Sbout
due to the increase

20 micrometers.

3. The wafer of claim 1 wherein D; is at least about

50 micrometers.

4. The wafer of claim 1 wherein D; is between about

30 and about 100 micrometers.

5. The wafer of claim 1 wherein the width of the
first axially symmetric region is at least about 15% of the

radius.
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25 in distance that interstitials must diffuse in

order to reach sinks at the ingot surface

or the

vacancy core. Referring nowto Figs. 30, 31, 32 and
33, the effects of increased cooling tinme for various
ingots may be observed. Egch of these figures depicts

a portion of 30 a ingot

ving a nom nal dianeter of

200 mMm with the coolinq time fromthe tenperature of

sol i dffi cabeowater o650
fromFig. 30 to Fig. 33. Referring to Fig.

porstonxshldy isygoetniangiegdoni nsaricallepesi bibontf 26f% of the

eipr dgivbesiedal Fhenwidadi of the

30, a

about 235 mmto about 350 mm from 35 the shoul der, is
shdwas .At an axial position of about 63 255 mm the

width of the axially symmetric region free

of

agglonerated interstitial defects is at a maxi num
which is about 45%of the radius of the ingot. Beyond
this posi rh@nyagels d3FSichiaqh 9CEHEShHOFHR %@@kﬂﬂcﬁhkﬁg

is free 5 of such defects, to a region in which suc

gef et 8x358 %Xp%@g&@twigg% [15R9 1 30W, § (Eisg-

portion o ng 1 n axial poOsSI

F% uta5o% of the

ion fro

abggtSBOS mmto about 460 mmfromthe shoulder, is
SRGWIS*At an axial position of 10 about 360 mm the
width of the axially symmetric region free of

aggl onerated interstitial defects is at a

maxi nmum

whi ch is about 65% of the radius of the ingot. 15
Beyond -t hisepwaiferorf gdpdat 1f wheueiontbegitassti agdally
Referring nowto Fig. 32, a portion of an about275
synmgetyicnregiah pgosptiieesf thm akatitral4@xdm.t o mm from
the shoulder, is shown. At an axial position of about

210 mm the width of the axially symetric

region

9. The wafer of claim 1 wherein the width of the

first axially symmetric region is equal to

the radius of the wafer.

10. The wafer of claim 1 wherein the
concentration of carbon which is less than

5 x 10'® atoms/cm?.

11. The wafer of claim 1 wherein the
concentration of carbon which is less than

atoms/cm?.

the length of

wafer has a

about

wafer has a

about 1 x 10%
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is about equal to the radius of the ingot; that is, a
small portion of the ingot within this range is free
of 20 agglonerated intrinsic point defects. Referring
now to Fig. 33, a portion of an ingot, ranging in
axi al position fromabout 600 mmto about 730 nm from
t he shoul der, is shown. of%r an axi al position

rangi n from about 640 nmto about 665 mm the width
of Zslghe akepaWpfexypffecipdy dgiwbRrednabbet wedeal hes a
the radius of the ingot. In addition, the I ength of
thacengobtisegméntarbonhivbhchhéswildsb ohahhebaxital |y
symetric region is about equal to the radius of the
Bngotl ofs atgmestces® .t han what is observed in connection
with the 30 ingot of Fig. 32. Wen viewed in

conbi nation, therefore, Figs. 30, 31, 32, and 33
denonstrate the effect of cooling time to 1050 C upon

the whdth apd RQ?eEeBQtEIQEP Hﬂ@&@&h Ehgegon@éh@Ea¥1on of

symetric region. In genera e reglons
d t I f ect
GavkaLess ?ggkegséza il LB L3, AR e
ul | fn initial interstitia

8n88ﬁt&5??oﬁf Fch TV | APYEE 1t 7 F Rhickh® oPaxigum

coollng time of that ortlon of the crystal. A
r

gPesER PEﬁ@PhOSflpﬁéra%95n99 oxyaABt LN thegdenugedngone .
a larger range of pull rates 5 (i.e., initial
interstitial concentration) are available for the
grow h of such defect-free material. Increasing the

cool i hg.ti Theawhdes Ddr cilaiti al Whelbbghethe concentration of
concentration of interstitials, as sufficient time for

&adeabtdtﬁameapgeny1heta@ha@maae50z§n@paesa Hhetifce equal
concentration below the critical concentration

Egduheera1 kobragg! pgeLat{ O Of b e §44 to Al e BLk Smum
Stated in other words, tor [onger cooling tines,

E%ﬁﬂl& p .(an herefo i gher
Inltla? ?ers?ft#ékeEgEﬁﬁlgﬁ nggeg $hotfe Beguged zone.

15. The wafer of claim 1 wherein the concentration of
interstitial oxygen in the denuded zone at a distance equal
to one-half of D; is at least about 90% of the maximum

concentration of interstitial oxygen in the denuded zone.

16. The wafer of claim 1 wherein the concentration of
interstitial oxygen in the denuded zone at a distance equal
to one-half of D; is at least about 95% of the maximum

concentration of interstitial oxygen in the denuded zone.
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concentrations) will still lead to the maxi num axially
15 symmetric region 60. Therefore, |onger cooling
times lead to an increase in the allowable pull rate
variation about the condition required for maxi mum
axially symmretric region gianeter and ease the
restrictions on process Z ntrol. As a result, the

process for an aﬁlall 20 symmetric_regi on_over |arge
| engt hé - of TPRe"PAGEt CbedBifeSeeasdi € 21RET &PrilfgWhgaPAN D:
to Fig. 33, over an axial position ranging from about

GGSaHHﬂ?GSEré§P§F 2RamizBomgierBom t he shoul der of
crystal, a region of vacancy dom nated . 25 nmateri al

free of agglonerated defects is present in which the
width of the region is equal to the radius of the

i ngot 18As The hefseebff aay bhe asbovkadabalzbyesmpaBsedh D,
controlling the cooling rate, the concentration of

sel bt 3Bakbt epslitt b3l miBBYmBEesYpPPr essed by al | ow ng
nore tinme for interstitials to diffuse to regions

where they nmay be annihilated. As a result, the
formation of agglomerated interstitial defects is
prevented h gnifLcan partion, of [

crystg S|¥h%ohgfgk ?k §9|§n$|§§/o a%WS %Eo%g wﬁFreln D.
mﬁl% Ee seen, t hat several _objects of the

FRVBREVER aPrROYE NP v@Hd 88915 $8Pi BhSTeRahgES coul d be
made in the above conpositions and processes Wit hout
departing fromthe scope of the invention, it is
intended that all matter contained in the above
descr?pti oh Béngheerpretad aslicoh| wsfeat compandingt two
inalimting sense. 66 CLAIM5S 1. A single crystal
saforongenéealtypnparsilbglt sorfaeessr, ogenefawhych is a front
paral l el surfaces, one of which is the

surface of the wafer and the other of which is a back

surface of the wafer, a central plane between the front and
back surfaces, a circumferential edge joining the front and
back surfaces, a central axis generally perpendicular to
the front and back surfaces, a radius extending from the
central axis to the circumferential edge, a front surface
layer which comprises the region of the wafer between the
front surface and a distance, D;, of at least about 10
micrometers measured from the front surface and toward the
central plane, and a bulk layer which comprises a region of
the wafer between the front surface layer and the central

plane, the wafer being characterized in that:
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5 front surface of the wafer and the other of which is

the back surface of the wafer, a central plane

between the front and back surfaces, a

circunferential edge joining the front and back

surfaces, a central axis gnerally per pendi cul ar to

the front and back surfac a radius 10 extendi ng
fromthe central axis to the circunferential edge, a

sur f abBe| HPERTWAPBRTEEREr PBe3*fhé 1V egYBMesEichaediaherin
between the front surface and a distance, D1, of at

whash uBeanciesnrreokbeepsedomsursd fnominkéct point defect
surface and toward the central plane, and a bul k
kagewhwhhcha&5noodptieseabaesaggidmeegied ahti-haswal @pint
between the central plane and the first region, the
defectbentgachataetebhzedmiknokthab? dé@b&@@ﬁ%nl wherein the
conprises a first axially symetric region n whi ch

¥aganci,egyameche Pe i pgLC .
defectyang mhFCh%IS gggglg%??gFFEE Fgé ogﬂggé o%gﬁgtgg has

4OGIAEN LB BLNBLASROLBbUECT S ok, MIBRE D LOe 1Lt

axl a synne ric reglon conprlses fhe central aX|s

or haghe w of | east _ab é .the

waf er COHD?ISgscngSﬁsﬁﬁIPOPﬁFCBH& ﬂFWaFPBﬁeBFratlon of
vacanci es MAIE the concentrati on of vacancies in
BﬁFRncFﬁﬁewlﬁ ﬁgmGFéﬂP@rcPﬁﬁﬁnFﬁ@téeﬁcéﬁFPEFﬁoHeGWeen the
vacancies_in the surface |ayer such that, on

seBFEeti Rg2PReaRAT ERet §r9NENSBXFIERA bayerput £i yaChaaY
treatment, a denuded zone is forned in the surface
bayeenandtéwyggnnekaéﬁyrsnoreapiagiprbmtEheafeohorsadface
in the bulk layer with the concentration of the

oxygka ekgsbarsfomapigamprbateatiratliba bubkgkageally
being primarily dependant upon the concentration 10

abcvasaanagesron. thberwgish ok ﬁbﬂhﬂh% EBEE@hErQ%1b§ @Bwards
| east about 20 microneters. 15 3. The wafer of claim1

wher ebAcPA1i p1ahe! 6285 eggualfference in the concentration

of vacancies in the front surface layer and the bulk layer
being such that a thermal treatment at a temperature in
excess of 750 EC, is capable of forming in the wafer a
denuded zone in the front 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.

21. The wafer of claim 20 wherein D; is at least

about 20 micrometers.
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50 microneters. 4. The wafer of claim1l wherein D1 is
bet ween about 30 and about 100 micrometers. 20 5. The
wafer of claim1l wherein the width of the first
axially symmetric region is at |east about 15% of the
radius. 68 6. The mafe;n2§ claim1l wherein the wdth
of the first axially sy ric region is at |east
about 25% of the radius. 5 7. The wafer of claim1l
wherein the wwdth of the first axially symretric
region is at |east about 50% of the radius. 8. The
waf er 28f clapnwafenepéi alehm 2Prwheagial Dy 19 at least
symretric region conprises the central axis. 9. The
abber 6P wharomételserein the width of the first
axially symmetric region is equal to the | ength of

the radius of the wafer. 15 10. The wafer of claiml
wherein the wafer has a concentration of carbon which

is | ess. thepeahgebyrSox é@$§m3§@n§ﬁ€9§1n29 11y dd€ween about

wafer of claim1 wherein the wafer has a
sgnagal sﬁahenleb me?emﬁ’ekgh I's less than about 1 x

at ons he wafer of claim1l
wherei n the mafer has a concentrati on of carbon which
is Iess than about 5 x 1015 atons/cnB. 5 13 The
waf er iﬁ|n11 mherﬁln the concentration

i nt er 8 rt| eo¥eheh Ph £heilBeAfd¥hersne Eheawaﬁ§baﬁéethe

equal  to one-half of Dl is at |east about 75% of the
ARkA L symmetric region is at least about 15% of the

radius.

25. The wafer of claim 20 wherein the width of the
axially symmetric region is at least about 25% of the

radius.

26. The wafer of claim 20 wherein the width of the
axially symmetric region is at least about 50% of the

radius.

27. The wafer of claim 20 wherein the axially

symmetric region comprises the central axis.
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concentration of interstitial oxygen in the denuded
zone. 10 14. The wafer of claim1l wherein the
concentration of interstitial oxygen in the denuded
zone at a distance equal to one-half of Dl is at

| east about 85% of the naégnun1concentration of
interstitial oxygen in thé’denuded zone. 15 15. The
waf er of claim 1l wherein_the concentration of

i nt er $8i-ti APeo¥pden PA cheimeRddwberenn sheawdidsbapfethe
equal to one-half of D1 is at |east about 90% of the
AEXRMUEh symuenriat regioh et emseilt tal thbreydength blfiethe
denuded zone. 20 16. The wafer of claim 1l wherein the
raddéent oét tha @hfernterstitial oxygen in the denuded
zone at a distance equal to one-half of Dl is at

| east about 95% of the maxi mnum concentration of
interstitial oxygen in the denuded zone. 70 17. The

waf er 26f amyeopgrat Bkabﬂ§1$3266wﬁ@§ég NtBe Wif8% has a
| east about 20 m croneters e er of any one

egnegamtlénlgfwfgggsbﬂ Rhi2 '§sa&egsa§;1 bogt 20

m croneters waf er o SR of?cl aPnEt13- 16
ghx g tom et;ween about 30 and about 100
n1cro 0™20. A single crystal silicon wafer

conpr|5|ng tmo maj or, generally parallel surfaces,

one of which is a front surface of the wafer and the
other of which is a back surface of the wafer, a
centraf-pl 3he wafasenftpéalmoR? wherepnckheuwhfezshas a
circunferential edge joining the front and 15 back
santentsataovenfr abrhenswhenkr abl Yeper phadi abbar ttox 103
the front and back surfaces, a radius extending from
bbems¢emtral axis to the circunferential edge, a front
surface |layer which conprises the region of the wafer
between the front surface and a distance, DI, of at

| east about 10 20 microneters nmeasured fromthe front
Surfagg anﬁhEOWQEgrth cfggkrﬁb ?hggﬁinagﬂeawgfl§ has a
| ayer  whi ch conprrses a reglon 0 € waf er "between

Egﬁc ggt§8£f8%ecar 85 % hh QggaLhan about

5 x 10® atoms/cm®.

32. The wafer of claim 20 wherein the concentration
of interstitial oxygen in the denuded zone at a distance
equal to one-half of D; is at least about 85% of the
maximum concentration of interstitial oxygen in the denuded

zone.,

33. The wafer of claim 20 wherein the concentration

of interstitial oxygen in the denuded zone at a distance
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pl ane, the wafer being characterized in that: 71 the
waf er conprises an axially symmetric region in which
vacanci es are the predom nant intrinsic point defect
and whi ch has no detectable agglonerated intrinsic
point defects at a detection limt of 103 defects/cnB
wherein the 5 axially sy tric region conprises the
central axis or_has a width of at |east about 15 mm
gAdalt he REFchadénpii Besia abnlemst orlpeebnleht pht toa
of vacancies with a maxi mum concentration | ocated
bexwemen rthocessmetabnpbinénardsthtiflonkygenf aoethe denuded
| ayer, the vacancy 10 concentration generally
zooeeasi ng fromthe front surface to the region of
maxi mum concentration and generally decreasing from
the regi on of maxi mum concentration towards the
central plane with the difference in the concentration

of vaganci gpel RakBe HEOBLAIH HACGHEaKeh R LRACRUKation
| ayer 15 being such that a thermal treatnent at a

t
%%”EﬁE@EHE?tL 8?%?@% qgegﬁgeggnuhgdpagggggfog distance

A1
ormnglnt e wa Zone I n ront

surface | ayer.,a oxygen, clusters . or, precipitates, in
BHLRIOES PHELRARY, B BRoi ARt Par PonBEr o Pk e onen
clusters or precipitates i,n the bulk_|layer 20 being
BRI SORERBEUART Ofpot (HECEahibhALaPKSHSE in the denuded
vacanci es. 21. The wafer of claim?20 wherein D1 is at
Feast about 20 microneters. 72 22. The wafer of claim
20 wherein D1 is at | east about 50 microneters. 5 23.
The wafer of claim?20 wherein D1 is between about 30
and about 100 mcroneters. 24. The wafer of claim20
wher eBB .t hghwi dtlfeaf ofhelaaw akl wheysi®t Di Cigegt ODebst
at | east about 15% of the 10 radi us.

about 50 micrometers.

36. The wafer of claim 33 wherein D, is between about

30 and about 100 micrometers.

37. The wafer of claim 34 wherein D; is between about

30 and about 100 micrometers.

38. A single crystal silicon wafer comprising two
major, generally parallel surfacesgs, one of which is a front
surface of the wafer and the other of which is a back
surface of the wafer, a central plane between the front and

back surfaces, a circumferential edge joining the front and
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25. The wafer of claim 20 wherein the width of the
axially symmetric region is at |east about 25% of the
radius. 15 26. The wafer of claim 20 wherein the width
of the axially symetric region is at |east about 50%
of the radius. 20 27. The_wafer of claim?20 wherein

the axially symetric reg?%n conprises the centra

axis. 73 28. The wafer of claim?20 wherein the width
bpckheunfpakpPy 3yARBErRE PE§BoEensradlyl peoprehdicudgrhto
of the radius of the wafer. 5 29. The wafer of claim
ebewheortnahiebagkesulfiscas, cencedinat eghenflingr fienpm the
which is less than about 5 x 1016 atons/cnB. 30. The
waheradf arliai fo260hehed ecomtbeenaf el bBagea al®ront surface
concentration of carbon which is | ess than about 1 x

18)6r *hoBB/ eBBpridds the wagepnobrctabmyd@ewhekelvBen the
the wafer has a concentration of carbon which is | ess

Ebaﬂtageykaéé an¥ 2045s3LARE/ cAB. <§€d?JT$%aE%€%b&E

claim 20 wherein the concentfation interstitia

h d e t anc
i@%‘égﬁ prosh"fisdB0rdR 2P RE FrOhE: BT prg 4Ra hdvams) the
con %railon of rstitial he denuded
SEREPRLTBILRR, Ok bACK! ShrEnfr B AKRE, uhAchhGonBRiEes a
concentration of interstitial oxygen in the denuded
#BRENGt T8I94PEt RhckheawaighabetweBRet hal Pagk perfacgtand a

| east about 90% of the maxi mum concentration of
fdagepseet Pal @kydfenleast baehubednigepeeters as measured

from the back surface and toward the central plane, and a
bulk layer which comprises a third region of the wafer
between the front surface layer and the back surface layer,
the wafer being characterized in that:

the wafer comprises a first axially symmetric region
in which vacancies are the predominant intrinsic point
defect and which has no detectable agglomerated intrinsic
point defects at a detection limit of 10°® defects/cm®
wherein the first axially symmetric region comprises the
central axis or has a width of at least about 15 mm; and,

the wafer comprises a non-uniform vacancy
concentration profile having two regions of maximum
concentration, wherein a first region of maximum
concentration is located between the front surface layer

and the central plane and a second region of maximum
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5 34. The wafer of claim?20 wherein the concentration

of interstitial oxygen in the denuded zone at a

di stance equal to one-half of D1 is at |east about

95% of the naxinun1concentration of interstitia

oxygen in the denuded gg 10 35. The wafer of claim
32 wherein D1 is at |east "about 50 m croneters. 36.

The wafer of claim33 wherein D1 is between about 15
3ONGRELEBELPN106 APEREREL BRSWesn, tiihebagkepsusfackailayer and
34 wherein D1 is between about 30 and about 100

ther oapteas. p26n88. tAesivaghacyr gohaknsirbicdon weherally
conprising two nmjor, generally parallel surfaces,
dnerehswhicliros ahkr debntssutkfaeeotot bRewsfiesramndgibe of
other of which is a back surface of the wafer, a

fertifmah pbasenbetween, tgenékamuyaaecraagknguE&@&e%heaflrst
circunferential edge joining the front and 75 back

sHEfaaest Aakenlimakboftkbnt9apehal LY e&gp@eﬁtgahabggae,

the front and back surfaces, a radius extendlng rom
r C u [ g nt
é%ﬁ?gégﬂ‘f Sbg?émﬁﬁ%ﬂ £26u: Eé%sg%ﬁéﬁﬁég?%ﬁﬁ%f% n$heapgFond
t ween ont surfgce and a di.stance, iﬂ of at
Fsgé?naB u?afbmuW18P8ﬁ§P FatigBe PR BPBRFEN Yfﬁ&ﬁF6381n9
urface and toward the central plane, a back surface
%59@rtﬁﬁ| ﬁceﬁﬁpFFQé@naofs@éﬁhHuWeEPBﬁeﬁFrﬁﬁéoﬂaF@rthe back

bet ween the back surface and a distance D2, of at
peasacaband theniléfsmseare an hbasapadenorhEonnt hé
back surface and toward the central plane, and a bulk
vagancahschncohpr fsestastnfader #gyen, othehbawkf eurface
between the front surface | ayer and the back surface
Layet, ahBiethafptulkelageehBeasgesiigRdthatt Bathekhal

waf er conprises a first axially symetric region 15
tPedPhER: VEEARCLERRLELLOE PROAQRLOBNLE HED! BY' ¢aPRhfbbie
of forming in the wafer a denuded zone in the front surface
layer and in the back surface layer and oxygen clusters or
precipitates in the bulk zone, with the concentration of

the oxygen clusters or precipitates in the bulk layer being

primarily dependant upon the concentration of vacancies.

39. The wafer of claim 38 wherein D; is at least
about

20 micrometers.

40. The wafer of claim 38 wherein D; is at least

about 50 micrometers.
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def ect and whi ch has no detectabl e aggl oner at ed
intrinsic point defects at a detection limt of 103
defect S/ICMB wherein the first axially symetric
region conprises the central axis or has a width of
at | east about 15 mm and,_ 20 the wafer conprises a
non-uni f or m vacancy conc%ﬁtration profile having two
regi ons of maxi mum concentration, wherein a first
regi on of maxi num concentration is |ocated between
the front surface layer and the central plane and a
seconfilr egTba wafmuxphuml@ém d8nwhareani Bn is beveted about
bet ween the back surface |layer and the central plane,
Bbeamdcahoytcbnoentcabmenegeneral |y increasing from
the front surface to the first region of maxi mum
concentration, generally decreasing fromthe first 5
regi on of maxi mum concentration to the central plane,

generably THEr GagkRdok’ eMniResgepheabin! 8R8 thEHeoF the
second region of maxi mum concentration, and generally

asik r Cc . Legl gn_ of '
e roEnir ok COTPRE-ZECRROLERYLANE 1HREL ™BbLe 258 of che
EQd QS concentration of 10 vacancies in the front
surfacé | ayer, the back surface |layer, and the bulk
| ayer being such that a thermal treatnent at a
tenperature in excess of 750 EC is capable of formng
in the wafer a denuded zone in the front surface
| ayer43nd TRet WefBHcREIsGlpaBe3Payberrans bhegeadth of the
clusters or 15 precipitates in the bulk zone, with the
Edneenexaal oy eymmehzioxygghonl dst etsleaspr ebbpkt abésof the
in the bulk layer being primarily dependant upon the
caddéantrati on of vacancies. 39. The wafer of claim 38
wherein D, is at |east 20 about 20 m croneters. 40.
The wafer of claim38 wherein D, is at |east about 50
m croneters. 77

44. The wafer of claim 38 wherein the width of the
first axially symmetric region is at least about 50% of the

radius.

45. The wafer of claim 38 wherein the first axially

symmetric region comprises the central axis.

46. The wafer of claim 38 wherein the width of the
first axially symmetric region is equal to the length of

the radius of the wafer.
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41. The wafer of claim 38 wherein D1 is between about
30 and about 100 microneters. 5 42. The wafer of claim
38 wherein the width of the first axially symretric
region is at |east about 15% of the radius. 43. The
waf er of claim 38 wherein_the width of the 10 first
axially symmetric region 7% at |east about 25% of the
radi us. 44. The wafer of claim38 wherein the w dth of
the #7rsThaxvafey sfnmepimc3Pewhoneis bhel wvaderabset a
50% of the 15 radius. 45. The wafer of claim 38
eherenhrahaohi pst caxbahl yhsghmeer lesseghan ebopti ses
the central axis. 20 46. The wafer of claim38 wherein
she wotht ltoing/een®.first axially symretric region is
equal to the length of the radius of the wafer. 78
47. The wafer of claim38 wherein the wafer has a
concentration of carbon which is | ess than about 5 x

1016 ap0mBrREBwaPe?#Bor TREaVRI 88 QhetbahM- B8 WHELS RAas a
the wafer has a concentration of carbon which is |ess

&pge?nﬁgg%an O%O{lgrbahocmlgﬁnﬁs 1%23 Eﬁsn D&MEOT x 10%

erern e waf er conce ration of
rboz which is less than about 5 x 1015 at ons/cnB.

ThE™waf er of clai m 38 wherein the concentration
of interstitial oxygen in the denuded zone at a
di stance 15 equal to one-half of Dl is at |east about
85% of the maxi mum concentration of interstitia
oxygef®i n The Wehsdeaf zdpem 38 whhseinf theowakai hr88a
wherein the concentration 20 of interstitial oxygen
tantantdehiudedofonerhbnawlishanseless than about

5 x 10 atoms/cm’.

50. The wafer of claim 38 wherein the concentration
of interstitial oxygen in the denuded zone at a distance
equal to one-half of D; is at least about 85% of the
maximum concentration of interstitial oxygen in the denuded

zone.

51. The wafer of claim 38 wherein the concentration
of interstitial oxygen in the denuded zone at a distance
equal to one-half of D; is at least about 90% of the
maximum concentration of interstitial oxygen in the denuded

zone.
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equal to one-half of Dl is at |east about 90% of the

maxi mum concentration of interstitial oxygen in the
denuded zone. 79 52. The wafer of claim38 wherein

the concentration of interstitial oxygen in the

denuded zone at a distance  equal to one-half of D1 is

at | east about 95% of the’® maxi mum concentration of
interstitial oxygen in the denuded 5 zone. 53. The

waf er59f cTaenwabenheferhainefaVepresnpkhsegongentration
second axially symretric region in which silicon self-
pht enberstatial oosyger fhethbeedenudedt zoner ahsacdpstahce
10 defect and which has no detectabl e aggl oner at ed

egtal nsbconpohal fdefep] siditatn Hefactdputd i96% of 08
defects/cnB. 54. The wafer of claim43 wherein the

Mak ehu@OaPhEERErat $86088 axtarbyisyaTebki§ehedhOBhENdenuded
which silicon self- 15 interstitial atons are the

prgdom nant intrinsic point defect and which has no
detectabl e aggl onerated intrinsic point defects at a
detection |imt of 103 defects/cnB. 55. The wafer of
clai m 44 wherein the wafer conprises a second axially
synne iC ion siligcon s 20 interstitia

2 omesare FRE BREREAPRaR a%ﬂtﬁﬁnﬁbsrﬁaPthedaﬁésr Sorices
whi ch has no detectable aggl onerated intrinsic nt
BcPEEPEdapX A2 4LV cBYTBRL LA FOBLON0BNGWRAERSFE BCOBOSELE -
56. The wafer of claim45 wherein the wafer conprises
anterehdt 4zl aptgmeyanet the pegdominanthishrinbicopoint
self- interstitial atons are the predom nant intrinsic
gefatt defleehiahdhahi nb Hasenvadiéeayghbbreaggbdnenatedsic
intrinsic 5 point defects at a detection limt of 103
geinct aef€MBs 5¥. aThHetwateonol ikl ai 8 500 Whes £ d: Hloh™,

at | east about 20 mcroneters. 10 58. The wafer of
claimb51l wherein D1 is at |east

54. The wafer of claim 43 wherein the wafer comprises
a second axially symmetric region in Yhich silicon self-
interstitial atoms are the predominant intrinsic point
defect and which has no detectable agglomerated intrinsic
point defects at a detection limit of 10*® defects/cm®.

55. The wafer of claim 44 wherein the wafer comprises
a second axially symmetric region in which silicon self-
interstitial atoms are the predominant intrinsic point
defect and which has no detectable agglomerated intrinsic

point defects at a detection limit of 10*® defects/cm’.
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about 20 mcrometers. 59. The wafer of claim51
wherein D1 i s between about 30 and about 100

m croneters. 15 60. The wafer of claim52 wherein D1
is at | east about 50 m croneters.

80
56. The wafer of claim 45 wherein the wafer comprises
a second axially symmetric region in which silicon self-
interstitial atoms are the predominant intrinsic point
defect and which has no detectable agglomerated intrinsic

point defects at a detection limit of 10°® defects/cm®.

57. The wafer of claim 50 wherein D; is at least

about 20 micrometers.

58. The wafer of claim 51 wherein D; is at least

about 20 micrometers.

59. The wafer of claim 51 wherein D; is between about

30 and about 100 micrometers.

60. The wafer of claim 52 wherein D; is at least

about 50 micrometers.



