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HI STORY OF VACANCY- DOM NATED, SINGLE CRYSTAL SILICON BACKGROUND OF THE

| NVENTI ONwlgloghgr al , the present invention relates to thge T%S%E,qj%

a single crystal si licon i ngot according to the Czochral ski J
particular, the invention relates to a process for controlling the ther*:
history of the ingot as it is grown, by neans of a heater positioned bel ow
the silicon nelt, in order to limt {he density and size of vacancy rel ated
aggl onerat ed defects in, and inprove the gate oxide integrity of, wafers
obt ai ned theref@@ﬁhEgbn bg %bﬁ&k@LLi RERMWE Sthth starting material

I n nost processeémf'. f %9 % &fectronic
conmponents, is connnﬁ?y prepared by e so ca ral ski ("Cz")

met hod. In this nmethod, polycrystalline S|I|con ("ponS|I|con") i s charged
to a crucible and nelted a seed crystal is brought into contact with the
nol t en S|I|con and a S|ngle crystal Is grown by slow extraction. After

f or mat | GRGCROAE: 10K MVENTIONhe di ameter of the crystal is enlarged by
decreasing t ral I e I reu i | the desired
or target di rai?rl\a%grlélrgﬁreac %Q%F%étcy% rtrlc%l %F%te%ogy S S he crystal

whi ch hasrepaaqipraxiofhtae sl nedes tcatis tdilagEldedns inbert gardawrd:imgcctm tolel i ng
the pull_rate and the nelt tenperature mhlle conpensat.i ng for the

decr easiGRPSHEIAL Sy SlethQdhr e PEFEF 16 1a%ke FROWLRVEISAOSs USdR RS 5Pe 3t he
cruci bl ey i &iptd sd cqintwltl%gs eheC e 38 §HRRY, diramBiern Joe gduged

gradual I'y to form an end-cone.
is grown, by means of a heater positioned below the silicon

melt, in order to limit the density and size of vacancy-
related agglomerated defects in, and improve the gate oxide
integrity of, wafers obtained therefrom.

Single crystal silicon, which is the starting material in
most processes for the fabrication of semiconductor electronic
components, is commonly prepared by the so-called Czochralski
("Cz") method. 1In this method, polycrystalline silicon
("polysilicon") is charged to a crucible and melted, a seed
crystal is brought into contact with the molten silicon and a
single crystal is grown by slow extraction. After formation
of a neck is complete, the diameter of the crystal is enlarged
by decreasing the pulling rate and/or the melt temperature
until the desired or target diameter is reached. The
cylindrical main body of the crystal which has an
approximately constant diameter is then grown by controlling
the pull rate and the melt temperature while compensating for
the decreasing melt level. Near the end of the growth process
but before the crucible is emptied of molten silicon, the
crystal diameter is reduced gradually to form an end-cone.
Typically, the end-cone is formed by increasing the crystal

pull rate and heat supplied to the crucible. When the
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Typically, the end-cone is forned by increasing the crystal pull rate and
heat supplied to the crucible. Wen the WO 02/ -t~-~~( 2 PCT/USO 1/~~
180 di ame{gyoQs¢Res small enough, the crystal is then Seﬁ@ﬁﬁkﬁﬁ 186 romthe
melt. In recent years, it has been recogni zed that a nunmber o o(e* ects in
single crystal silicon formin the growh chanber as the ingot cools from
the tenperature of solidification. Mdre specifically, as the ingot cools
intrinsic point defects, such as cryxstal lattice vacancies or silicon
selfinterstitials, remain soluble in the silicon lattice until sone

t hr esholdd atestear Alddcindss smaadhesdoubdl, owhehicelysthe gisvenetorepat-bakon of
intrinsic point defects becones critically supersaturated. Upon cooling to
bel ow t Br®m FHEsMsiF t enperature, a reactl on or aggloneration event occurs,
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t hat t heletfyoe sarich |smrtg]aal cxgtadt saﬂllmmffotrheia phentrdetac thambetrhe

silicon are deternlned the ingot cools fromt ngérature of

sol i di f ASati¥n A% © SUETPR 6 &R STEHEEar réogrl £dF3ER]R -about
1300C (imote sRRY %1%%%%? %%5Qﬁe0ﬁn@%&ekooigaﬁnh§unhﬂé F%E%taagfbatg'a
concentration of these defects are control | ed by the ratio v/ Go, where v is

t he growmwhv@$oéwwwtaijhaﬁb;cﬁh@aQWQﬁa@@ gxi st lieopesaldre gradient over
this te r r. nge. CIfI for .incr i ng lLues of vLCGo, a
TR&' %s"ftl ANge. . n%l I.bl%t é‘r Stt e 5i %on lfaga‘ligr OW{lﬁlth

transition fromdecrdasi Yy St i & dom na

i Ncr easigagley tHaGREIY] I adnprired ugeowish reeeiiesl, el o &hiithC&hevalivenof v/ Go
whi ch, based upon currently avail abl e |nfornat|on appears to be_about
2. 1x10- GO@@Eﬂ§¥a§Mﬂﬂ19Q3%Q§n&@ﬁéﬁn@@é@tuﬁ&éﬁcéén@ﬁFP8ﬁ§ Crikpredlthe axia

el AL Saed < SRS ecuiL WS PESLAGM R Uef e
such as tgmpsirtatnates andeaatliong orabeggilwimetiatdbheetventy pccassywel | as hot
zone Coq:feis rta:'Ltnlgor:]'Lsn (t\g]el Ctjgarirarfaftlgg'l G.%) ’ag%:ﬁ%merated intrinsic point
defects.
It has previously been reported (see, e.g.,
PCT/US98/07365 and PCT/US98/07304) that the type and initial
concentration of these point defects in the silicon are
determined as the ingot cools from the temperature of
golidification (i.e., about 1410°C) to a temperature greater
than about 1300°C (i.e., about 1325°C, 1350°C or more). 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 average axial temperature gradient over this
temperature range. Specifically, for increasing values of
v/G,, a transition from decreasingly self-interstitial
dominated growth to increasingly vacancy dominated growth
occurs near a critical value of v/G, which, based upon
currently available information, appears to be about
2.1x107° cm?/sK, where G, is determined under conditions in which
the axial temperature gradient is constant within the

temperature range defined above. Accordingly, process




be controlled to determ ne whether the intrinsic point defects within the
single crystal silicon will be predom nantly vacancies (where v/Go is
general | ywey@alge than the critical value) or self-intersppgiiRhSshshere
v/Go is generally less than the critical value). Defects associated with

t he aggl oneration of crystal lattice vacancies, or vacancy intrinsic point
defects, include such observable crystal defects as D-detects, Flow Pattern
Defects (FPDs), Gate Oxide Integrity (GO) Defects, Crystal Oiginated
Particle (COP) Defects, and Crystal Oiginated Light Point Defects (LPDs),
as wel | certaln S k e d [ '
scatterFﬁgdgggﬁﬁ%QUgéé?sgghgggwg%aﬁﬁ?%g§+ﬁf§§§€%H§1%%%%cg%§ﬁgﬁga{%§€§
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def ects, whi ch th | ei, f t f ti f Oxidati | pd d
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high tegpendhUtBe NHEhGRECHrPXY HENs RUDEORNBL AL B E@I?iéééﬁiﬁantbﬁ presence of
excess vacancies. Once the "aggl onmeration threshold" is reached, intrinsic
poi nt d¥teansiesguftihasevid@nciegenssmlilyugreatdr filse itheowyh tilsalsi | i con

above 5"GBEBRACF nPEbhot ALPRRGBF At P o (SR PG i ey el S~

bel ow whhehcknti&asi ¢apaent defects are no |onger nobile for comercially
practical periods of tinme. Wiile the ingot remains above this tenperature,
vacancy i nt rPaseetpoprfasogéreedswiEhf the aggbomprakiorr9Etarystitice to
sites “@SE€i889b88258589 V85308¥a98§e££§rfﬁ§iéJé&@ﬂﬁ @%EéSEé; fﬁéf&&éve'y
causing a given aggl onerated defect"to grow 1 n Size. ese aggl onerat ed
WO 021. suckhColsPCTALBO1tryaBalddeétettsi desDedsbattal | plaet Pastdsmnks, "

attracting and ° | | ect.i ng vacancy | ntrinsi | n ef ects, becapuse of the
nor e fa@SESBFE éﬁggﬁb's%QFg BFlaﬁe¥ﬁ§§$5hE¥a59§ﬂ$ éﬁgﬁ?ﬁ?ngF§¥SY%

formati @Bi?@ﬂaﬁéaePQEtiégg 66bpNBE 8L eds Y agRACY(8E 8Tt Sragengdepgndent upon
the thermal history, and nore speC|f|caI1{ the cooling rate or residence

ti me, obight Reintbbedfeotst EPPaYyot asveell hesregyeash cbapeeat@f dsulkom the
"aggl oneratipn threshol.d’' to_the_"diffusivi resho " r_ex , high
cooling%F§F8g8t9§F85V?9 PgsﬂF r?ﬁeghéléﬁ i%%%téaﬁﬁ?ghgg?%ﬁfgu?gr %Eéﬁnber

of aggl agepahafdiMgcaneyagdetientcrvbeopyased rehesivetynsingl in diameter.
Such conditions are favorable, for exanple, with respect to |ight point

def ect s TPMPEERPREt ausBl PRt BEREEBH &P r EePtORBNeE aBXERES YIPREEIES F€Quire
that theeeumperploavalidateehs hicfeeessy oflnaPeyle Pofll GE ORI hdk fbge not
exceed about 20 tor a 200 rm di ameter wafer. However, such conditions are
unf avor dbbecbdcataekihgy Faypieal(DySyi el dithvaier sphaulagedntbabtcckps abl e gate

oxi de integnit¥ éﬁgﬂ%é hat is .SHCE condi%ions refulf Ln_wafers having a
| ar ge nBADEFCBEAENEF SggFﬁnﬁrQig SURREY - OEF cRPSIRAFEH RBEET vel y i npact
gate oxihdglbhbedtet ¥athNyeeAt baStheShovsEneei 8 eatesSstypLsatiysresult in
the ingot having a few very | arge aggl onerated vacancy defects, thus

yi el di ng waf ensewrbr 3eseperapration Vhresbobdt iLfareaphad) elRPDiReLE|ts.
Th | Lat it  at ed f g
compl 1 BPEE,LSEEREt L fulh, fof RACREL BLECCAERAGK, (6T BEEELBECIMONIRT,

uni f or mcheegiltheohebgtbiek thelomgnabotlye #Hsmperasulte, of hehst zpoanion

concentration of defects.in the wafers ob aiged Lrgg1such an ingot will not
be the S&mEhe 1REPE YEMPAPFOACPNCt ReSHEPRTsTOhEENA F?Bﬁ?ﬁaEVﬁgle i ngot

creates (grabl egs vk rLB99e YN OnRA%RCPAOPOSBELED WRIBME AHEIna0E! paBhet ed
defects subsequent to their formation. re WO 02/ ~~~~6 5

defects are no longer mobile for commercially practical

periods of time. While the ingot remains above this

temperature, vacancy intrinsic point defects diffuse through

the crystal lattice to sites where agglomerated vacancy

defects are already present, effectively causing a given

agglomerated defect to grow in size. These agglomerated




PCT/LISO 1~-t 180 specifically, sone have proposed to anni hilate defects
formed ' in ingots grown at a high pull rate by heat treating the silicon
in wafer {@sfRr exanple, Fusegawa et al. propose grow pgril81/$i1ké con
ingot at a growth rate in excess of 0.8 mmmnute, and heat treating the
wafers which are sliced fromthe ingot at a tenperature in the range of
1150C to 1280C to annihilate the defects which formduring the crystal
growt h process. (See, e.g., EuropeangPatent Application 503,816 Al) Such
heat treatnments have been shown to reduce the defect density in a thin

20l o A dihe MAILTe MIHAGE) ARy Bl AIeHEROC L ERNG s needed wi ||
vary dependi ng upon, anong ot hér things, the concentration and |ocation of
t he def extlsedidmevarphney suchimedic tpodatneetifecisy deceessf wifl yhei ssol ve
aggl oner at edf/acan defects in waf erfsljf_?%t ain.frompaqrtions of the ingot

S &t

near th&FEed-TEHéE CREE In ShEE RIS LPPSHA5d T ons of the ingot

near the endaQRf-aideA9,dithd ¥ork=R3dmManm@itnze et auked Jdgadneraeky havi ng
a nonuni form axial thefmal history, and thus a nonuniform axi al

concent radane fdefgyitemarst ¢¢pgeidsstts upady tilvee $heirinedr dyits Yerys e @8idng

condi ti a .result ch waf-er_h trea nt re.uneco ical .
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gi ven ingot nmay be due, for _exanple, to conditiogns associated with _growh
of the naIFIRRFagiaméhgisghedhd & tthe gt usiyiéYs sdgieshead-y, &Pfen the
co0li NG dxahip 1! Hildfh ISP Yl Bfnildaq 1 gRLa ARy sandrhe gadpone
differs fromthat the earlier portion of “the main body given that,

t ypi cal liyngdt )hesiicey leedizegep ommbers dihagedsed rateer vasanicyt Idefast20% of t he
mai n body has been grown, _and (i.i.) ,side heater paower and growth rate are
WO 02/ . WAL E%§ Igé%a%éo(f/l.yl. it Suri %&Cér Yife #&fd- cone

of the imgirabide for@adRip1ROVES i tis ot Ity nngheased riulddFedte growt h
of the main body because, as the level of the nelt decreases, additional
heat is {#&8uvd berassgerinteomadece aimeyisl yeinvfest wesaithpioald ynol t en
state; i i de ater were | i cal ly i.ncr ol.ysi |l i con
melt i s&%g%ﬂleﬁ%eﬁ}a% é:rtﬂllgéu&lgmfb%at 0|ft Sglgté%s/%r?gt%crt }éé'- $6 iegcl%f% %%0;%% Hlbg)élrzee.o”aﬂ de
heat er poOwrorand/Orsigeonidt lexiceeal @doy Al I acreasarh diiramageendcone
grow h to cause a decrease in ingot dianmeter. Accordingl % a need, continues

to exi stWaHY -a HaEyer wilch seasliddonssigrg andayerabls becasendgbeYio be
grown i - IR, f I t h rel:ati vely
i 1 or m e e e o R Bt o b
obt ai nednttleaxh teelGAIRD rdali rieve rsushambrivd e ot measmlE@OLiny alajfess SUMVARY

OF THE I NVENTI ON.Anong the several jects and features of t present
Cvent i GIET b T SRS O B AR ARG Ee SETE hi story
of a si Rglielrmesialivelh cmpaidtggtatet R iIcOMin%legit i@y .SUTh @dpeaess wherein
the cooling rate of the main body of the_ingot is relatively uniform the

provi si 6B RIHNY grRdess SYRicadily mesuditdd théleed ngokehaofinghé Efyst al

pul l er j ]%}éb { RN R t]:%[}{ rnatively JdiSy; ,
during gr o% hﬁsao tﬁdeq@r}ai nljl%&gpgln% t Cg gﬁﬁé}ot%é g:hh;éh ie%gi&%%cﬁﬁg%g%ovi si on
of such wal it GresspusidreeiGO T ve loesc énttr atnaarcepit abndg! WPEr ateediltacancy def ects
in the ingot |s relatively uniformover the Ien%tgh of . the mai n bady; the °

provi si on of %l?lﬂé’ ?sss\ﬂ?é‘ﬂé:leﬁi t"‘!"ré"_hsi%lﬂn %ﬁdaa@%yafiggeﬁé‘lsect s
in the sidd GQheHdt Wafufyl ifcit@dq 'Hf{ HY MHa28d t Halte thie0\Hod19hPratec b ra
process wherein the gate WO 02/ ~~.1.1 7 PCT/US01/~~180

the ingot is often not uniform over the length of the main

body. As a result, the size and concentration of defects in

the wafers obtained from such an ingot will not be the same.

This variation in the wafers obtained from a single ingot

creates problems for those who have proposed to remove such

agglomerated defects subsequent to their formation. More



oxide integrity of the silicon, in wafer form is inproved; the provision
of such a process which does not require high tenperature heat treatnents,
or does nQ&)J?gukre differing high tenperature heat treatggqhgougﬁsghe
silicon in wafer form the provision of such a process which does not
materially reduce throughput by reducing the pull rate during the growth of
the main body of the ingot; and, the provision of such a process wherein
the axial tenmperature gradient of the ingot in the crystal puller, at

t enper at ures above which intrinsic point defects remain nobile, is

control lspdcti@ 1BV e swiiel ARt probokka thewmmlihhlater Ye@kcthersrnagbody of
the ingot. Briefly, therefore, the Rresent invention is directed to a

pr ocess ifod NgeREr GOWEg athe PRERNRMLAI s85ey byt haasi fyraténgsthe silicon
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i'nsutcessi on,
seed- cogepwangatheb@dy;c@md1agoendtcangroWhﬁ phoecsn eappsisses ooatro|||ng
(i) a growth veIOC|ty, (i1i)) an_ average axjal _tenperature gradient
Go, dur "y MR &wo@@ﬁ B@thérﬁéFﬁnﬂoﬁyeoWaﬁﬁéslWB&Fh09€P ?HécF@ng§P§ture

range frem gobidi GirCat i-am %Qa%u&@”&ﬁréhﬁr§aﬁbenef|@i%oﬁbanaQQ§b o&3gg C
such that vacancies are the predomnant intrinsic point defect in the main

body, amgnhbdflatg the diefiectis wbichddpirmgdgraonshtbe Chvshaﬂngbowyhmnth a
side heater and a ,hottom heater, wherei.n,po S lied t heat er
oo one B oheRl  hE e BhroPBan e Par PRt hpR RR AL BEn SonaBaR AT e The
present guavehbhen threatwehiter hdiveesked kBoanpitecesguter tpeeparsng a Slngle
crystal silicon ingot, fromwhich nay be obtained single crystal silicon

waf ers HewsA§Ygdhe okhda ieodgni neavatheswafest snEdaccaholowsvaraniheever

than abg ggcéglczgﬁ%lntcro~~~ge§eﬁcaéy$he g&ng%géﬁglh?gpbOROIQ&OH?feCts.In

excess O ns 1 n srze Crys si'ficonrngot is
pul | ed bthﬁrathuhg@ontMEItomneaceatdancanddﬂbchbeoﬁzochthbsﬁeféetbod,
wherein_the growh vel ocity, and an average axi al erat ur radi ent,
Go. " ar o FEnERGNEAE 40 TBROWER CBYEERE Re e Bur SEAPEUL AN gBL PPONYS

sol i di T ;6@ beRrk@ed %%%B%E@IH%%eQEann|%é%eEQaBbﬁggHIf%§%5p€it§8ﬁ5 bRat
vacanci eS are the predom nant intrinsic point defect therein. The ingot

has, i ntdecdagsitomeax §@ed5@@decoaenbuh body inamdfemsenltedned Themprocess
IS charac rlzed in rin f th mai,n b and end-cone, side
heat er 88 g ggc éﬁéégggﬁdnﬁ pg fro cﬁggg§Pgﬁg’silicon mel t
usi ng ata@btqughaam%&s @bh%ﬁn@b]@@b& aﬁgotgahuweﬁgoé hbaupi€sent aknwent i on
will be in part apparent and in part pointed out hereinafter. BRIEF

DESCRI PHHeNMer hHEtomaw RES Ehys RANPEURiEEETi /AR Ly FERCERLEAEIBBNPEl SKi
growt h gy Eﬂk%%te%.?% %q%nc ghagegndgg?%ggggn%rgge%ggpgresent i nvention

Fig. 1B 'S a section vi ew’'o portion o chra growt h appar at us,
wher ei ncandétamplse ofAsaa" $b®w1¢oobuchOWafemehbatdepeatmdntsherapparatus 40

gener al | esen |ng ation, ields/reflec aters which may
be exteH%&& %P EhF%§ﬁ§W85F agge89e TEREME ? E&Fthe rate at

whi ch t@%tah@wungfb&Qth&@@h%hngFmgtazlu& am@u@abléBOWheg the demsiby of
flom1pattern ( defects, as well as axial variations therein, throughout t he

mai n bo#gfeirst-he i ngot, grown in a conventional manner using an "open" type

hot zone conf QU e k3 hs) 295280, SHRWLNG LG pAYSE BUDPLLed to 2

si de heater él'enen er elfemne fun tion WO
02/ - 4~~due,9 for example, to conditions associated with growth of the

main body or the end-cone of the ingot. More specifically,
often the cooling rate for the latter portion of the main body
and the end-cone differs from that of the earlier portion of
the main body given that, typically, (i) side heater power is
increased after as little as 20% of the main body has been

grown, and (ii) side heater power and growth rate are



PCT/USA /-t. 1180 of body |length, when pulling a single crystal silicon
ingot in the conventional manner and in accordance wth one enbodi nent of
the procegg @fi4idde present invention. Fig. 4 is a graph shew igyifig density
of flow pattern defects and axial variations in density throughout the nmain
body of the ingot, grown in accordance with one enbodi nent of the present
process using a "slow cool" hot zone, configured by neans common in the
art. Fig. 5is a graph of the axial éenperature profile of the second half
of a single crystal silicon ingot (i.e., froman axial position of about
400 mm Lo BaeSHTRY 8 AchRE ok Shadbshanee thamibectel bigurface in
"slow cool " type CzoChral ski growth apparatus having half the full
t hi cknedeadfersipdweimdel aypdealliyy ingrieasadgdaphingf thiee gaowah pénpbeat ure

gradlent aof the second half of .a taI li.con _ingot (i.e., from
oGt Ak e EREoE Rt 2R 6 s SInot LhEOTRI SECRePHReri on of
t enper atadd dikral" fledt Geoheddude 15z egded! ski egsowkh tmpmwalh@mnng hal f

the full thickness of side insulation. Fig. 7 is aag h of the axial
terrper atr@r'@lmsoflﬂ @ FgPlira sEased KhaRt . asidggheageysPamesi EBcon i ngot

.e., I b
anctl Onyg:g'c%q.l 153l %%' H[%% ¢ atb%‘i 199 B (@1 209Ut d%gﬁ,e@t%ipg% a

stance rom he ne ace rn a "slow
Czochr alesitiurgr anat ampdb@rwmdmwm@oaéﬂeﬁyebght‘ﬁxebhe frul Isl'dbi bkaeesg of
si de insul ation. F| : raph of the axi al nper radi nt of the
second RQWETRIL/ anéflrQ &?y © ?lrlq EERICAGSY (LFlc@eaSF%o xFHF~posi tion

of abOUtco‘}%ongBwtt %%O‘étau%'éo a”@ec%%a%ef ‘iﬂCEh%BtOfiﬂaﬁ%E%&@ture |n a "slow
cool " type CZochr al ski [ ~~~~6 10 PCT/ USOL/-4.1180 growt h apparat us

havi ng sevenﬁe:icgmdhslgtlb’e faulneetdhlqﬂnrtes:sle@f toi exiists float iao@ropegg 9a

t hr ough ?_1!‘6 tograrrsé]\é/g‘ere a gl 01;_1 waft ers vere anal yzed for the
presencé” 51'?#3 55’ it S SEYFP cé°'§' §PRaBbdl 0.2 mcrBR (? axis =
hunber @fuckfiemsy Xhaxi $he maibebody WEDshen m»g@essla@f aahellt@xa1f crons);
Figs. 9a through 9e representl ng consecutive 20% portions of the ingots

f rom whiveH far wdeama lndris tetvai fedherme ls hagteryr Foak eihaﬂoiléénwﬁﬁ§§ﬁs

havi ng e r a 0 59 t a bottom
heat er &ZD rr%)(ﬁq O%\‘X’A?ﬁllnr(:l"ddY"‘%ll?'lL sF%%%heg?)er& é(a@%e&lg?cl nc%?@agle ?’faﬁg‘ 'he growt h
process.GAa g&lub@sa thr ough 10e are histograns wherein a nurrber of wafers
were anal yzed for the presence of Light point defects in excess of about
0.2 mcrons (Y axis = nunber of wafers; X axis = nunber of LPDs in excess
of aboutgifinvr? GFORGNE TRvESrTIHRR through 10e representing consecutive 20%
portions of the ingots fromwhich the wafers were obtai ned, the single
crystal sili downongdies Sl%mrm;} @é@mog:ro‘omdu featugeswofosle mreseose

conf | 9ur gl an herel . BaAmfsatsr J 5 Rl ¢hand:Al A 168 RhePover

remai ns
thermal history of a 31ngle crystal silicon ingot; the

provision of such a process wherein the cooling rate of the
main body of the ingot is relatively uniform; the provision of
such a process wherein the side heater power of the crystal
puller remains substantially constant, or alternatively is
decreased, during growth of the main body and the end-cone of
the ingot; the provision of such a process wherein the
concentration of agglomerated vacancy defects in the ingot is
relatively uniform over the length of the main body; the
provision of such a process wherein the size of such
agglomerated defects in the silicon, in wafer form, is

minimized; the provision of such a process wherein the gate



Fig. 11 is a graph show ng the power supplied to a side heater elenment and
a bottom heater elenent, both as a function of body |ength, when pulling a

single cr“§h§h4ﬁgllcon |ngot in the conventional manner apgrhiRofsfqesdance
Wi th a secon odi nent of the process of the present invention, erein

si de heater power is decreased. Fig. 12 is a graph show ng gate oxide
integrity test results (Y-axis expressed as "% pass”) as a function of
ingot length, for ingots prepared wi4h (/) and without (1) the use of a
bott om heat er. WO 02/-4.1.1G 11 PCT/USC&/~ 1180 Fig. 13 is a graph

show ng, %Led‘i F %é; flfO\é’hQagt_L?r on, 48heGhEANEo2HK, 2l 5V géglvgas in
density i roug he mai n bo thei'ngot, grown’in acc ance with a
second ehho@tﬁwnblam.tﬁespchcasgrobeshewhnehedbesnmentrequlwbehegh si de

heat er gomer i S decreased, u5|n% a "slow cool” hot zone, gﬁ%i ured by
means c&ABRYET e Eeegimenks . tﬁFo\éYﬁﬁ51£18taF§quL§F08F *wHerein a
nunber  gf; gm&%@e\&%&%x@n%&%e@rfeg&mtemspr%&e@% af 1k ght :LROWHEeQref ects in
excess of "about 0.2 mcrons (Y axis = number of wafers; X axis = number of

LPDs |nf@xwes§h@fpabwuﬁl@n20ﬁi§u@hsﬁ PFD@§SslwblPhrdegﬁ nes representlng
consecut| € 20 orti .C h f .qht ai ned,
CONSECULE AUNLOLLLANS Bhtlerb0gols e bLg 0T elpovale,

een gr own SI OwW COO hot

zone cor&hbgg&wi:@n ofhemnei maanb@bagnblfe@h@r 1h§;olﬁ9t aﬁdp| eynedpebdisida heater
power is increased during the growmh process. Figs. 15a through 15e are
hi st ogr &¥s SKiFdY & PrecaRthehesrifatdes axdrd éﬁﬁp?féHuFGr9Fﬁ§16F§s@§ce of

l'i ght peiat C iR e f 0. X Sah of
waf ers; I%a;(ngfi: h&hﬁ%ﬁ %?%%gﬁg %Hg%%ésgzo %E%3?t8¥§gn?%Fgﬁs$ﬂggﬁgs 15a
through1h5€1mepxegmnkﬂn@e¢@n$scmEnmanZQMbpdeLiosscohtrbéledgcbs from whi ch
the wafers were ohtained, the single crystal silic ngot s _havi.n een
gr own |ﬁWQBQﬂQMHQﬁﬁﬂrmHE%:O&OﬁgecghFFaﬁﬁa%lgﬁoﬁﬁepglﬁhg 38990 3292
enploye@h@nqagdge heat er power is decreased during the growth process.

I

DETAI LED DES PTI ON OF THE PREFERRED EMBCDI MENTS The process of the
present i nveRmietladydincagdons! y theopresenthd nveass oby lahPénersegr 6@ a

e o ST B Tl RECty e PR & e Lot

wher ei n dyestiahiersiali Jors tiewptl susuibst @Iifdvmlhl y thei saliceveingbe being
pulled from a silicon melt in accordance with the Czochralski
method, the ingot having, in succession, a seed-cone, a main
body, and an end-cone. The process comprises controlling (i)
a growth velocity, v, and (ii) an average axial temperature
gradient, G,, during the growth of the main body of the ingot
over the temperature range from solidification to a
temperature of no less than about 1325 °C, such that vacancies
are the predominant intrinsic point defect in the main body,
and heating the silicon melt during growth of the main body
with a side heater and a bottom heater, wherein power supplied
to the side heater decreases during growth of a portion of the
main body and the end-cone.

The present invention is further directed to a process

for preparing a single crystal silicon ingot, from which may
be obtained single crystal silicon wafers having gate oxide

integrity values of at least about 50% and fewer than about 20



WO 02/ ~~~. 1G 12 PCT/1JSOLL~~180 entire main body of the ingot. Mre
specifically, in accordance with the present process, growmh conditions are
control | egosdaingkhat any given segment of the main body obcihReing@f cools
at about the sane rate as the other segnents of the main body, between the
aggl oneration threshold tenperature and the diffusivity threshold
tenperature. Stated another way, growth conditions are controlled such that
any given segnment resides between tlge aggloneration threshold tenperature
and the diffusivity threshold tenperature for about the sane period of tinme
as the atihet pegrentisrettbhenmaikbebBadys AB6Qtdbngl MickBngORhr 38ket O
conventional processes, wherein side heater power is increased during
growt h dhet RéngdenchygfadngitheoBndngeohelst RBliRdr fiPmhpsedtycen na&tmain
body of .the | i p e N ro . at a in part,
by o1 ¢ ndP rroRdenbY: bS5 ERESBheaTERt | BaCRRhy nhbElnuf chftavty

subst antiedbky toonst aahdl evebyveebgéi bxidecteapepgripe gownaieftpps] ekt the
side heater, while heat is sug lied froma bottom heater (i.e., a heater
posi ti oREBtWPLARH EHE1RLy STV guPVéF BBfoRFPRBTREHERDFBRERI EFCROI ds t he

siliconggrlik)eibhehidnt @obg BekSdrhPalet B8 her MussubAbANLLAlEY1§0BSEANt, " as
used herein in reference to side heater power, 1s to be understood to nean
a vari asiieh thatyphcahkyekbeszyet hhn pbedomifggntsdntoineyenp@isht RééEect ng now
to Figs.,.l A and 15 t here ig shown an exanFIe of a crystal pu|||ﬂ$
appar at U884t abPE £89°%r Bafiei Af BUGCRPEFSRY - RyFESST FigRE: cfyBea! silicon
i ngot 1Qodgﬂ_aﬁaoéﬁaéﬁa—ﬁbhé.th@h@rﬁﬁéaésﬁr9§e§ﬁar§B€e9E¥éaainp@hétPg_
apparatus 8 includes a fused silica crucible 12 surrounded by a graphite
suscept Uring grawebneii fBe WRihi hodywandrerdofedest aifAeebsaterepPoyedwt h
chanber ;16 o et _defjni o 1- 4 ~. [USOL /.t~
180 a s5%cg?gggagégrgggnggggmégrthTﬁggoFréggggéoﬁcgﬂ?s%g1%§0§5ﬁ%| le 12
hol ds ausiihgcanbsektbml8eapeavi ded by addi ng solid polycrystalline silicon
or "polysilicon" (not shownéa to the crucible 12. The polysilicon is nelted
h

by heat provPHBEYf PBALSLS 8BnESRENTSR Rhi EResBFE8EREsIRRBRE ORI Wikl 12.

Opti onakky 4 kN yshl 1 f h k the use of a
botton1Egaggrségtng?%Fgﬂgdaggnzgt%Q?Eeﬁ§¥ﬂggglgﬁ%2$é§%%ﬂggagyheater 20 is
surrounded by insulation 24 to help retain the heat within the crucible. A
puIIingEE g;t gé i pRarti nocrystalline silicon seed 28 at
its |lo 9 DEsC f “gﬂgﬂgﬁgglicon melt 18. General ly speaking,
during the Czeghrahskk RreeessonbievseRUoer ystabcRBal Skl oypegehuntil it
contacts the surface of the nolten silicon 18 and begins to nelt. After

t her nal apgarptBfatRoACCPREaparl WwahghwineemBodimenenof ethacpedsent wi t hdr aw
the seed 28 frgmthe silicon nmelt 18. As the seed 28 is wi thdrawn, the
liquid SiTircon fromthe nelt 18 solidifies around the seed in a single
crystal abovEighelBelis. aThecpiubhahgvikeweoR6afpontivbnchft heCtocheal skhgl e
crystal is E sgended i S rehracted fron1thf ne%t 18 as it rf; tes, formng a
subst anff8F 5 DPRRaFEEal YAEER I PeBRofi*aBPL1 A PEr 2t hELABCROBE " tHREi ARt i s
fOfUEd,i%hae?ﬂbte&aQ@hb5a€ﬁ§£§€§§d4oC@@ﬁékﬂﬂl?“r@?%é@éHEYn laring region 32
typically referred to as e seedcone of the 1ngot. Wen the desired

di anet einpylabiannedhigidar hieédpareoranar aheatensrvhied maypbevi de a

subst ant | al | opt.lau | j o] 34 he | ngot. 10. .

wi Te ¢ RECPRisECEEoRCBHE, RTTuHREnbCh T b e B o Bt A0SR LA OIS shart
3& i n ardteeati ehiohpohet growahgoingbe togds) . As the ingot 10 grows, the
crucible 12 is raised within the growh chanber 16 to_conpensate for the
depl etion of Fifie &i LFPcBnInePR $BOWLRJIatREnIeNELBHaPl gf QW hPRFERERs, WD
02/ ~~~. CT, . 448 Lee -S4 L Ypi incr ed after
- about 205 L5 a600T B0a o RS Rel Koboay Zh o R P b CEr gt L ERR %G Sun,
dependi mginpbadyhefpahei copat, cgnbwguint & oponvehhiohal waneevfusimwgcryst al

pul l et, _in_ordey L9 na'n%ain the t ngerature of the nelt and ensure the
¥Brt b h

"nelt reftli n8PFR a sPEPE. CHERILRR HeTt is nearly depl eted, again in
a conventionalgprecessa Ghephi RoWEAYCEnHOPETert BEpPULEAr Bbea Sigboth are

increased in order to decrease the dianeter of the ingot 10, resulting in

the for heREen 8{cBSBBnPpBdl 2chattonehgatenetenpat di hakhersod fleceh@n cone

38 is sufficiently small, generally 2 mmto 4 mm detachnent of the ingot

10 fromthe silicon nelt 18 can be




acconpl i shed wi thout causing dislocations to spread to the main body 34 of
the ingot. The ingot 10 is then renoved fromthe growh chanber 14 and
processedwignfQid silicon wafers. Typically, each solidifipeq,ggygef of the
growing ingot coals as it is lifted up and away fromthe silicon nelt and
crucible, resulting in a tenperature gradi ent over the length of the main
body of the ingot. For exanple, a solidified segnent of the main body just
above the nmelt/solid interface has atenperature of about 1400C, while
typically each previously solidified segnment of the ingot has a
COVreSpQﬁﬁhﬁ&Hﬁ/ﬂéﬂg%%”t%%E%T%hqﬂ%ngT%esﬁ5%@bS%r %Q%@es&@i@%h?ﬁn%@%hiﬁeghﬁnt
has cool ed, however, is at least in part & function of (i) pull “rate, (ii)
heat er Fédwseccavgntiionp lhoennere agelsiign acicosdantRe wptbs enee eabddpwsinti on of ,
for exagglﬁ reflectors, rg%iation hi,el ds .pur ge tubes, light pipes, and
seconda &5t EFOCCEF1 e iEFaPIy 58D d8YFPEASPn Fig. 1B at 40). More

speci fi cal | yFiid. i4s 10 abgragheghbhahgmihke deagh tgobifdiflibed paegarat

typically has a tenperature which is |ower than the subsequent segnent,
growt h @éf@qti%@@daﬁéf/l@rl Nerig§AengedngAengayYbEhEergheMtedheomaifer this
result. l=~~ P [~ of : gQing, the
P e LR L I e R L S i e
convent ithrea lprgrseees prooedist veing( ia eslow poodéshothevaen ot iheatdpower

i ncreases during the grogwth_of the main body and both side heater power and

pul I rat® HEHHEEES l@uF#ﬁga§ﬁd-cone growth) in a standard "open” hot

zone design (Eice. 5 ashal Aape BRViLRG BKiHEl kemperacui-adbairaeshirek s,

purge tubes, light pipes,” or secondary heaters present above the nelt to

sl ow t heacams! dtalfhiodh at Isd nglewicmy sitadots lddglod énpeitwi(de ecoolfyommavdi at el y

after being.detached fram_the, silicon nelt mﬁllgﬁgngg fron1a§out 1400C near
a

t he tipa@F EFHF N EL & 9€§S4Pﬁaﬁm568hﬁb?§6c “9hgssge PESH&?H

Furt her 3% @i shagdeO fidag iher erged spidifiadeatia. andsthe cegat kepeni ng det ached
fromthe nelt, which causes the ingot to | ose the benefit of conductive

heat re&&ofdFalifdkierawth REPRFRteS pewiinen hef It keemivd Lb &y chkhregReofngot
and t he d-;GR8 |, more quickly than the earlier portion of the main
body. Re g%?fhg ngﬁﬁggLFig. 2, the difference in the cooling rate for

vari ous segnetics @ itsha igygath odn tafdf ectialanenpestheret hirags.enthefsi ze and

di stribution of I rated defects, such as.flow pattern defects or |ight
poi nt dé%@bﬁf?xﬁgg%agﬁgcﬁeﬁg§ﬁ ql%?ﬁsﬁégtéeééSPHe}SSP%tR&'&efegfoﬂensity
at an akrla3esi i taforARFUL IR Mo Wil &@LU ¥eol® 8ise dansidlsy a0f previously
solidified and cool ed segnents). Stated another way, due to the differences

in cool ifvpatditas dfptesmpratureofira® oW, copd | &Per CFectitgd s t he i ngot
will typ iel f er.s, .havi i.gher. ngk ti f |l &I ght poi nt
def ectsgg%%%‘%%v?bﬁgaﬁ%g\rﬁ% %‘eaf elE%s,h%gir?(; t’?%usfuggo?gﬁcgaé%\?aﬁﬁéldgs conpared to
waf ers dhisailzad dir.omthe earlier portion of the ingot. As previously noted,
hot zone design nsy,affect the rate at which a grow ng ingat _cools within

the crystal pHd-ey dfd2 graph &fuitihe efdadi FeMRRIAGILEr PERLIR OFf GEfects
that wouled ondMd12/ofl 520 nt LEHMBRY i 1i1L8Q ahBekwi(3eche ebbai aed. For
exanple, 1n contrast to the expected results froma standard "open” hot
zone, ifaxtikd avmicicesofi leddutr ddds mugice apertoBFOd MM as' sl duncsabiing” hot
zone (i.e.,..a_hot zaqne havying reflectors, .radi atiaon shiel,d urge tubes,
| i ght piogeéi,lsste%&?d Ff"hg‘é'[ee?r?l%orsugf%&%ilﬁlaﬁ oﬁlltoﬁle?'@ ?L }P@gent above the
melt, agAafAaldi igrdwid esbpatraftiud hbRrialy 4@vehno eliiglithst e Emper at ure
profile of the growi ng ingot, typically to about 2C/ mm about 1C/ nm or
| ess), tHEaknases 9398 d@dattdrhower actually results in a decrease in
the axial te ataur. r of i |_at:t.ar i i t ~FCausi ng
“this porti onrlt{1 'cosl(;ll%a{gI gxlsﬁpglv\gf ?tg%eat tgﬁ tt%%%g%%ﬁ% g%ﬁql%?ﬁpgrfti on.
Thi s ef frdrt descohl diadidd odven sindllee apyeitel =dfld cion ilmgoeasied edyr ifmgm
formation of the end-cone. Reterring now to Figs. -9e and 14a- 14e,
" gener al &} d’é%agt é’d’s&rtéqnhé)gr:{@tsblﬂutts 4%@ é““h&ﬁb@:b%blf: %gfoefngsvﬁscﬁ have been
anal yzequ ¢ iRART ¢RMPRTrdthiddhamrd ~1ow RR1Pr eypRcezkn:ERsKar eater than
about 0.2 mcrons in size. Specifically, a nunber of wafers were obtained
fromingots prepared in a "slow cool" hot zone, wherein side heater power
was increased after about 50% of the nmain body of each ingot was grown. As
can be seen fromthese results (where figures 9a-9e and 1l4a- 14e represent
waf ers obtai ned from consecutive 20% portions of the main bodies of the
ingots), this increase in side heater power eventually inpacts the nunber
of large LPDs formed. In particular, it is to be noted that, of the wafers
obtained fromthe first 40% of the main bodies of the ingots (see Figs. 9a,
9b and 14a, 14b), only about 5 had an unacceptabl e nunber of LPDs in excess

N P e o o oy



WO 02/ ~~~~1> 17 PCT/ USQOL/ ~~1A0 wafers obtained fromthe final 20% portion
of the sane ingots ' (see Fig. 9e and 14e) were unacceptable. Wthout being

hel d to awg @akidsscul ar theory, it is generally believed tpag/sheugierials
added to the hot zone to |imt the thermal profile absorbs the additional

heat bei ng produced by the side heater as the power is increased and then
radi ates this heat toward the adjacent portion of the nmain body of the
ingot. As a result, the cooling ratggof this portion of the main body, as
well as the remaining portions of the main body to be grown, decreases.

Stated ghelhar app¥rathe ha¢shgeBefchl8Bghehst BaSerNOIt tANEKAEsEhgsMI N body
within the critrcal tenperature range (1.e., the tenperature range having

as an uppée bbErdatyonhe "aggl oneration threshol d" tenperature and as a
| b d he 4" dj LI - " i Waf
over boundagyokhesadLhEusixl by LDECRNL G LRUPERELULE) o AGrEBRCS: Vil or s

obtai ned from thi's po n=of ern ererore have Tower densities
of snul wafeaggerer ahedyadetie€bs ahd prgbencausbelsght baigerddeéecss,

relative to waters obtained froman earlier portion of the main body of the
i ngot. A BKEFFSUSEy2RELEdD - raRuFEeRar &Y s2BEShi gRMYPeHt efr wedareriréuits

i npose gitLNdeftmbeR shl k r ' ek N\ . N r and
si ze of ggglonergksglggfg??g, andﬁgﬁﬁéaéflébah?cﬂ gp@lg%%%%féng§§|n Vi ew
of the Perebobongh Pe teprkeenténgt hatsecefévabR9sspoetbahancé tkemai nt ai ned

during growth aof the pajin_bod f the ingof to ensu these lints _are net
over 3 S AnEral BBRE ok AG: VRRETP HGFR SPteRBSHnghhe RERGLEpREYSFaMI Iy,
preferablyigbawi RgeeBdhhivORg BEEnNBLBYAI NRUat 85EBFUESCL hahofNYolEVEN
segnent of the main body of the ingot cools suff|C|entI{ fast, such that

any gi veéanfagerasheai Wearehsr f Poht ol heaberexeecodtt ferlayededndi aideon t he
ggy?gg_gggkggspbaége&stEﬂarégga& Qufifl5CERBSgLBwEhZErodbLLe not being VO
Figs. 10a through 10e are histograms wherein a number of
wafers were analyzed for the presence of light point defects
in excess of about 0.2 microns (Y axis = number of wafers; X
axis = number of LPDs in excess of about 0.2 microns); Figs.
10a through 10e representing consecutive 20% portions of the
ingots from which the wafers were obtained, the single crystal
silicon ingots having been grown in a “slow cool” hot zone
configuration wherein a bottom heater is employed and side
heater power remains constant during the growth process.
Fig. 11 is a graph showing the power supplied to a side
heater element and a bottom heater element, both as a function
of body length, when pulling a single crystal silicon ingot in
the conventional manner and in accordance with a second
embodiment of the process of the present invention, wherein
side heater power is decreased.
Fig. 12 is a graph showing gate oxide integrity test
results (Y-axis expressed as “% pass”) as a function of ingot
length, for ingots prepared with (M) and without (4) the use

of a bottom heater.



PCT/USCOL/ . 1. 11RO al l owed to cool too fast, such that the same wafer does
not contain too many small LPDs, and thus have an unacceptable GO val ue.
Cener al | ywopakiqg, the process of the present invention agyaRbaggars! y
provi des the nmeans by which to grow a Czochral ski-type single crystal
silicon ingot wherein the thermal history is substantially uniformover a
substantial portion of the main body, and preferably the entire nmain body,
of the ingot. In accordance with thg,present process, the thermal history
of the ingot is controlled above the threshold tenperature at which
intrinsic poi _d hegts ar ﬁ?ﬁﬂé iy ol "di v ld,"
which is typﬁg II? a%buﬁ'ggh ' 96%%& ggggeo?%gﬁgk§ig§0é§%xgggﬁggﬁgt

subst antdedldor &t laadertdied vaimiaitddnsofint denisiget thaolughatitalihet meha sane
rate or, ternatively, that substantially the entire main body resides
above tﬁ?o?yt aﬁgé dr&%%Cor 5O %@c'?&l’féiaé‘ﬁﬁumlt%‘_f 8t isﬁé’.onfln contrast to
convent i HiR)d itleREe SFE T he ViRl 5 Id#e theaeksBAReH nhentAeheagad rdyhi Ng
grow h of the nmain body and the end-cone, the cooling rate or residence
tine is sdoiet heldted powere L5 deemeasedceysingt al dgdow gopdl’t hoby zeheher

mai ntai nj ng-.the power supplied to the . side heater at a substantially
constantclqngf\} gre@r\ﬁgzl fneeraﬁ%t ic\?emf%dé‘(l:—lr é-‘zls?e%frﬁé power supplied to the side
heat er, duri mgdshe 1ga0whrcRighn 1a@Y airen haktbheasat wherkeengih nahbeReoai n
body as well as the end-cone. Mintaining a generally constant |evel of
side_he&@é@?ﬁo%@?ﬁ 6Pa&WF€Fh&FFV&F&EEF@&§PH@ Pﬁelég E@&PérdﬁéﬁéF? whi | e
growi ng i3 SRl Sy BEBesig 0GR Al (v 23E0UPHILTRE]. By dapLYLNOxheal to
the silicon nelt by nmeans of a bottom heater (i.e., a heater positioned
wi t hi n téxd sgr=owmtimbelramife L.EDE dw teheessuoifbbboand 0s2l mderoms)) t;) Fagd, nore

speci fical l by increasing the power supplied to this bottom heater during
V0 02 | 2o prpiabCing SrPLRsEara, SoRoRRE g BWen PoP S ELA BePLpBREI on of
the mai nRRAY Fdu MR ieAdtERNGa FeeRekRLY oBR8aKERYD, tHRI kenghidechoatgl pover
remai ns substantially constant, or alternatively is decreased, heat is

appl i ed 2id-icea Fagotisy hawdng deerhgrbvnt 6m Bedsdpw APl atiotnzohet hi s
"bottom dng" ug ki duri r f t i.n a poi nt
in the 6?%%% ngFqéﬁi@%eg%&%-ﬁeggggcﬁﬂkgﬁgﬁguﬁg g?ﬁe?&ggéygg %ﬁgrgéggd. For
exanpl e hesitardgotegr dwt Anprecessesiuring chevegibivehabrbepes”. hot zone
typically invalve the increase in side heater power after about 20%to
about 300, 46%98r doPetOrOMRE dRen2BEIPLFESIbeRE WhEKR1INABCHBREPREI 9L bottom
heat i ng B\ ReGiRel Bnd17Se@W 590k Hheh afkeq saheu % %+ 40% or
nore (e.g., , 50@5 68@6y%tc.) of Pﬁegkg%%ﬂggdykhgéaggehoggg;ﬁggé%t?s to be
not ed i Ain kxsesegarlrdabbat Ohe priecione (¥ akiat =whusbkebobfomelieasi n§ begi ns

is at least in_part _a fu ion _of the desi 0 he hot zone being utilized
and, as%§5Fe§upﬁpkﬁ§yo§a3§&Fr&ﬁ\SﬁgeéﬁygiagEBHFIéyStBlFﬁ8nﬁgit§l ferring
now t o Hisgs thkQaghle sengebraskat.ingetehakbyutdopi gbedpareibhe Hesyghts of a
nunber of wafers, analyzed by neans common in the art for the detection of
LPDs, wHingehfe f&oBhWALREd theoWrifsEst WeprepREadnpr  aths| §dngd6| crHstazone,
wher ei n si e 0 : i.ned tant (4Qa-10 er t tively was
decr ease l?%gg;%&é%Fng?Péh omg%%wggggapg igd ggo%hgbgéttgﬁkhgéﬁgr after
about 5@%ndfiguiretiennwhededsn af bolitomnpetsenerie gmpiwyedsaadnshéeseen from
these results %yhere.fig%. 10a- nggnd 15%-15e regresent waf er s obt ai ned
from conS&EETi PEVSH6 SoPECERES EL1RE FRGoHT Y8 PERESPRgots), in
conparison to the corresponding results presented in Figs. 9a-9e and
14a- 14e, respectively, maintaining a constant side heater power or
decr easiBig AdiLdE Bagtid Do dply O ! BHERY MBERIMENTBunber of wafers
t hat WO 02/ 74~=- PCT/ W SOL /.1~ 0 .e_obt.ained whi ch contai ned
large LPDs. - ShscProSsRh, BF Eheaptseehh, dPVeltifar Ana e ARt R E Rkt o it er s
ver e f oprdvidelse theameapsablye whichheos g@awda40%’m@hrtam@kﬁratyp30§iﬁgl@f t he
ingots, while_in the final 200 only about 2 wafers were found to be
" unaccepCabEEathEAlSFaE RBICEr FORePTREREPRAY EBnindrt hoEYLNEn8iRECHBSf ers
were fo Q.0 t akl I t - dec (15e).
R e s L St S L Bt S L L S
el ement sshetoreiing thhe teowah ofi stbeymasnshbdyantiahdysingferor gseal thel i con
i ngot may vary dependi ng upon, anong ot her things, the design of the hot
zone and the size of the polysilicon charge. Typically however, in one
enbodi nent

eYallh,



(where side heater power is substantially constant), the power supplied to
the side heater during the growh of substantially the entire main body
(i.e., abQyglyr89%s 700, 80% 90% 95% or nore) and the endpep€oiif "SI ow
cool"” hot zone configuration is maintained between about 100 and about 150
kW preferably between about 110 kWand about 140 kW nore preferably

bet ween about 120 kW and about 130 kW and nost preferably between about
124 and about 126 kW 1In contrast, IDr the same or simlar hot zone, the
power supplied to the bottom heater during the growmh of about the first
hal f ofehbergamaihoBydyi of. thdeingen. abauie 488 anfi 6Q%ipf ihe main body) is
mai nt ai ned between about 0 and about 5 kW and preferably, between about O
and abo¥ECSTRANCRNIEENt R pRvRFeRLPIPEESE 0 TREVHDt $ORIhehPBs LRI ng the

growt h L r t i o) . t 0%
60% or %%?E?Séﬁga?ﬁgggnagc%n€5¥2§%€%§c§%?@g?ﬁc?£:€€% %%gﬁdééé$oﬁ??%%§

i nitial imgbuecbola whal aboliesshé haamaboate 58& \Whd lokhWénrsegmanB8s &IV with
val ues of about 25 _kW.20 kWand even. 15 kW bei ng nore eferred for sone
Erbog; noheanathyBads) betysen e, ASLoReT A5E0N  BF Aol L LIS BABOR? ot

si de hegh@r tREVRY FESsiVPE Gt he SRS 1Y 2t BRScPREUREN aBOMted 0naedeAbOUL 150
kW about 110 to about 140 kW or even about 120 to about 130 kW and

pref er abbdy, i srautht apnddtieng sudscantral lgdconch aplrayadne GAVERN t he not ed

(oo a89heR8 Sk 2hon heleahobn? bpEindial i BEBRAC o < Pren

decr easeefipeiragugeonhll thet def feshvbtngthoeshobd of etberatgoe, fort h t he
initiation of bottom heating typically beginning at sonme point thereafter.
Al t er na@PoBEy EhRoRaver PeBbPE oft het e ngs nblye etheT t Fegwerestef BR®ut 200 to

about 600 £ AOKE 350 hen DO S0k Lot 08 aLA30%LP about 400 of

the mai n body S been gro previously noted, bottom heater power
i niti al byocanges,f wharabousidetbesdt & powvefr ben abhonecased od@rkig and then is

slowy increase a final value.of, |less.than about 50 k 45, k 40 kW
30 kW FPSYER"58 Ehe urin pedlr 8 ot bhoSRannaRe oy iR CRetHRL Bi StirRoat or
pover ig§fi BrEeASEd bbllyl 8ft€hdeingbedihhehei Press®: epPodesBNis the pover is

i ncreased along a quadratic curve, as exenplified in Figs., 3 and 11, while
i n ot heeophvedietnt att heapbweR ParEypPratiyhercfihseaipyaibbng bhel to

or ot or aBTyShy SubahtEh b8 He AT e aSeRiphne Ry e Ea L (o808t
hi st or ylenabl, esra (i} | deoréagbhgt ohdepobéai sepphiwd ngo atiher eidai f orm

di stribution of aggloperated vacancy defects over the |l ength, of the main
body; tRaBteE; U?lgSnPFBFIFﬁgsFﬂBlhéﬂngFOWnamP?Eﬁomh%eﬁﬁ?g bbd§ - of 2t he

i ngot cpalscbebweeRibheat FIPRIAL the aly¥bhthpauglenesabfdedef estisibegin to
formand the tenperature at which vacancies are no |longer sufficiently

nmobi | e ¥oich bohder thal Bylpeartheht) period of time, a nore uniform

distributionlgfigPEE Lg ggégénggat the term “substantially constant,”
as used herein in reference to side heater power, is to be
understood to mean a variation of typically less than about
10%, 5%, or even 2%.

Referring now to Figs. 1A and 1B, there is shown an
example of a crystal pulling apparatus 8 suitable for
producing Czochralski-type single crystal silicon ingot 10, in
accordance with the present process. The crystal pulling
apparatus 8 includes a fused silica crucible 12 surrounded by
a graphite susceptor 14 and contained within a water-cooled

stainless steel growth chamber 16, the growth chamber defining



WO U2/ a~-4-4G 22 PCT/U SU 1 /i.1180 More specifically, side heater power is
mai ntai ned at a substantially constant level, or alternatively is

decr easedywgMyidigycheat is applied to the nmelt from beneat h pchaspiakP! € 1 n
order to allow the main body of the growing ingot to cool at essentially
the sane rate over the tenperature range from about 900C and about 1150C,
and preferably from about 1000C and 1100C. Stated anot her way, defect
uniformty is increased if each segment of the main body is allowed to
reside within the noted tenperature range for about the sanme anount of

time. | R peweqf drheHod egnid)g, wheeefhoaasstohriht pkesert i nraat i on
utilizes a substantially constant side heater power throughout the growth
of the FEVSibd@y ldnd Forfe- lgcophaeilfgde, Hroxidech &y ng §pdddheat er

power i 5#?§ g dursing. B 2f vSQHE Joilet orki gf h i n body
and thgﬁgﬁg;c nE% aﬁﬁrzggprying&%egt ?% Fﬁgcgilﬁégﬁ ﬁ%ﬁ&gﬂsiﬁ% gh%gttom
heat er . cGawdibdlel Y 2spedlienguolivied 1icicnomsheefledrd dyuhidaitz gtorsdedcEssary t o

t he ,pol ysi | i har. ' I th hoyt. th . . M
Speci 11 GaliyIS RERLSS Shaftich BITRIARE £1en SR ddol » OPAETGH Kot zone
after ahRuliZ000r3Q%e Py HAWcROK9 veDFR rehetN@ iRl hodhehagel eEMed, to

ensure that the latter portion of the main body cools at about the sane
rate asa botmoayiheadler 23 indisflitddnesr bievgathc tdedicagiciblend2coolhag rate
for a given nent of .the N I s.contraol.l ed such th Lt .varies by
st hat i B Bl Ao i U DR BV ar S ets 2Aen R EPEERE of Iess

than abatie 3%t 20%HAd cH¥YNRIJIPplev.en ATl 1inef ehagd. JYbsiirer eker abl y,
however, the cooling rate for a _given segnment of the nain body, relative to

the ot hENPHOFHEMSs DMAREHYH TR IBIAE, Sdlicopaspesy 28 e& tifsn 1@%&& ensh

is positioned above the silicon melt 18.

Generally speaking, during the Czochralski process, the
seed crystal 28 is lowered until it contacts the surface of
the molten silicon 18 and begins to melt. After thermal
equilibration, the pulling wire 26 is then retracted to
withdraw the seed 28 from the silicon melt 18. As the seed 28
is withdrawn, the liquid silicon from the melt 18 solidifies
around the seed in a single crystal above the melt. The
pulling wire 26 from which the formed single crystal is
suspended is retracted from the melt 18 as it rotates, forming
a substantially cylindrical neck region 30. After the neck of
the ingot is formed, the pull rate is decreased, creating an
outwardly flaring region 32 typically referred to as the seed-
cone of the ingot. When the desired diameter is obtained,
growth conditions are controlled to provide a substantially
continuous diameter for a main body 34 of the ingot 10.

While the ingot 10 is being pulled, the crucible 12 is
rotated via a shaft 36 in a direction opposite that of the
ingot. As the ingot 10 grows, the crucible 12 is raised
within the growth chamber 16 to compensate for the depletion

of the silicon melt 18. In a conventional growth process,



WO 02/-t~.t.1G 23 PCT/USI)1/-4-4180 Referring now to Figs. 5 through 8,
according to one enbodi nent of the process of the present invention, a
subst ant i gl ps460RQSt ant side heater power is utilized in CRpirHRGI/IQE W th
the application of heat from beneath the crucible and silicon nelt i n order
to typically maintain the average axial tenperature gradient of the main
body of the ingot at |ess than about 20 nm Preferably, however, the
average axial tenperature gradi ent dges not exceed about 1.5C/ nm nore
preferably about 1C nmm and nost preferably about 0.5C mm In this regard
LTS obe naled.d hal,ahile (1hq aRAYE aKeLageairtl,! eRRGRabYLe gr adi ents
are discussed 1n reference to procéss wherein a substantially constant

si de heatterutp®igr dfs térplmeyied badyesa grfadihentiagate 18l e sajelenc glrlognt, 0 a

process erej,n side heater power .i s decreased during the growh process.
et horle i o Ppopt Ehies PR G SR EOEAbAb Y e HoEnEPBoRE of | ed
by mai ntidig st dnelatingsd,y ieorsiRit tiaihdbent Rheugkapetergr et h of the

mai n body and end-cone while, if necessary, adjusting the ingot and

cruci bl €heotmgtlitomndaessurien tihige Nelds aiemagngcass 2 mod teresdgéepul Wheat es for
t he i ngqt_ during .qr h t i N t £l I econd
hal f, a(r?:ehesu esltrEar%%’l glle 31/:13{ %eE)g're%t%g’t %%gﬁ\?e?glgg TEE"‘ Ivel%'lrgtitgn%gr Ejtr%ggg%d- cone.

Accor di nley sitdepinealtleyr Pwedyerage gullll datkss ofobothe atder Shotakkedf ihhe
mai n body,_ the second half of the nmain body and the end-cone do not vary by
nor e t h&Fdgo e SeRrepsst dhgpldianssmey &f, thge 1agetadd pReSUl&das £8r fir st
hal f, s f...and - _ no hap a 0 re

pr ef erabi y ;%boutatf%g% Oﬁ% %ﬁ%%cgﬁo%g{dp\rég) ergél'y gglg%t T’S%m'ﬁ}%“s‘?t%%é’ erably,
however tHehermirecage 38 W8 GRELL.clienBl3q sRETNLUSOEherd]18§¢ Rulrim tat ésmmor t he

first half and second hal f, of the i n body and the end-cqne do,not vary by
more th EQéhﬂgn§0P%Tﬁgep&PﬁoFaﬁg,qﬁﬁW}ﬁ etﬁéqéFSRtWegg e 5% RSbody and
end- congcdotiiGaliad kargRwthiREmARRW Rat iBRkMBUER red B RQUEhE. 25

m m nute. Mre specifically, the average pull rates for the first half of

t he mai madadypodvh@4s edordiehdigasf. t FRendingobody asd thiea @emovede Iyowf er abl y
range between abhout .Q, 45 m_n t. 0. LUt e, re

br of or bty BECUEh KBS0 4o T RGeS S Ho0e™D Ga MR Heee Bhovever
that pull ratmgizadlyl,easich Bdlddi fa ddirebmentobfi fget odicteieingot
accordingly, for ingot dianmeters in excess of about 200 nm the pull rate

will tyiQeadlid Pood tedfr ddpsindi Mg PcoRday Brefetds ¢ilineremsodi ABfts of
present Jrocess ,arx%_s%lqrtrigﬁd_iwta el é'x%t%wecgﬁla'aﬂewe ez @R pnd the

bottom heater 1s utilize in conjuriction w a constant side heater
power, arf dheemmEin ody ddc tdesiingddi.de Foeaeampdwer 2 &od giilfliedat e

control, to ensur hat a_latter .portion_of  the i.n bady, (.i .e.,.._about the
oot SORCRIRE Got o iohesl (RO E3rs CHE RV E%rY dbtertaitabout
2C m nutrgys R effRifat ures ot Ravvuabauto ob G Chiiinet eypiese 197 @behabl y | ess

t han about 1C/ m nute, and nost preferably |less than about 0.5C m nute.

Stat ed @rAVHeUsARy sod isiifien Iwegmant o femiicoy8gotn héénjpunction with control
i 0 Doty o e PASLY AB R ey R ST SRRl an
pr ef er abihi dietasedn salgmentl GREC cad. eHl, 00Cwefver , ati s| exsileasautinl par20aor even
function of (i) pull rate, (ii) heater power and (iii) hot
zone design (i.e., the presence and position of, for example,
reflectors, radiation shields, purge tubes, light pipes, and
secondary heaters, all generally represented in Fig. 1B at
40). More specifically, it is to be noted that while each
solidified segment typically has a temperature which is lower
than the subsequent segment, growth conditions and/or hot zone

desgigns may be controlled to alter this result.



. typical

25 mnutes, with durations of at |east about 40, 50 or even 75 m nutes
being nore preferred. However, in sone instances, tines or durations of at

| east aboylp (b@Q41 Nutes, 150 minutes or nore may be pref eprgdisor/ M€

02/ -4~-4~G 25 PCT/USOL1-t~ 180 In this regard it is to be noted t% when
si de heater power remains constant, in at |east sone instances residence
times of about 20 to about 100 m nutes, or about 20 to about 75 mnutes are
preferred. Simlarly, when side heatgr power is decreased, in at |east sone
i nstances residence tinmes of about 15 to about 50 minutes, or about 25 to

about 40 m nalesrl&apiketredhel Foregoanke kukt Rempaetedrthatapreher ably
the "residence tine" is sufficiently Iong to obtain a relativel i gh GO

2l y h

" val ue, Wi Pe 298 "Bk EORENRG &diameseron NERtc FRYD HNABEUFENVRNEACTHAACCept abl e
number ol lR IbrRiEaThe0l(1300Y! J0p? JBeE0RRer8EfOEIHRTLY AL ! BETEECT €

y a given i1 ngot segment will not re5|§e wthin the tenperature
range fancreesdashdurdmgutth2s5growiiht e, thiei heinnbsdpeandsbanbesitike
residen%g ime will not exiﬁed about 225, 200, .175 or even about |50
m nut es RERESTs ROy STe A PR FeREr X6t dGCTRERETAUTLAgt SBH56PBEe val ues of
cool i ng graieh)anch Hewtdeaced repenw hbtvabhedependhngivpon hhaokokoaene
design, the ingot dianeter and the pull rate, anong other things.
Accor di BgVy-ngf g0 pefdessorst dafdetion pbisldy, avseputvbesl uddghke
t herefo tocrity rese QGess . La r e.Le LV
di ffer e?@é’%%f’o%’fatrnéf%g’!nﬁté"%yts g%ﬁ@ﬁ?b@%ﬁ%eeﬁ%t %%OX%S%F% 'é‘e%% 525 E?%&” Ehe,
rat es amdteesitdeddeh ithes gaowinge ingpdr womtl dc otibiedwiati opsl) Ref erri ng now
to Figs., 4 an inagle.crystal .silicon_ingots qr by t .esent
ovent: ARy, SR HEAY BerRie i b B P BRI Badincy- ¢ype
aggl oneraneed dairciaboutuahl 0dscFRBar pakt itdpl afl yheheadgheut tbelssisn body
of the ingot. Such uniformty can, anong ot her advantages, reduce the
post - gr 6WER FReREs Ji50§ CoreBrericafgclxponse cHEsthReENedew fhenbRuRREor m

crystal ' ! 0 Al i.Lar @ {in4d t

di stri bﬁﬁC?%A%Xe?r ppfLd ?%%St g, tt?lev%h%lﬁ’;&}%f’%%lg‘% Hel¥cags) ig%%l%ﬂ he

i ngot, imelits alldeh mporsteanthteo iagotr tlo flbeesithe drdefiibbef abndggkawer at ed
detects fornmed. Accardingly, the presen rocess wl| optim zed to al so
e L RS 0EY REeEsPi  GDFedRE e BREEiotoPEabas: TOIB AEVons i n
si ze whige telasUhiged Ehat tde aceaptabke 0ol wahdequscrbyatRad thee., a GO
value of at |east about 50% 60% 700, 80, 90%or nore; see, e.g., Fig.
12) . Mveerdged Piogdlilop ofy tbentmedhl begyt-he thernmal history in the manner
set forth abqyu he d ' nd unif it f _large.li iht _defects in
the main bod%e?aeﬁt%g‘gc%@"r 5B g&%'\/\%i’l gt s‘%f?ier‘%egf:%gl?hgp‘%u%é?&é*g smal | er
def ect s rasicfcas vekPRsuawsiegmenegabifvehe iifpact c&d affgpt¢abhpngt behekor e,

t he present process enabl es %ésing e Q%é;ta| si lLicon ingot to be prepared
havi ng &Mi@Csi V&8 Sdfer G GeRsTEPUsLoepes a98r oResabstaRetaFtorti on of

the mai gbedy :f-l%w pARRLnSQUF£RY of5 % BR Y8R 130Rek, ”'fB{r@):, thie

density typically being | ess than about 150 defects/cnR, preferably |ess

t han abdemgtd0 cfettdet shget, (meee pr-of.er &bley dedestt Hansabypuet7endekeals/ cnp,
and nost_pr.ef.erably |es n_about defects/cnm2. Furthernmore, the
presentpﬁf&§é§§1§ﬁéﬁl3¥%aggglF%Bn%ﬁégg%%Fo%ﬁe%gﬁgéFﬁgaEYh8;efron1mherein

t he nunbgievabusangediRbBs fiiede and abgeed kagmabew) .0. Btateaoaaptbart he
surface is |l ess than_about 20 defects/wafer, preferably |ess than about 15
def ect sMRat efueah@® frdice SLERELAEEY LBs $OPRARTaBaGES1 80 PEEMS RS OF .

Accor di ng| e o] enabpl-e ; t Q- L ks neet
o oxcear g R BB A BiRe BPbRaesy el e s,
It is teafemsoteding tligheredgandithets BPEDsmadd LPBPhtapeintddefetéed and

measur ed..by neans co in the art. For example, for FPDs, a vacangy-rich
waf er i%lf§bﬁﬁﬁq§fq 5%&2§§5'iﬁn9 §b850p895ﬁrg§P§tV82uF8r ﬁﬁoﬁngﬁrﬁﬁnutes
_and theRo wafers obtained from the earlier portion of the ingot.

As previously noted, hot zone design may affect the rate
at which a growing ingot cools within the crystal puller and,

as a result, the size and distribution of defects that would



WO 02/ -4~~-4G 27 PCT/ US01/ ~~180 visually inspected under a m croscope to
detect such defects. LPDs are typically detected and neasured by reflecting
| aser |ioWo @fsfu@f the surface of the wafer, by neans of achshHgag 6200 or
a Tencor SP-1 instrunent. It is to be further noted that, in addition to
LPD Iimts, manufacturers of integrated circuits also inpose limts on the
gate oxide integrity of silicon wafers, typically requiring each wafer to
have a GO of at |east 50% as detefgined by neans standard in the art.
Accordingly, referring nowto Fig. 12, it can be seen that by controlling

the therjml i $LORY Btha'l?le@a' ”FBQd)éxgﬁngfL hH%énhEaEEetBHEﬂér set forth

in this invention, icon wafers may obt aI ne erefromhaving a gate
oxi de i mixpgrited @éﬁhﬂtsffabnﬂeastaaﬁaud SGpﬁnprthrabhy abéuth€0% nore

preferably abqut 70 [ nore prefer bout 8Q and mpst preferably

D | caceolpRoaossh 1Ped §rocsns, ek, berEoTiednaipRosBie pratastsl shot

t her ef orRnadyankageauncRecuee hialr iRGOYEdescEBeseaRg i By i WAl ghikPgebt ain

silicon wafers which_neet currently eX|st|ng LPD and GO requirenments over
e

subst anfPugBey tupesendightupibes | 6ageRdpryeneaherbeast abeatbbnasieny, 70%
80% 90%y,9a%ror %@%%hto gb@% %h@gh%lEry?%?heﬁékhﬁ?gog§89%atéa afdi tion to

controlllng heat power durin row h e maln the 1ngot, it is
al so i nﬁogt aAB a@ é@mt tel ligdtethgotempdurtngegpuathlief ofhthengreshng Nor e

speci 11Galoe, WORLehig Side igat steppuer 08B! BScohsLaniLally cpustant,

or altern sed throug € grow I'on of the

mai n bodylc&@dsbhene@dd@oheatfehepDMI’ agtpplliledreegulbe bat hogebeshee
typically increases, once initiated, .throughout _the growh of the renalnlng
porti on 1&f thge afaRA B@@Peiﬁ&uFﬁepéﬁéléSnef phendpEdeapbeEtirh Sbnkhe

embodi mentst h%aﬁ%‘i@l %4l Pro?%i%ﬂ 2b0Bgo1 %@aQZ/sléwér #6828 RGil/ PRLL/ ~~180

a quadratrc curve, exenplfified in Figs.
of the earller portion. This effect is obtained even if the

growth rate is increased during formation of the end-cone.

Referring now to Figs. %a-9e and l4a-l4e, generally
depicted are the results of a number of wafers which have been
analyzed, by means common in the art, for the presence of LPDs
greater than about 0.2 microns in size. Specifically, a
number of wafers were obtained from ingots prepared in a “slow
cool” hot zone, wherein side heater power was increased after
about 50% of the main body of each ingot was grown. As can be
seen from these results (where figures 9%9a-9e and l4a-l4e
represent wafers obtained from consecutive 20% portions of the
main bodies of the ingots), this increase in side heater power
eventually impacts the number of large LPDs formed. 1In
particular, it is to be noted that, of the wafers obtained
from the first 40% of the main bodies of the ingots (see Figs.
9a, 9b and 1l4a, 14b), only about 5 had an unacceptable number
of LPDs in excess of about 0.2 microns (i.e., greater than
about 20 LPDg). In contrast, of the wafers obtained from the
next 40% of the main bodies of the same ingots (see Figs. 9c,
9d and 1l4c, 14d), about 8 wafers were unacceptable. Most

significantly, however, is the fact that more than 25 of the




- Furthernore, it is to be noted that, during growh of the endcone, the
average power supplied to the bottomheater is ' typically at |east about
110% of t\We panefgge power supplied to the bottom heater dpetggotAggedr owt h
of the main body, with average power |evels of at |east about 150% 200%
300% or even 400% being nore preferred, in sonme instances. It is to be

not ed, however, that even with these increases in bottom heater power
during the grow h process, in nost j¢i rcunstances the average power supplied
to the bottomheater is only a mnor portion of the total power supplied to
the heafdng &l goentfeg MG SRRCT 1,681 1205 PGB Ry dptdnd ihipignd- cone,
the power supplied to the bottomheater is typically only between about 5%
and abolred Bhof Iheralerdge e rursagysptetblteo t he side heater during the

growt h of the, end-cqne. W.t ard taq the si.de ater power, as previously
noted, in on l@?ﬁ%‘btdi g 1'f)erhlec; é?%abafriy t&ﬁ%lrcéﬂ'eﬁrngl sSEent ij\gfljys const ant

t hr oughgatie #4EL LB T OWHR Pree stat{dritals HAAMD of el hddhedmi rdody as
wel | as the end-cone). However, the power |evel may vary during growth of

t he endl¥bhe, thehaidalgogfiere bt the e ondgi MeHetEW about 90%

FRe
and ab 9 t pover i 1 | t .hg the
gr om h%&%g%&%&ﬁnﬁ% "Jb}ged%/ﬁ%gﬁl onaﬁ%%oﬁgde?e)clog]ng@r%gal rrenaﬁd eérr{(;i n
si de hesdiatposverhis hbkesot easekd tttes rad madntd eerreaisen ey tiee aonigt ant or it
may var uring growt h of the renmaining portion of the mai ody and
end-cor%_?g}f rP%gfd?ef i cdit r%lli’e?sd-blt_heﬁ?ﬁ : %H??t;ﬁjlqtnrﬁ’t]e%/ the i ngot
and crycd bl £54 QS Atiyan Tnﬁe?itr?%dw, bes agh LS tRd HY IRGLBOUS Rrdithdmim body

and/ or the end-cone. Typically, the ingot rotation rate and the crucible
rot at i drhe aneinlrddyy thde NOWER/ decdn g PCHUESE ark8they ovwh dfhe he

mai n body are maintai ned between about 10 r t o _ahbout_ 15 rpm.,and bhetween
About & Nest FoE, G0 B S R TS SO gD R MBS [ one.
one or deithedl thaseerohatd ofadad el a8 & i ardnipedasieasethgaMidv e
average val ues during end-cone growth being | ess than the respective

aver age2 ¥ AMSAPRRF i RN Rt targIRmerdonn Thedidf SemRratys
rotati 0%1(5 ale Fgu][(?w e h 104 \t&efm\gtq:gﬁ;&%e%rgﬁlﬁc{,abl y less than

about 10 rpm whiTe the crucible rotationr e grow h of the
end- coneempsepa ei s ahine tamse d harWatbmy dbtrgmedVvifreonprgfies gidpt idhefr at es of
rotation for the ingot .and c¢rucible %ra ed _do,wnwaré. t preferably,
the rat®e® o9k A¥1oh FFreHers lypre T EBEES ward from

about  1&d bhhé £a B e o d N ardith {41040 alie s M 1RO WHe fed ) _
respectively. The process of the present invention is particularly suited

for inprolahiveadie wieks ioheafneyd, Lxgman |danliary nawt embel W@ie LPDs in
excess of. abo 0 1 Cro in silicon wafers obtai ned fromsingle crystal
sili conrgallln%??%é}f)r%%a%% JII?PS%t "slow cool " hot zone under growth conditions
whi ch cause m# | pesonidedly atotved antamst dcc e ddh e Hriedfiihaiit daadedsi ¢ poi nt
defect (fromthe central axis to the radial edge, to some radial position

t here Het%@ehyS oV/EROSE S?Pd”s’tfﬁﬁri‘tallwtcsr POt Ibr"‘é?oﬁ%/r‘i helTe g4

| engt h, , pf  hher by hady of zd her | DaotomdRNIRIddesRaaki gy Sluglger yst al

silicon ingots may be grown to be “vacancy type" by controlling the ratio
of v/ CGovlsich abatacdepbeatble. of In hew aof dhis fpwegeng hait tdan dré ti cal

val ue of v/ which, b d on currently avail.ahle infornmation, appears to
bo aboteS: TRt P Eaha AE T A PR B e B il LRt R o
the axigf ¢RINELBE WBPIeEi e 1SgsoNsd adswd hinedda fpiperatdinged ange

bound by the solidification tenperature and a tenperature greater than
about 1B0TC)a o%drssantel pbrReEH et ehehadiengtdi eahdhfiingot. More

specifically, preferably growth conditions are maintained to
ensure that any given segment of the main body of the ingot
cools sufficiently fast, such that any given wafer obtained
therefrom will not exceed the imposed limit on the number of

LPDs larger than about 0.2 microns in size, while not being



WO 02/ ~~~~6 30 PCT/ US01/~~180 body, and preferably over the entire radius
(such that the ' particular portion of the ingot is vacancy-dom nated from
the centrgly @xipet 0 the radial edge). Control of the ratiecefusy{ f39sd S

di scussed in detail in, for exanple PCT/ US98/ 03686, PCT/ US98/ 07365 and

PCT/ US98/ 07304, which are incorporated herein by reference. As illustrated
by the foll owi ng Exanple, the process of the present invention may be used
to nore precisely regulate the therpal history of single crystal silicon
ingots. By adjusting the distribution of power to the side heater and the
bott om heabeedekemenbl, tbhe ruskf osakhy thhtt hRet Bamablabest apgsohothe
crystal is inproved. The controlled distribution of power also inproves the
uni f or ncPRtaLnt koot ReriaEvRiLdt bPPshyaaf| blEghavaopre UBASEgREaBLE| COI
rate/grgg&nerate of the crystal. As a result, a single crystal silicon

i ngot prepared in accordance wth the present invention may be further
processed, bgefeanldlgowpeakingt hehar proteseonsi shenpkygsyghel dnsenghiencryst al

silicon wafers over _the length of the inggt wg;cﬂphave i nproved gate oxide
i nt egri R¢VaRGPERMS LY BROVAGRRt CHEf BERRS PHeWEXSHpFR FEPY forth a

partiCUbaacﬁéhlgkicgpgbtgqaglehé&ygexlbgimiégnt@nggei@Mergmﬁ ggaired result
for one enbodi nent of "the present i nvention. However, it is to be noted

that, dépemiiedghdptoryudls pabstensisldy vhéfoum pykrdhassbstantighe ingot,
hot zone design, cruci bl e _dianeter_and_char Si L. m e.desirable to
change Pﬁggéogoﬁéiﬁﬁgng?lgd'ﬁ rnan?oPrSESﬁgﬁéYtﬁgég?8&%ﬁgr§ ég §889fates
of rotabiforhefl ihaeti.ngah areoirAaneeutbhe thaspwekkndspibeepewethaupplied to

the heaters, at sonme point during the growh process. WO 02/.~~~~6 31
PCT/ USCEhezmaighiAtesvdicdgltlie £RgsE désngrntsrdlshoabaviothBethre®ealfn a

oot LeREAIEr AL GRS LARE dR HRRLE dBRMBLC! R.B0RORARDCRINELD Lhe
present ‘process, a nunber of single crystal silTircon rngots were prepared
accor di npet cdii€ ucdodhivakikiesieiliod, whiehn isndgpicandiyt ebnatt 806ASYr e

vacancies were the predom nant intrinsic. point defect mLtEhn tﬁe silicon
(i.e., PRE°FngdEY fere $XeEndP20yhey. S8FBcrREaFPPStRRER L AYoF 2 Ras grown to

have a popiinal ngdi;amelel, off aheut 300 BBLABd 8 EBLOrbedx Lamgt baek akout 850
mm each being pulled froma 22 inch diameter crucible containing a 100 Kg
pol ysi | edberohaiyelyhA Edeatobubsteosiedyst shepahkérehmaingbadyske®idesl " hot

body, “CREORS! Lo et & kst P ohOEnARP 5. BEo oAb Wl REnGLE( ndr af e

bei ng adpustedtasonecessatychal pubpesessof whateng etHer hkhtagspoeasuri ng
the silicon remai ned vacancy-type). The rate of rotation of the ingot was
about 15Sr pRCTRASEE ON&ingt Srrhkhr efetbe MRANCPEEYHRBAr BRGe 8N 6RT&bout 6

rpmto %Rguko%&§B§L§£Q% RINEL sSHRRe i f@ HQecéthoﬁgéHeﬁndﬂhEng the growth

of the main bo the end-cone was substantially constant, typically
r angi ng plresenabpuocE2@ , kAtt dealsoutinl 8arkW bPoeether mhénbetinongheheer

remai ned of f until ,abouyt half of. the main_body (i.e., about 400 had
been grQﬂW?raFUﬁﬁpéﬁ%ngh %ﬁoﬁégesgﬁﬁFﬁrMQE Fn?%bﬁgggtéﬁgﬁglSRPﬁgghEreased
al ong ajgwadr,abirC a0k¥@alravalki Aakrkayel tab gb@@& %QEbWﬁeHbte gpecifically,
t he power was increased fromabout 0 kWto about 10 kWover an axi al

posi ti osige AselerioGuikngo tASogEOULl R aAPOEESANhOf thReentire
length of the main body as well as the end-cone.

Maintaining a generally constant level of side heater
power, or alternative decreasing the side heater power, while
growing a single crystal silicon ingot is accomplished by
applying heat to the silicon melt by means of a bottom heater
(i.e., a heater positioned within the growth chamber below the
crucible and silicon melt) and, more specifically, by

increasing the power supplied to this bottom heater during



WO 02/i-4.1.1G 32 PCT/USQOL/ - 4-4180 end-cone was initiated, crucible and/or
ingot rotation rates were increased, or alternatively the growh rate, as

needed i nw@y@AL40 cause tapering to begin, and the power pgyRihy+Me6
i ncreased fromabout 10 kWto a final value of about 30 kW For purposes of

conparison, a nunber of single crystal silicon ingots simlarly prepared
(i.e., simlar gromh rates, ingot and crucible rotation rates, crystal
pul | er/hot zone configurations, etcgp, with the exception that bottom
heati ng was not enpl oyed and si de heater power was increased during the

growt h YRGESHe MRowt3PeF fH dldoer tHoschekt o heat & ireMRiggednal the
t hroughout the process, while the side heater power was gradually
i ncr easehd-afdrer. alfemersd(lly cpesidngai whiddey sids freeawer poweraemeinz0 kW

to about_ 14Q kW, Additionally, initiati f,_end- h, the sid
neat o SOMEEANS Yt GS0Bh T um R0 Ut TR VALY A50GETeaRtr BREE SPoun,
the mai phdediteatr nedet b3 neRehd BIFO twel 8ot thin MeakecoONmBRibRibAe art,

the wafers were then grouped according to which 20% segment of the main
body fr@f Wilich “Piedyofe headBhs”n ¢ CUThé Na Hard Nge g& odn&bhgz@ainby neans

commmon | art., f t presen 0 P in.e f. ab 2 mcrons.
The res&ﬁdy] 6tr tt fe S%llinéac g’sl%gf S'L?’hg%gr E&Jgﬁggfsn\%gnﬁﬁg%%a%éd%hg}\%%tgﬁ Figs. 10a
t hr ough ptder whidlel ididctonpar dd e dresisletls f Foin ekas®liengettandgaadn w t hout

the use of constant side heater power/bottom heat bg’% are shown in_Figs. 9a

t hr ough FEWAs BFCSEFSEE 1 8 SCAVETABARE,- i CPREY oFS8Ey E¥PEREL When si de

heater POWRI1JeS tHACHeRSeGsd N8 RUMMRCH Rk hPBR WL 8%EeSS a¥ou@Podl 002
mcrons 1n the latter portion of the ingot increases significantly.

02/ . 1. 1-akoutPGTAISEOY orAB® 133 din theewagh bldyabewe beiemn wirlownbe seen t hat
the several ohjects of .the invention _are achieved. As varioys changes coul d
be m.ade%crfot "gﬁé’ye%ﬁ%’@&?e@%ﬁ&ﬁ im&%%\ﬁﬁtlﬁ‘o&fl Bep&r¥™n§P omﬁpﬁe scope of
the i nveddeomftdr iabdutt ended Aat @y Jraibee qentai,nedsion,t kesgbove

description be interpreted as illustrative and not in a limting sense.
WO 02/ - £&cl.6 F g tad e ogidye diaiss bep@TAuS®N: / ~~ 180 1. A process for

control [ing the jtherml, biStoy % 0f3Siaghe Crystal gl L,eon J.ngat Hduri ng
growt h, the silicon 1 ngot Dei ng plhh| edI%%om a si'licon It 1N gccordance
wi t h t heatCaociivmalbekit oretleadt i ddhdagiget ikawitnjeast duceest enfuacséed
of the design of the hot zone being utilized and, as a result,
may vary from one crystal puller to the next.

Referring now to Figs. 10a-10e and 15a-15e, generally
depicted are the results of a number of wafers, analyzed by
means common in the art for the detection of LPDs, which were
obtained from ingots prepared in a “slow cool” hot zone,
wherein side heater power remained constant (10a-1loe), or
alternatively was decreased (l15a-15e), while power was
supplied to the bottom heater after about 50% of the main
bodies of the ingots were grown. As can be seen from these
results (where figs. 10a-10e and 1l5a-15e represent wafers
obtained from consecutive 20% portions of the main bodies of
the ingots), in comparison to the corresponding results
presented in Figs. 9a-9e and l4a-l4e, respectively,

maintaining a constant side heater power or decreasing side

heater power significantly reduced the number of wafers that




cone, a main body, and an end-cone, the process conprising: controlling (i)
a growth velocity, v, and (ii) an average axial tenperature gradient, Co,

duri ng thﬁ, AL of the main body of the ingot over the peFRRLALHEES ' ange
fromsolidification to a tenperature of no | ess than about 1325 C, such

t hat vacancies are the predomnant intrinsic point defect in a portion of
the main body; and, heating the silicon nelt during growmh of said portion
of the main body with a side heater,gnd a bottom heater, wherein power
supplied to the side heater is decreased and power supplied to the bottom

heater ig %”%&E%i%%ﬁﬁ%%h?% gLawt B rat i%&ggpgbbbon ch0e; aanf b°9¥ 2. The

process of claim ereint e I'ncrease ot't on1 ater pome iSinitiated
after amayeaﬁﬁcﬁwM£ﬁVeaO%mat ﬂhesnahanbabpubas be€ergr eame 3oumdbetprbeess of

claim1l wherein the increase of ottom gea ome IS |n|% éed after at
| east abBACCERGGEL S A& nSE6AYh4Ehe ln4 OffESPPECESE of claim 1

‘ wher ei nihhetisNCkease 9h Rakt eanheabes Bﬁ@?rabéuthtw&E8§saﬁé§é @buyhgast
about 20%to about 600 of the nain body has been grown. WO 02/i-t~~6 35

PCT/ USO tp- @@8@HBCCE@§a@ﬁ@c@bgnosldEahﬂamemhprEﬁ ramajeedegonsthnsi de
heat er 8%§$ranﬁ W La3ked AELEN £B8hnkeRR! naPQHL 28 961 ENGLAR! B18QdY has

been gr
heater power was decreased (15e).

The precise values for the power supplied to the side and
bottom heating elements during the growth of the main body of
the single crystal silicon ingot may vary depending upon,
among other things, the design of the hot zone and the size of
the polysilicon charge. Typically however, in one embodiment
(where side heater power is substantially constant), the power
supplied to the side heater during the growth of substantially
the entire main body (i.e., about 60%, 70%, 80%, 90%, 95% or
more) and the end-cone in a “slow cool” hot zone configuration
is maintained between about 100 and about 150 kW, preferably
between about 110 kW and about 140 kW, more preferably between
about 120 kW and about 130 kW, and most preferably between
about 124 and about 126 kW. In contrast, for the same or
similar hot 2zone, the power supplied to the bottom heatef
during the growth of about the first half of the main body
(i.e., between about 40% and 60% of the main body) is
maintained between about 0 and about 5 kW, and preferably
between about 0 and about 3 kW, while the power supplied to
the bottom heater during the growth of the remainder of the
main body (e.g., about the last 40%, 50%, 60% or more) and the
end-cone is typically increased slowly from the initial wvalue
to a value less than about 50kW, 40 kW or even 30 kW, with
values of about 25 kW, 20 kW and even 15 kW being more

preferred for some embodiments.



6. The process of claim1 wherein the decrease of side heater power is
initiated after at |east about 40a of the nain body has been grown. 7. The
process ofyghAMel Wherein the decrease of side heater povgqishiidyshi ated
after at | east about 200 to about 60% of the main body has been grown. 8
The process of any one of preceding clainms 1 through 7 wherein the decrease
of side heater power continues until growh of the end-cone is about
conplete. 9. The process of any onegef preceding clains 1 through 7 wherein
the increase of bottom heater power continues until growth of the end-cone

|5 about cOMBLeLe scl@ndMALIAGESS Ok 1akabEhl MNeLGHD 33 dyokbiiog of the

mai n body has an average axi al tenperature gradi &nt of t han out
1C/ mm Irra.lntraanmdome@‘n clkgiup 10%hendi absaicd 1|5@r kivon a@buﬁ:hélﬁatn body is

allowed to re t ween _about 100 and a 0 for t | east about 10
to | ess iﬁgh#:6OQﬁ ﬁﬂ?ﬁbﬁifﬁg g%@ 59082 #%g g erein said
portion ﬁ%ﬁﬂia C?Shsaﬁﬁuhnﬁﬁﬂkﬁfakh% b@b@%ﬁn@ﬁaﬂh? ﬁ%h@t@%QYValu@D

U2/ - 4- 4. 16 36 PCI/U SO 1 /.118U 13. The process of claim1 wherein said

por t i on Wishgm |thgs modiesh rag@sof duFd NPeAFOMEDf ofhe Fairstheeytion. ofhe
process (@fe GlAMpL MY LIRS RONE G0 "aBAr 205, 30%, 40%, 50% or

more). The side heater power is then decrease during growth
of the remaining portion of the ingot, with the initiation of
bottom heating typically beginning at some point thereafter.
Alternatively, however, bottom heating may be initiated after
about 20% to about 60%, from about 25% to about 50% or from
about 30% to about 40% of the main body has been grown. As
previously noted, bottom heater power initially ranges from
about 0 to 5 kW, or from about 0 to 3 kW, and then is slowly
increased to a final value of less than about 50 kW, 45 kW,
40 kW, 30 kW or even 15 kW.

With regard to the manner by which the bottom heater
power is increased, it is to be noted that in some embodiments
the power is increased along a quadratic curve, as exemplified
in Figs. 3 and 11, while in other embodiments the power is
typically increased by about 0.01 to about 0.1 kW/mm,
preferably by about 0.01 to about 0.05 kW/mm, and most
preferably by about 0.02 to about 0.03 kW/mm.

A more uniform thermal history enables a silicon ingot to
be obtained having a more uniform distribution of agglomerated
vacancy defects over the length of the main body; that is, by
controlling the manner in which the main body of the ingot
cools between the temperature at which agglomerated defects
begin to form and the temperature at which vacancies are no
longer sufficiently mobile for a commercially practical period

of time, a more uniform distribution of FPDs is obtained.




cooling rate between about 1000C and about 1100C of |ess than about
2C/ m nute. 15. The process of claim1l wherein at | east about 500 of the

mai n bodyuef gl Ngot has a concentration of f|0“’patter%g?&kﬁﬁlﬁsMhiCh S
m

| ess than about 100 defects/cne. 16. The process of cl ai erein at

| east about 75% of the main body of the ingot has a concentration of flow
pattern defects which is | ess than about 100 defects/cnR. 17. The process
of claim1 wherein said portion of the main body of the silicon ingot is
sliced to obtain silicon wafers therefrom said wafers having | ess than

about 2,d:icglipaieicadatectss f aticre piiRa! 8 WAaRcAbAU Qe2qni oTONS. 18,

The process of claim1 wherein said portion of the main body of the silicon
i ngot | sudstead ited lobtcans teinti devadaf exs aflliteraptdvelyaild wekgesaskdvi ng | ess

th bout, .15 .| i ght. poi nt, .def ect s ,of i t h bout ,0.2 ni .
16 The WS alr i RERLLF, £, 1 aRIT TRl RRPERL PaPBooEhCHE S P at
| east akader50% efl lihe thel hahedbody e thegetrowingOiddot~twb c361P&t/ USO 1

/.1~ 180 20. The process of claim17 or 18 wherein the waters are obtained
from at dssentisgddont theyseme: FateaioysFodreot emperpfigae. range from

about 900°C and about 1150°C, and preferably from about 1000°C
and 1100°C. Stated another way, defect uniformity is
increased if each segment of the main body is allowed to
reside within the noted temperature range for about the same
amount of time.

In view of the foregoing, the process of the present
invention utilizes a substantially constant side heater power
throughout the growth of the main body and end-cone of the
ingot, or alternatively a side heater power which decreases
during growth of some latter portion of the main body.and the
end-cone, while applying heat to the silicon melt using a
bottom heater. Generally speaking, the bottom heater is
utilized as necessary to ensure the polysilicon charge remains
molten throughout the process. More specifically, heat is
applied to the melt in a “slow cool” type of hot zone after
about 20%, 30%, 40%, 50%, 60% or more of the main body has
formed, to ensure that the latter portion of the main body
cools at about the same rate as the previously solidified
portion. Accordingly, the cooling rate for a given segment of
the main body is controlled such that it varies by less than
about 50% relative to the other segments, with variations of
less than about 35%, 20% and 10% being even more preferred.
Most preferably, however, the cooling rate for a given segment
of the main body, relative to the other segments of the main

body, will vary by less than about 5%.



21. The process of claim1l wherein said portion is sliced to obtain wafers
there from said wafers having a gate oxide integrity of at |east about

80% 22. Jhanpipgess of claim 1l wherein said portion is shegadol/Qu@ptain
wafers there from said wafers having a gate oxide integrity of at |east

about 90% 23. The process of claim?21 or 22 wherein the wafers are

obtai ned from at | east about 75% of the nmain body of the ingot. 24. The
process of claim21 or 22 wherein sgagd wafer have an insul ation strength of
about 9 MM/ cm 25. A process for preparing a single crystal silicon ingot,

from whi ch "ﬁﬁf@%r&%@ahﬁ%dt%'@gbé CB¥EE§Eu§h‘bcoac@@Eéﬂﬁgh€¥'8ﬂegate oxi de

integrity values of at |east about 50% and fewér than about 20 [ight point
def ect sembodimess of &beuprdc2smi ofohbei prepeal dhnmgheieonyseal silicon

i ngot bei ull.eq.froma,sili in accordance with the Czochral sk
et hod. SEHEBPbie VeroRrEsnt, B2 aReareR, BPAEE 38 BriLeRRE 2Rur o or adh ent
Go, bel&@n@@ﬁbt@bhewlﬂhrtng gppMiBabVef biehka@pPeraiubentatBetheom
solidification to a tenperature of no | ess than about 1325 C, such that

vacanci 65ugiblehangr ddicarniieilht irnsrdepotat typieat lyherénhainhshengot

(T2t 22 EcRRad ot ERbue e Rrali BB o ORke MR BR8N R G0 i ng

grow h @hgbheanaﬂ&shodhansadeuheaPeVmpowePrefeﬁabﬂgashdwavdrheahels appl i ed
frombelow the silicon nelt with a bgtton1heater g grocess of claim
f

25 wher 8VRY8P8e 24t e FePBREAL PECIEEREASRH éﬁ??nﬁoﬁrﬁﬁfﬁe PR¥E end- cone.
27. Thejipgeeggm, OhotkabFeZarwbeehBonal do @@EﬁrSaﬂavﬁoggsﬁréhéfaEEQUt 15

light point defects of a size greater than about 0.2 m cfons.
about 0.5°C/mm.

In this regard it is to be noted that while the above
average axial temperature gradients are discussed in reference
to a process wherein a substantially constant side heater
power is employed, these gradients are also applicable to a
process wherein side heater power is decreased during the
growth process.

The thermal history of the main body of the ingot may be
further controlled by maintaining a relatively constant pull
rate throughout the growth of the main body and end-cone
while, if necessary, adjusting the ingot and crucible rotation
rates. In the present process, the average pull rates for the
ingot during growth of the main body, both the first half and
second half, are substantially similar to the average pull
rate for the end-cone. Accordingly, typically the average
pull rates for the first half of the main body, the second
half of the main body and the end-cone do not vary by more
than about 50%. Preferably, however, the average pull rates
for first half, second half and end-cone do not vary by more
than about 35%, more preferably about 20%, and still more

preferably about 10%. Most preferably, however, the average




28. The process of claim 25 wherein said wafers have a gate oxide integrity
of at |east about 800. 29. The process of claim25 wherein said wafers have
a gate oxy@almigarity of at least about 90% 30. The proq,@sifﬁjsg{“ﬁ]g(al m 25
wherein said wafers have an insulation strength of about MW/ cm . The
process of claim25 wherein said wafers are obtai ned from at | east about
50% of the main body of the ingot. 32. The process of claim25 wherein said
wafers are obtained fromat |east abqut 75s of the main body of the ingot.
.A. . AUs. AsY. Assl . As. As. Al . A. A. AsL. AY. As. As. A AL.A A . A Asl . Al. A AAY %A As
-AFS-AU%mﬁi Ahes iR £330 AARTYIANAYNS LY AEZhalf of the main body

z~ytni c”~Y] ca] cal] ca] caU] ca] cRa] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca

" ]ca]cal @aa]dca:]t@’\@]ﬁda]coaq dal cat] valdyc by more than about 5%.

AUl ca) ca] ca] CAFCRTd] CAFEe] CHECaFo AT EaPRbIEA] C4) HEROPPR™ BASGL 0Pab] X cal ca
] ca] ca] fé&ﬂci‘—@:]o%] calpake % $a%g‘ﬂk@g§g@b@%h@:@h%b@@lzcél qaleaaaleal ea] cal cajcal c

a] ca] ca] ca] cal] ca] cal Sa%%BEEEU V Q) )**,, . ...,

0=03333 /oA 7 E2 &7} Mﬁ@nwt@b] XMees) @@]eéﬂé]léa]léar} ciheapygupesg] PHlléa] ca) ca] ca

]G(;?]?‘?'gﬂlgr%%%%a]%%] i:z%xfi]r E%h&a]ogtalg'%%% o %%]zeﬁ%]l?% %\n\c?(] ca]Lca])ca] cal ca
] ca] caUjcta] m]ma]ooal]ycahda]:m] eadcane] @ar]aofa}:ah]Lya]:aa]geab%_l]»_ze/de;_tl:]]_rabbutaU] ca][ S/]a
JKKKzLLL NXN[ Nk PWPR 9 oj e

T bar o ahy BT OE s S SO o) O %&PE&]CQP - O%E) BIPCEFERI¥a] cal cal ¢
a] cal Ca]b%%]w‘é%]nc o] 02Uk i XCLUALIJTEMVOVT YA i bRk aaccedg) h ok kk
~ytoje_Zj e [V]ca]cal] ca]ca]ca] ca] ca] cal ca] ca] ca] ca] caj ca] ca] cal] ca] ca] ca] c
al ca] ca]ioa]ewa]rca]tba]tca].ldé,] mui]eca]sca]tcals]asa in part a function of

kknnP < t + kf \ V

J o] ool SREEY] CAPORTEL] oaP Cor EALCR Y] CAT oAPUAE) EAPERT BAFcacRT AP RapLal cal o
aV] ca] caldr! ko oz aws zzht pulltiGhate-whiand Yk ahV! Ub@ah@a]r@a]dbaahﬁ@lya] caj ca

] cal ca] ca] ca] ca] cal] ca] ca] caU] ca] ca] ca] caU| ca] ca] ca] ca] ca] ca] ca] ca] cal]ca]c

| (=M {vaql gb ,
o (v ) Sdcabenl okl obepcaihsateathgaboel ol cal cal alca
S. dabyz {cenrdleliXdlukcadhcal calloa] caldd] typeapéahoa] eaheaphad] m]ec mpcapmal] ca] ca

12 8AHV~
| Cal cal CRPCAT46] ShfddBFea] OB CRPORTERUPEa T Af AT CRPERPEy] G38Fc APCEFLal chl ¢
a] ca] calLaltal ¢3! R18UrnaRX N3y i eYj=e ][;V]sgh%auhaelegabew%hcahﬁa] pateal ca]
cal ca] ca] caUl'ca] caj caj caUj ca] ca] caj ca] caJca] ca] ca] caj ca] ca] ca] ca] caU] ca
nC} _| o~xate-womteaoy), e tpVesistaic &liadapc Aokt efc apraf-oa) of] cikecapéal bapya] cal ¢

2112%1252}(% iig XS n%g};%e }1 lé]c% gg]@g] gg?ﬁ:]%’g]glég]zég]igg] %a ca] ca]Dca] calcalc

a] ca] cala@alac alta of] Qakealtalc aealtc alecindalcal cpk@fé):bbd&o@&{smq}:ham c™Y] c]
cal cay] ca] cal c] ca a] ca ca] ca] ca] ca] ca] a] ca] caV] calU] ca] ca] ca] ca] ca]ca]ca]c
a] ca] capespEaical ]CD Y 6es§oeRen) 2PSut0o0s () - M
109608 (3)o F o
Tovs () S TO0R () Qf?%»;ms': @ef&fa&wes& S8 oM odck B TR see () -
"109%08 Etateto¥Riother way, a bottom heater is employed in conjunction

dE) " 109% 0% 1 &l 10063& Y% " 10063&
1%@&&,@9t% &%6%P§1g$ Q@% fg 81de tg% power ggu¥e

100S: 10%% t)am®1 50 §&t®b entQ¥R Wi nSBbdy of the in ot resides
10908 () -z} ~"<nbC' 10% 14! Y(10% & () - 10% u& S1(& 1 O/cUuUu& 29 | 6& 10% V- V&
() 3" 10RAFYSEN a@w% 9&0¢ BesiEsmut@liéWGs 19Wu&T@)fﬁP-‘§i?@% ELWEER0% ug&' ()

about 1000°C and 1100°C, for at least about 15, 20 or even

25 minutes, with durations of at least about 40, 50 or even
75 minutes being more preferred. However, in some instances,
times or durations of at least about 100 minutes, 150 minutes

or more may be preferred.
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power remains constant, in at least some instances residence
times of about 20 to about 100 minutes, or about 20 to about
75 minutes are preferred. Similarly, when side heater power
is decreased, in at least some instances residence times of
about 15 to about 50 minutes, or about 25 to about 40 minutes
are preferred.

It is to be further noted that preferably the “residence
time” is sufficiently long to obtain a relatively high GOI
value, while not exceeding a duration which would result in an
unacceptable number of LPDs in excess of about 0.2 microns.
Accordingly, therefore, typically a given ingot segment will
not reside within the temperature range for more than about
250 minutes, while in some instances the residence time will
not exceed about 225, 200, 175 or even about 150 minutes.

It is to be still further noted, however, that absolute
values of cooling rates and residence times will vary
depending upon the hot zone design, the ingot diameter and the
pull rate, among other things. Accordingly, for purposes of
defect uniformity, absolute values are therefore not critical
to the present process; rather, the relative differences for
any given segment between the absolute values for cool rates
and residence times are the important considerations.

Referring now to Figs. 4 and 13, single crystal silicon
ingots grown by the present invention exhibit a relatively
uniform axial concentration of vacancy-type agglomerated
defects, such as FPDs, particularly throughout the main body
of the ingot. Such uniformity can, among other advantages,
reduce the post-growth processing problems and expense
encountered with nonuniform crystals. However, in addition to

obtaining uniformity in defect distribution over the length of
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of agglomerated defects formed. Accordingly, the present
process will be optimized to also limit the number of light
point defects in excess of about 0.2 microns in size while
ensuring that an acceptable GOI value is obtained (i.e., a GOI
value of at least about 50%, 60%, 70%, 80, 90% or more; see,
e.g., Fig. 12). More specifically, by controlling the thermal
history in the manner set forth above, the density and
uniformity of large light point defects in the main body can
be controlled, while also limiting the number of smaller
defects, such as FPDs, which negatively impact GOI.

Typically, therefore, the present process enables a
single crystal silicon ingot to be prepared having a
relatively uniform density of FPDs over a substantial portion
of the main body (i.e., about 60%, 70%, 75%, 80%, 85%, 90% or
more) , the density typically being less than about 150
defects/cm?®, preferably less than about 100 defects/cm?, more
preferably less than about 75 defects/cm?, and most preferably
less than about 50 defects/cm?’. Furthermore, the present
process enables a silicon wafer to be obtained therefrom
wherein the number of large LPDs (i.e., larger than about 0.2
microns) on the surface is less than about 20 defects/wafer,
preferably less than about 15 defects/wafer, and more
preferably less than about 10 defects/wafer. Accordingly, the
present process enables wafers to be obtained which meet or
exceed current requirements imposed by integrated circuit
manufacturers.

It is to be noted in this regard that FPDs and LPDs are
detected and measured by means common in the art. For
example, for FPDs, a vacancy-rich wafer is typically immersed

in a Secco etch solution for about 30 minutes and then
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LPDs are typically detected and measured by reflecting laser
light off of the surface of the wafer, by means of a Surfscan
6200 or a Tencor SP-1 instrument.

It is to be further noted that, in addition to LPD
limits, manufacturers of integrated circuits also impose
limits on the gate oxide integrity of silicon wafers,
typically requiring each wafer to have a GOI of at least 50%,
as determined by means standard in the art. Accordingly,
referring now to Fig. 12, it can be seen that by controlling
the thermal history of the main body of the ingot in the
manner set forth in this invention, silicon wafers may be
obtained therefrom having a gate oxide integrity (GOI) of at
least aboﬁt 50%, preferably about 60%, more preferably about
70%, still more preferably about 80%, and most preferably at
least about 85% (e.g., 90%, 95%, etc.). The present process
is therefore advantageous because it provides the means by
which to obtain silicon wafers which meet currently existing
LPD and GOI requirements over substantially the entire usable
length (i.e., at least about 50%, 60%, 70%, 80%, 90%, 95% or
more) of the single crystal silicon ingot.

In addition to controlling heater power during growth of
the main body of the ingot, it is also important to control
heater power during growth if the end-cone. More
specifically, while the side heater power remains
substantially constant, or alternative is decreased,
throughout the growth of both a portion of the main body and
the end-cone, the power supplied to the bottom heater
typically increases, once initiated, throughout the growth of
the remaining portion of the main body and the end-cone. As

noted above, in some embodiments the power is increased along
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cone, the average power supplied to the bottom heater is
typically at least about 110% of the average power supplied to
the bottom heater during the growth of the main body, with
average power levels of at least about 150%, 200%, 300%, or
even 400% being more preferred, in some instances.

It is to be noted, however, that even with these
increases in bottom heater power during the growth process, in
most circumstances the average power supplied to the bottom
heater is only a minor portion of the total power supplied to
the heating elements. More specifically, during the growth of
the end-cone, the power supplied to the bottom heater is
typically only between about 5% and about 15% of the average
power supplied to the side heater during the growth of the
end-cone.

With regard to the side heater power, as previously
noted, in one embodiment, preferably this remains essentially
constant throughout the entire growth process (i.e., growth of
both the main body as well as the end-cone). However, the
power level may vary during growth of the end-cone, the
average power supplied at times ranging between about 90% and
about 110% of the average power supplied to the side heater
during the growth of the main body. Additionally, for a
second embodiment, wherein side heater power is decreased, the
rate of decrease may be constant or it may vary during growth
of the remaining portion of the main body and end-cone.

In addition to controlling heater power and pull rate,
the ingot and crucible rotation rates may be adjusted during
growth of the main body and/or the end-cone. Typically, the

ingot rotation rate and the crucible rotation rate during the
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growth of the main body are maintained between about 10 rpm to
about 15 rpm and between about 5 rpm to about 10 rpm,
respectively. During growth of the end-cone, one or both of
these rotation rates are typically decreased, with the average
values during end-cone growth being less than the respective
average values during growth of the main body. For example,
the ingot rotation rate during the growth of the end-cone is
preferably less than about 10 rpm, while the crucible rotation
rate during the growth of the end-cone is preferably less than
about 6 rpm. More preferably, the rates of rotation for the
ingot and crucible are ramped downward. Most preferably, the
rates of rotation for the ingot and crucible are ramped
downward from about 10 rpm to about 5 rpm, and from about 6
rpm to about 1 rpm, respectively.

The process of the present invention is particularly
suited for improving gate oxide integrity, while limiting the
number of LPDs in excess of about 0.2 microns, in silicon
wafers obtained from single crystal silicon ingots prepared in
a “slow cool” hot zone under growth conditions which cause
silicon lattice vacancies to be the predominant intrinsic
point defect (from the central axis to the radial edge, to
some radial position there between) over a substantial
portion, and preferably the entire length, of the main body of
the ingot. Generally speaking, single crystal silicon ingots
may be grown to be “vacancy type” by controlling the ratio of
v/G, such that the value of this ratio is greater than the
critical value of v/G, (which, based on currently available
information, appears to be about 2.1x10° cm?/sK, where G, is
determined under conditionsg in which the axial temperature
gradient is constant within the temperature range bound by the
solidification temperature and a temperature greater than

about 1300°C) over some portion of the radius of the main
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body, and preferably over the entire radius (such that the

particular portion of the ingot is vacancy-dominated from the
central axis to the radial edge). Control of the ratio of v/G,
is discussed in detail in, for example PCT/US98/03686,
PCT/US98/07365 and PCT/US98/07304, which are incorporated

herein by reference.

As illustrated by the following Example, the process of
the present invention may be used to more precisely regulate
the thermal history of single crystal silicon ingots. By
adjusting the distribution of power to the side heater and the
bottom heater elements, the uniformity of the thermal history
of the crystal is improved. The controlled distribution of
power also improves the uniformity of the thermal history by
allowing a more constant pull rate/growth rate of the crystal.
As a result, a single crystal silicon ingot prepared in
accordance with the present invention may be further
processed, by means common in the art, to consistently yield
single crystal silicon wafers over the length of the ingot
which have improved gate oxide integrity and fewer light point
defects.

The Example sets forth a particular set of conditions
that may be used to achieve the desired result for one
embodiment of the present invention. However, it is to be
noted that, depending upon such parameters as the nominal
diameter of the ingot, hot zone design, crucible diameter and
charge size, it may be desirable to change these conditions,
adjusting for example the growth rate, the rates of rotation
of the ingot and the crucible, as well as the power supplied

to the heaters, at some point during the growth process.
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Accordingly, these conditions should not be viewed in a

limiting sense.

EXAMPLE

Constant Side Heater Power

In accordance with the present process, a number of
single crystal silicon ingots were prepared according to the
Czochralski method, grown under conditions to ensure vacancies
were the predominant intrinsic point defect within the silicon
(i.e., the ingots were vacancy-type). Specifically, each
ingot was grown to have a nominal diameter of about 200 mm and
a main body length of about 850 mm, each being pulled from a
22 inch diameter crucible containing a 100 Kg polysilicon
charge. A Ferrofluidics crystal puller having a “slow cool”
hot zone configuration was employed in all cases.

During growth of the main body, the pull rate ranged from
about 0.6 to about 1 mm/minute (the rate being adjusted as
necessary for purposes of, among other things, ensuring the
silicon remained vacancy-type). The rate of rotation of the
ingot was about 15 rpm, while the rotation rate of the
crucible ranged from about 6 rpm to about 8 rpm. The power
supplied to the side heater during the growth of the main body
and the end-cone was substantially constant, typically ranging
from about 120 kW to about 130 kW. Power to the bottom heater
remained off until about half of the main body (i.e., about
400 mm) had been grown, at which point power supply was
initiated and slowly increased along a quadratic curve to a
final level of about 30 kW. More specifically, the power was
increased from about 0 kW to about 10 kW over an axial

position of about 400 mm to about 850 mm. As growth of the
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end-cone was initiated, crucible and/or ingot rotation rates
were increased, or alternatively the growth rate, as needed in
order to cause tapering to begin, and the power supply was
increased from about 10 kW to a final value of about 30 kW.
For purposes of comparison, a number of single crystal
silicon ingots similarly prepared (i.e., similar growth rates,
ingot and crucible rotation rates, crystal puller/hot zone
configurations, etc.), with the exception that bottom heating
was not employed and side heater power was increased during
the growth process. More specifically, the bottom heater
remained off throughout the process, while the side heater
power was gradually increased, after about half of the main
body was grown, from about 120 kW to about 140 kW.
Additionally, upon initiation of end-cone growth, the side
heater power was increased from about 140 kW to about 160 kW.
Once grown, the main body of each ingot sliced into
wafers by means common in the art, the wafers were then
grouped according to which 20% segment of the main body from
which they were obtained. The wafers were then analyzed, by
means common in the art, for the presence of LPDs in excess of
about 0.2 microns. The results for the process of the present
invention are shown in Figs. 10a through 10e, while the
comparative results from those ingots grown without the use of
constant side heater power/bottom heating are shown in Figs.
9a through 9e. As discussed in detail above, it may be
observed that when side heater power is increased, the number
of LPDs in excess of about 0.2 microns in the latter portion

of the ingot increases significantly.
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In view of the above, it will be seen that the several

objects of the invention are achieved. As various changes

could be made in the above process conditions without

departing from the scope of the invention, it is intended that

all matter contained in the above description be interpreted

as illustrative and not in a limiting sense.
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What is claimed is:

1. A process for controlling the thermal history of a
single crystal silicon ingot during growth, the silicon ingot
being pulled from a silicon melt in accordance with the
Czochralski method, the ingot having, in succession, a seed-
cone, a main body, and an end-cone, the process comprising:

controlling (i) a growth velocity, v, and (ii) an average
axial temperature gradient, G,, during the growth of the main
body of the ingot over the temperature range from
gsolidification to a temperature of no less than about 1325 °C,
such that vacancies are the predominant intrinsic point defect
in a portion of the main body; and,

heatiﬁg the gilicon melt during growth of said portion of
the main body with a side heater and a bottom heater, wherein
power supplied to the side heater is decreased and power
supplied to the bottom heater is increased during growth of

said portion of the main body.

2. The process of claim 1 wherein the increase of bottom
heater power is initiated after at least about 20% of the main

body has been grown.

3. The process of claim 1 wherein the increase of bottom
heater power is initiated after at least about 40% of the main

body has been grown.

4. The process of claim 1 wherein the increase of bottom
heater power is initiated after at least about 20% to about

60% of the main body has been grown.
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5. The process of claim 1 wherein the decrease of gide
heater power is initiated after at least about 20% of the main

body has been grown.

6. The process of claim 1 wherein the decrease of side
heater power is initiated after at least about 40% of the main

body has been grown.

7. The process of claim 1 wherein the decrease of side
heater power is initiated after at least about 20% to about

60% of the main body has been grown.

8. The process of any one of preceding claims 1 through
7 wherein the decrease of side heater power continues until

growth of the end-cone is about complete.

9. The process of any one of preceding claims 1 through
7 wherein the increase of bottom heater power continues until

growth of the end-cone is about complete.

10. The process of claim 1 wherein said portion of the
main body has an average axial temperature gradient of less

than about 1°C/mm.

11. The process of claim 1 wherein said portion of the
main body is allowed to reside between about 1000°C and about

1100°C for at least about 10 to less than about 60 minutes.

12. The process of claim 1 wherein said portion is at

least about 40% of the length of the main body.
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14. The process of claim 1 wherein said portion has a

cooling rate between about 1000°C and about 1100°C of less

than about 2°C/minute.

15. The process of claim 1 wherein at least about 50% of
the main body of the ingot has a concentration of flow pattern

defects which is less than about 100 defects/cm?.

16. The process of claim 1 wherein at least about 75% of
the main body of the ingot has a concentration of flow pattern

defects which is less than about 100 defects/cm?.

17. The process of claim 1 wherein said portion of the
main body of the silicon ingot is sliced to obtain silicon
wafers therefrom, said wafers having less than about 20 light

point defects of a size greater than about 0.2 microns.

18. The process of claim 1 wherein said portion of the
main body of the silicon ingot is sliced to obtain silicon
wafers therefrom, said wafers having less than about 15 light

point defects of a size greater than about 0.2 microns.

19. The process of claim 17 or 18 wherein the wafers are
obtained from at least about 50% of the main body of the

ingot.
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21. The process of claim 1 wherein said portion is sliced

to obtain wafers there from, said wafers having a gate oxide

integrity of at least about 80%.

22. The process of claim 1 wherein said portion i1s sliced
to obtain wafers there from, said wafers having a gate oxide

integrity of at least about 90%.

23. The process of claim 21 or 22 wherein the wafers are
obtained from at least about 75% of the main body of the

ingot.

24. The process of claim 21 or 22 wherein said wafer

have an insulation strength of about 9 MV/cm.

25. A process for preparing a single crystal silicon
ingot, from which may be obtained single crystal silicon
wafers having gate oxide integrity values of at least about
50% and fewer than about 20 light point defects in excess of
about 0.2 microns in size, single crystal silicon ingot being
pulled from a silicon melt in accordance with the Czochralski
method, the growth velocity, v, and an average axial
temperature gradient, G,, being controlled during growth over
the temperature range from solidification to a temperature of
no less than about 1325 °C, such that vacancies are the
predominant intrinsic point defect therein, the ingot having,

in succession, a seed-cone, a main body, and an end-cone, the
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process being characterized in that, during growth of the main
body, side heater power is decreased and heat is applied from

below the silicon melt with a bottom heater.

26. The process of claim 25 wherein side heater power is

decreased during growth of the end-cone.

27. The process of claim 25 wherein said wafers have
less than about 15 light point defects of a size greater than

about 0.2 microns.

28. The process of claim 25 wherein said wafers have a

gate oxide integrity of at least about 80%.

29. The process of claim 25 wherein said wafers have a

gate oxide integrity of at least about 90%.

30. The process of claim 25 wherein said wafers have an

insulation strength of about 9 MV/cm.

31. The process of claim 25 wherein said wafers are
obtained from at least about 50% of the main body of the

ingot.

32. The process of claim 25 wherein said wafers are
obtained from at least about 75% of the main body of the

ingot.




