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Field of the Invention
This invention relates to microelectronic manufacturing methods and devices,
and more particularly to silicon ingot manufacturing methods and 31l1con ingots and
wafers manufactured thereby.
20

Backeground of the Invention

~ Monocrystalline silicon, which is the starting material in fabricating
semiconductor devices, is grown into a cylindrical ingot by a crystal growth
technique, which is referred to as the Czochralski (CZ) technique. The ingot of
25 monocrystalline silicon is processed into wafers via a seriés of wafering processes

such as slicing, etching, cleaning, polishing and the like. According to the CZ



and pull ed upwards, and the nolten silicon is then grown into a
nonocrystalline ingot by slow extraction. The nolten silicon is contained
in aquartz crucible, and is contamnated with a vari etyﬂf Wh‘:{l ties,
one of which is oxygen. At the nelting 5 tenperature of si Iitl, 't he oxygen
pernmeates the crystal lattice until it reaches a predeterm ned
concentration which generally is detepmned by the solubility of oxygen in
'silicon at the nelting tenperature of silicon and by the actual segregation
coefficient of oxygen in solidified silicon. The concentration of oxygen,
whi ch  per megtigsque j L i 1ng.crystal growth, is greater than
the sol ubili ty@g? %Se%ﬁzgﬂrﬁf‘r&g‘gwg?ﬁ?‘b%g“%"u“l T EYRTEL 1t prokten Sﬁ@ﬂ@pef atures
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sliced into wafrimtedWieh  emtydfigpirities) dhk ot iviich g)g(g%g iR lhgafers s
grown to oxygen | T ecl Jl.t ates during subsequent theffral processes. The
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from devi ce REMCRESIOGyged B SHLABRY nction is referred to as
gettering. 20 Figure fgles_la sect ?3?,2%"3\,?%\,303 eniaton of erveE hichvet al  Oxi de
Seni conduct dierm ¢ stlicamigst during Refset gionth, isréatey Uiag the.solBRRYy $he oxygen
preci pi tjat e (IS Feits f exi st _in a channel region, which is

| ocated in aﬁ?%egtli ve%gisglﬁ§%§ttﬁﬁ§alge CRSHELISEGIn seraicpRduci9Edeiieen a sour ce
region 12 arepngfagiues. rsithgyérpsial powshirarh therolteh 0ilioRhnd 8415, tERbIfpGE Of 2

silicon sub .gate insul ation |ayer 16, for 25 electrically
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Figure 1 is a sectional view of a conventional Metal Oxide Semiconductor
(MOS) transistor. Referring to Figure 1, when the oXygen precipitates at the wafer
surface exist in a channel region, which is located in an active region of the
semiconductor device between a source region 12 and a drain region 14 which are
formed near the surface of a silicon substrate 10, a gate insulation layer 16, for
25 electrically insulating a gate electrode 18 and the silicon substrate 10, may break
down. In addition, the refresh characteristics of a memory device that uses the
MOSFET may degrade.

Also, oxygen precipitates formed in the bulk region 10a of the wafer, which
are produced by subsequent heat treatment, can act as a leakage source and can act as
intrinsic gettering sites, which are capable of trapping unfavorable metal contaminants |
during subsequent semiconductor device manufacturing. Thus, if the concentration of
oxygen in the ingot is high, the concentration of oxygen precipitates which act as the
intrinsic gettering sites can increase, so that the gettering capability increases.

However, if the concentration of oxygen is not sufficient, oxygen precipitates may not



be produced in the bulk region, so that the gettering capability may be
reduced or may not be present at all. Thus, it nay be desirable to
properly control the amobunt of oxygen precipitates distributed in the bul k
region of the wafer. In a wafer which is obtained by a coggqungal crystal
growth and wafering 5 process, oxygen precipitates distribute through the
wafer, fromthe top (front side) surBace of the bottom (back side)

surface. In general, a Denuded Zone (DZ) 10b should be provided fromthe
top surface to a predeternlned depth, which is devoid of D defects
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surface of the waP&™aies WRids obtgingdba ?@Vaﬂtwnﬁhrysmbmammﬂtwaﬁm@f oxygen
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oxygen -precdnBil &l region of the wafer.
However, it mayl %Esﬁ)vf&?ﬁ}aﬁﬁtgg{&gs a| na E{‘j?ﬁ%‘? '5::3 - Biehisdevaidel Dz nay
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sem conduct {a?ers [q g‘@gll E %Fess g (%/ this 20 conventional technique,
t he oxygen 35 Brtat e arcEre & 8?1‘“@ of “i"?é‘“?h%l&?ﬁr?dﬁﬁ@)’l)wéﬁ@r fromthe
top surfdke Qxagmpeedqntatesmaﬂﬂrefsﬁﬁﬁcdﬁftﬁd\eaf&aivﬁ{ch cﬁpéétpsea Rrc H‘]&%}I Lated in
Figure 2. Pay |Stul arly,.conventional t echnf qgues 1 n whi c an % onal

hi gh- terrperature thermal process is performed for a long period of tine

may degrade the (Th\lsl rcordér t6 Pormagiiasit %@deﬁﬁg sifeQtn HE BER r&ioSde RPRGE, OF war page
may occur Mor epver e nahuf acturi ng c¢0S nay I NCrease.

ﬁgf er
- Al'so, in suc dent PZingpr tho wirkaes ?féh‘t yafep awvafgp sentaicisgaigh i ron (Fe),

which are troaméﬁﬁlatib)i F CFBEk apRC e_bul k r on may be
‘rel easeﬂgl nto the DZobb@ag@as(ubsequgﬁiAtgpg@{éaggxﬁgnw%e?mtuﬁg %a&(éed

cont ani nant LR h%{b"tw%%@amﬁ)e‘ﬁk%@én@b b¢ thermaly pRicgssed fod ailenggpetlodigh am
i I lustratingin® byeUted rati rofile of a wafer
infe HyQUERNEh QXY GRBeRiubCh il gl gng\?é:h gl'hfevg Q’c‘h%

fabricated by another conventiona Q&P Figure IA
of U S. Pat @HCiPates maybe gpeated Ilmthpéznklrcgmraofm@wghf eH@vdvar, ithgaydeygen

preci pitat e dgaag I respect to the depth of
t he wafer, resuﬂ3 Fﬁ‘gm S??nﬁ%@%é’?‘éi‘%%%er it:! m%'r‘?%’ég}]?' HgveE§8&€1§§ubn a waf er

carried Out diffpsign gf tnfqm@xgl gxygenN@va 2@fionductor wafer thermally processed by this
20  conventional technique, the OXygen precipitate concentration profile through the
wafer, from the top surface to the bottom surface of the wafer, may be as illustrated in
Figure 2.
Particularly, conventional techniques in which an additional high-temperature

thermal process is performed for a long period of time may degrade the device

© 25 characteristics. For example, slippage or warpage may occur in the wafer. Moreover,
the manufacturing cost may increase. Also, in such a case, metal contaminants, and
particularly iron (Fe), which are trapped by the oxygen precipitates in the bulk region,
may be released into the DZ by a subsequent process, so that the released
contaminants can act as a leakage source.
30

Figure 3 is a diagram illustrating a redrawn oXygen precipitate concentration
profile of a wafer fabricated by another conventional method, which is disclosed in
Figure 1A of U.S. Patent No. 5,401,669. In particular, F iguré 3 is the oxygen
precipitate concentration profile of a wafer with respect to the depth of the wafer,

resulting from a rapid thermal annealing process on a wafer carried out in a nitrogen



4 atnosphere, and subjecting the wafer to subsequent heat treatnent.
However, as can be seen fromFigure 3, neither the DZ near the surface of
the wafer nor sufficient oxygen precipitates in the bulk region nay be
obt ai ned by this conventional nmethod. 5 Summary of the Invention

Enbodi ments of the present invention provide a silicon wafgt M&Zilhg a
controll ed vertical distribution of o#ygen precipitates which can act as
intrinsic gettering sites. In particular, the oxygen precipitate
concentration profile fromthe top surface, in which an active region of a

sem conduct Ofim8Q¥irE SnlBY i sihe oriom s face of the silicon
waf er, conpri sgsg) FIrst a %ﬁg%%n eprééi S q(ue]lq?%tt At SopisKd> Frcdliet er mi ned
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the first pceuggge(n% HJ “tﬁt\ﬁgeglnth%ﬁﬁgﬁﬁﬁnorﬂ?y é(’é‘&dg’ty thip, gonygrtiopal sethodhe  second

peak. The oxygen precipitate concentration profile also has a concave
regi on b%t ween 15 the first and second Eeaks whi ch can correspond to a
bulk regi’on of the wafer. NorI8BBArY oftheayentiorents of the invention, the

denuded zone bet waxeadxfnhﬁtsom&b&@erﬁmvfeﬁ%p%w& :Mﬁ%ﬁ% FRdildle second peak
i ncl udes- there| \ﬁg | east one regqgi on d‘s oca 1 on, &her eas t he
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conpared to ions in the silicon wafer that oxygen precipitates

are present P 'f ar \ehﬁvge‘f P%HP{‘?{%C@FFMPQQW Biefijerplanibgtip eonpaveregigrobreweenbodi nment s
_of the ilfivertteifiast and heomﬁéww{cﬁ%rpé&f&&n&%‘&&ﬁ% fe?{?ln%@mf%gfepr ofile is

symmetrical with respect to a central surface e silicon wafer that is
central |y | ocat e4OI58YsReB smppdimentp obthe inyetionnthe derfuderbmone Witween ther exanpl e,

the first oathosamROtbMEEateTededlaRkhSmAl S ikt AE; JRUEYST , (D Ot her

enbodi ments,; _the, profile need not be symetrical, suc "% r exanpl e,
different d& ‘Héi‘SFP&?“%“?JF@\W%@U¢eér20n¢1'@em¢mshe tapshrfiecafithe pefaks. Al so, in

some embodi aRIhS iRl pehk & fid\be At ARocafiot N, 10 %Rier embodiments, the silicon

20 wafer also includes a plurality of Shallow Trench Isolation (STI) regions in the
denuded zone, between the top surface of the wafer and the first peak, and that are
free of STI slip. In yet other embodiments, the OXygen precipitate concentration
profile includes first and second peaks, a denuded zone and a concave region between
the first and second peaks, as was described above. A plurality of STI regions are

25  included in the denuded zone, between the top surface of the wafer and the first peak
which is close to the STI regions, that have an STI slip that is reduced compared to

same STI regions in the silicon wafer that oxygen precipitates are present far away

from the STI region in Figure 2.

e

F In some embodiments of the invention, the oxygen precipitate concentration
30  profile is symmetrical with-respect to a central surface of the silicon wafer that is
centrally located between the top and bottom surfaces. Thus, for example, the first
and second predetermined depths are the same. However, in other embodiments, the
profile need not be symmetrical, such that, for example, different depths may be

provided for the first and second peaks. Also, in some embodiments of the invention,




5 the depth of the denuded zones is in the range of about 5mto about 40m
fromeach surface of the silicon wafer, such that the active region of the
sem conductor device is formed to a sufficient depth. In other enbodi nments
of the invention, the oxygen precipitate concentrations at fpegfigst and
second peaks are at |east about Ix 109 cms, 5 and oxygen precipitate
concentration in the bulk region betwgen the first and second peaks is at

| east about 1 x 108 cm3.+<1n still other enbodi nents, a | owest oxygen
precipitate concentration in the concave region is at |east an order of

magni t ude | I . . precipLtate concentration in the
(oot ana oot PR den ALORSEL s TR e B By SR ot RS eeent s of
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di sl ocat i onvactivésseivhich ¢an ppddues o:aBOPHCEIPIkLS corRemttatib@piofids @fscribEl T €gi ons are
i ncl uded i n_t he denH%I‘g)d Z0 be{vveen the top surface of the wafer and the

n
first peak, aboyve tiane S@F‘Fnt's‘ﬁ?”ﬁ‘a teatment.s Theypsancy cersepimtienproflesane ST
~regions in tdneprisés firstand ¥R6QT peakedt fidRasd 8ebnd &E&e&@ﬁix{e@ﬁ?ﬁé fﬁ?ﬁ}’@l@” .

I cal or asymetri cal

preci pitate nucleation centers described above. Symet
profiles malyP B PAUGH efaces abthe Malengespectivalyh ddse fisvesaneroscantrativre pr esent

.inventi 05, eaginglatld\GEdEREminéd BRREARH 0k, Ridh is ToviS tHaf Bgﬁﬁﬁagﬂmgen?xiali&r? on waf er

in an atnosphere of a gas m xture conprising a gas as a vacancy
i nj ection ePRAke theRE. ketysen Giptaprsurfees of theagafernand thetfirstipedk anil betseen i nj ect i on

ef fect on thendim aAREcOFilAMEULiacss R el L& hmtioANd between
about 1100C and about012OOC, tongener%ltepﬁaglglgtﬂagaﬁ%éxﬁfeé’%@%ich act as

oxygen pr edipiile hasa epneaye residn betvagn tierfiystsnt senqué peakih dlatsohe eat ment, such t hat
t he nucl eadphiRR; t ' ile fromithe t rface to the
infenty ﬁ% dgtgl?gfﬁﬂ)tng BldyRlh ME ?&'to surface %f; t[g%w%@x‘;@a%ée

bottom surface of 't er conprises rirst an at first and
second }pr e detand prafaidcludss thesein at least one region of slip, whereas the denuded zone

between the top surface of the wafer and the first peak is free of slip dislocation
therein. In other embodiments, a plurality of STI regions afe included in the denuded
zone between the top surface of the wafer and the first peak, and having STI slip that
is reduced compared to same STI regions in the silicon wafer that does not include the
25  oxygen precipitate nucleation centers described above. Symmetrical or asymmetrical
profiles may be provided.
According to method embodiments of the preseﬁt invention, Rapid Thermal
Annealing (RTA) is performed on a silicon wafer in an atmosphere of a gas mixture
comprising a gas which has a vacancy injection effect and a gas which has an
30 interstitial silicon injection effect on the top and bottom surfaces of the silicon wafer,
and between about 1100°C and about 1200°C, to generate nucleation centers, which
act as oxygen precipitate growth sites during subsequent heat treatment, such that the
nucleation center concentration profile from the top surface to the bottom surface of

the wafer comprises first and second peaks at first and second predetermined depths



2 2 NOV 2005 6 fromthe top and bottom surfaces of the wafer, respectively.
Al so, the nucleation center concentration remains at a predeterm ned
concentration, which is lower than a critical concentration to nake the
DZ, between the top surface of the wafer and the first peaf qngWﬁtmeen
the bottom surfaces of the wafer and the second peak. Final §, e

nucl eation center profile has a concage regi on between the first and second
peaks, which corresponds to a bulk region of the wafer. Symetrical or
asymmetrical profiles nmay be provided. In yet other enbodi nents, the RTA
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" enbodi nent s, lrH)ral or to perfcl)rén' ng the VI%TA, hég?lé(ﬁg%%fl%%'g@rsr@ggﬁrre IS

i ncreased at®™oaBigsatsSbeR A is restorned atfagemparatwlofationohi28iEh U ofdel t 0 bet ween
about 11G0C eaibddin rform t.he, RTA, the
Reuhe RERQGoe ﬁ%ﬁ??%? belefdf Jlb%[ltlfg\% sl%c&lds. gg gHEOtB

"heating may be decreased by Cr) et ween about S fd about 70C
per second, cfbpdigrnisiheRT4 ixpretsded BOBOIdIY Ieatiet thodthespherteotprigig s, aft er

decreasi ng tahendagahi Q&OH%%E%?O%{ ngr%dpur ged fromthe atnosphere.

According to other nethod s of the present invention, a plurality
According to still other method embodiments of the present invention, a

silicon wafer is manufactured by performing RTA on a silicon wafer having a top

20  surface and a bottom surface in an atmosphere comprising argon and ammonia, for at
least about five seconds and at between about 1100°C and about 1200°C. In other
embodiments, the RTA is performed at between about 1100° and about 1150°C. In
still other embodiments the RTA is performed at about 1120°C. In yet other
embodiments, prior to performing the RTA, oxygen is purged from the atmosphere

25  and sensing may be performed to determine that less than a predetermined
concentration of oxygen is present in the atmosphere. Moreover, in other
embodiments, prior to performing the RTA, heating of the atmosphere is increased at
about 50°C per second, for example from about 800°C to between about 1100°C and
about 1150°C. Moreover, after performing the RTA, the heating may be decreased by

30  between about 10°C per second and about 70°C per second, for example to about
800°C. In yet other embodiments, after decreasing the heating, ammonia may be
purged from the atmosphere.

According to other method embodiments of the present invention, a plurality

of silicon wafers are manufactured by sequentially performing an RTA processona .



ilicon wafers are nanufactured by sequentially performng an RTA
gl;oilelslscgn a 2 2 NOV 2005 7 series of silicon wafers in an RTA chanber in
an at nosphere conprising argon and ammonia, and at below a terrp_erature
t hat causes sublimation of silicon dioxide from the seri ?S?,,‘N @Uil con
wafers onto the RTA chanber. The RTA may be performed y of the
conditions that were descri bed above. 7l n other enbodlnents, silicon 5
wafers may be sequentially processed for up to six nonths or nmore w thout
cl eaning the RTA chamber of sili c]?n di SXI ]Eite Atccr:]or le_rll_% Eg g gglrjcgeggod

[ t.reat is perforned after e
ggggglnngpfail p?r}%g%)fsubc(%c‘,‘v ?'é‘ﬁ“ hFRsmbepinan gimasplere mmmumgatgen tel the

bot t om sur f aeemofiatdie aVGi&H a teMhfefdturt AEPEAUS&SublidAbn 3PS caks at
flor s'? and 10 sglco“rildéggedet e?n?MrPeed deft hs Trom ‘{11 e top lCO(':] b‘“ffgr‘?f“surfaces

of the waf er 1€ SPss gERHicapayafers gniphesR M@mb@heﬁdﬁ&m&&eg&fwﬁed hteh\éva]; 22 Oﬁgd
he f t t
:)egk Igfld geggdﬁgggeo f?%&:ﬁgﬁﬂoxﬁjﬂ?ﬁg%%ét |rs %aﬁndmé Bﬁ’a QUpEYRSICR met ri cal

or asymmedr | Hafefsrslﬂ%fheIswemlymcegﬂed)ﬁurdlpdo sit mohiths 0f f6re valib@dicamng S of the

to
nventi on, aySighiaC f subject to an RTA process according
;m\:/)odl ment s tcgl%%RtT1 &Q?lg%éﬁtsm}:%g%l%lﬁ%n may be manufactured from an i ngot

which is pulled” qugmdmgItb ethesmbuhﬁd)&nbdmraexhglheal@r@ﬁmfehtwﬁ&ﬁ)mé&?@{ gkng to an
i ngot pulli ”ﬁ%‘ﬁ;? o rofile where the Ful | ing rate of Ingot 1s high

enough so tha ARYF SR OBYECR Rresipiipte %CH%QPQF@J%@@E theéomuefvwoed but | ow

enough S0 20t hattonf ek dfulie ek, Miftholpiials RAOES ARl GYent ed. and
onerates is prevent ed. her

ebod: ol s “BF AR TETe debhsdross (e randmiem precs o tsubifect Lo an  RTA
process accofeshettivelyDa BITRE R rt‘ﬂestoﬁ’ §urf’a@§ d? Lr anfl ﬁl%r}{rét Q0

hot
manuf actured from an i ngot which is pul froma mol S|aIn¥con in a
zone 25 fur g%f’é‘é“&é‘&?PHP‘ﬁ@“‘tf%Fe&ﬁthcrY@&f apﬁhmelsmnd peak, qmd(afcbhcaye wpierie t he

pul | ng Tt Chelich e (AGRA sicind Plefl SRHARCA3 B DA YAGANGY, zgg%ggg[g} es are

- formed through the dianeter of i ngot w
aggl onmer at esPlo¥igddor di ng to ot her enbodi rrents of the invention,

r | 1ine. sili.con. ingot |ncludes a
“chamber Encl baur o A iemBaH BB TR i PR S HPE AR o) ds
mol ten sili ddfA P@Cf!ssewowaigie{embndxtdsgsoﬁmg‘g?zermlnﬁh?ﬁ)grn?ggﬁ% Zur:enfa nf: Ihgsur .
crucible to st.al,..a
sur r oundi ng H?ég%ﬁg@ﬁe??% %'ﬁgm Vihich lﬁg'f)lge& paLPolten slicgn kgt Aepe disesei s

according to an ingot pulling rate profile where the pulling rate of the ingot is hlgh

enough so that formation of interstitial agglomerates is prevented, but low enough so
20  that formation of interstitial agglomerates i Is prevented, and the formation of vacancy
agglomerates is prevented.
In still other embodiments of the invention, a silicon wafer that is subject to an
RTA process according to embodiments of the present invention may be
manufactured from an ingot which is pulled from a molten silicon in a hot zone
25 furnace according to an ingot pulling rate profile, where the pulling rate of the ingot is
high enough so that vacancy agglomerates are formed through the diameter of the
ingot without forming interstitial agglomerates.
According to other embodiments of the invention, a Czochralski puller for
growing a monocrystalline silicbn ingot includes a chamber enclosure, a crucible in
30 the chamber enclosure that holds molten silicon, a seed holder in the chamber
enclosure adjacent the crucible to hold a seed crystal, and a heater in the chamber
enclosure surrounding the crucible. A ring-shaped heat shield housing also is
provided in the chamber enclosure including inner and outer heat shield housing walls

that are separated from each other, and a heat shield housing top and a heat shield




provi ded in the chanber enclosure including inner and outer heat shield
housing walls that are separated fromeach other, and a heat shield
housing top and a heat shield 2 2 NOV 2005 8 housi ng bottom whi ch connect
the inner and outer heat shield housing walls, the heat shpelxyhoissi ng top
sl opi ng upwards fromthe inner heat shield housing wall to the outer heat
shiel d housing wall, and the heat shi @l d housing bottom sl opi ng downwar ds
fromthe inner heat shield housing wall to the outer heat shield housing
wal | . The 5 ring-shaped heat shield housing also includes a notch therein

at an interseggls heet usi || and the heat shield

housi ng bottom %%88%’83‘?‘?’ hrf%#&begg th%énlf%b%r{a?oé’%ﬁ' H%‘t\é}g%{ﬁ hoysing vllpshesheay wi t hi n

the cruci bl eshipd bowsitierigp slopiog hpwarénerd itlvesinies hedt BiReld BalsinsVAl:g I( OlﬁSi ng
ousi ng

bottom i nclu kst portion adjacent the inner heat shie

wal | that sl g%i‘g‘%a‘o%&dé*eoa@w &ﬁﬁmﬁt‘#@‘%ﬁwd brusing Bettas gopiea divmgvawdal |t owar d
the outer he&bmshd isha heashieRichowgihg wall REthE 8@k hesith ' ottom al so

i ncl udes a secoqugﬁﬁti n ﬁgjapen% t he outef-ﬁeatékﬂ?@ﬁggaﬂgdang.malI t hat
sl opes downwalle® i, bousing gl inclides aindichutbemip ahar intetseminaftiee | nner
heat shiel d beaisshed hyaide waZaa i - y cording to engbodi ments of
the invention also pull gt.“r,]e 15 @ggdéghhegﬁédeurgméPgtg%"f’h‘gs‘?%ﬁ‘éf’ﬁ k0 grow the
mol t en si | i cOPPPTHYtBe haskshisid hensingomithin eocibkest al | i ne silicon ingot, which
grows along and axQuyad is in a.cylindrical shape and forns
an ingot-nol ten sil i@glr‘i’ tIB %%hg%]g%o?hgﬁ{ﬁﬁﬁlewgatﬁﬁ‘fzﬁﬁ‘ﬁuﬂﬂ bostgm inclyges peast one of
the | engths 8fstparéon adjasent dhrecinga heat shieldthosdihgeall MALEIpBOdINRMaS fifn t he heat

shi el d hegsi pg; ngl es,,of the heat shield housing top and first
and seco % 2{819 ﬁng%{}?egﬁégp e?(ﬁﬁ%sglg gtagg% arg) tenhahghigld, heysing I’mﬂt Abe hasher heat

shi el d housi shielduadusing bbigom diss inaludes hebarRIgRrIcRAIREMEHE bEeARD: iy Out er heat
di st ance, between the nolten silicon and the inner

shi el d housi mal | ot ! )
heat shi el d E%ﬁl\sq?rlﬁval l\t/\h/aaPqu%?ﬁ ovpard fromy the putggrheat;shisldhonsing walktosvard the e ar e
sel ect ed sucinndrhedt shibid hpudihgealali.ngot i s cooled at a rate of at |east

1. 4K/ mi n based orbtgff‘lteng}ﬁ:rature_ of the ingot at the center thereof, from
‘the 25 tenper at uré°aralif gullar ercording e pmbodimensnof the isvdntiomalsopul the edet er ni ned

_tenperat 1§ e eéd hdldee foMIBs cruBble®d oORSES inBlidn8)i0f, ; Lngs Figure 1 is a
sectional view sho%iggga struct u%e of a cé‘nv‘e‘ﬁ{‘.“%ﬂg‘f’%\”afﬁm de 30

Seni conduct dportom ngrgxflggt, wl-gqalhgrgwp]elgpg uiderand fitacantrafaxiz sl i con wafer.
SR v o i
] ing walls of the heat
shield housing, the slope angles of the heat shicld housing top and first and second
20  portions, the distance between the ingot and the inner heat shield housing wall, the
distance between the crucible and the outer heat shield housing wall, the distance
between the molten silicon and the inner heat shield housing wall and the location of
the heat shield plate are selected such that the pulled ingot is cooled at a rate of at
least 1.4°K/min based on the temperature of the ingot at the center thereof, from the

25  temperature at the ingot-molten silicon interface to a predetermined temperature of

the ingot.

Brief Description of the Drawings

Figure 1 is a sectional view showing a structure of a conventional Metal Oxide

30  Semiconductor (MOS) transistor formed near the surface of a silicon wafer.

Figure 2 is-a diagram illustrating an oxygen precipitate concentration profile

of a conventional wafer.

Figure 3 is a diagram illustrating an oxygen precipitate concentration profile

of another conventional wafer.



Figure 3 is a diagramillustrating an oxygen precipitate concentration
profile of another conventional wafer. 2 2 NOV 2005 9 Figure 4 shows an
oxygen precipitate concentration profile of a silicon wafer according to
enbodi ments of the present invention. Figure 5 is a tine chart @Pr Rapi d
Thermal Anneal ing (RTA) process according to enbodi nents of kN @Q@sent
nvention. 5 Figure 6 shows a point degfect concentration profile with
respect to the depth of a wafer, after an RTA process illustrated in
Figure 5 is carried out in a nitrogen (N2) gas atnosphere. Figure 7 shows
-a poi nt defect concentration profile with respect to the depth of wafer,
after an RTA procd8¥eshops 3ngrygen prefipiiale eonsentrgtianeprefile of asiticnwaiier ar gon

(AR) gas 10a&brExnbemodieAd bEHS prliOEnvindiAl Nt defect concentration
profile with respect to the depth of wafer, after an RTA process

illustrated in Filge#esss 3 Yme ghari fga BapidiThernahgorealien(RIA procg@s at nospher e.

Figure 9 ShougoRingas BAGYIERE SIE Bk ol REQld, © after an RIA process of 15
Figure 5 with re;gect to a variatron of the ni xi ng ratio of a gas m xture

containing N2 gddgund siowgmmintRietur enthtisimmBorde wak YEee B BS ik &t e

concentratio fL] es ai ned.t hrough _.subsequent heat treatnent after an
RTA process ggg%gaﬁ%‘rgantlgméwgﬁs H&e‘ﬁ{rgtegf“ Fighge 3 breagisd out ingaitrogem(Nahi t h
respect to tpmsakmespleer@f gas used during the RTA. 20 Figure 11 is a diagram

illustrating dissplution of Crystal Oiginated Precipitates (COPs) near
the surface of tﬁ:gg‘g‘?hw ARt detest qopeentationprofite with eespect © thedepthidd out i n

the Ar at moswheer, efterlah RIEprdéess AlBrREPIhIFHAPY; h 0 ; N precipitate
distri bu&éz'?'n ofﬂ)g waf er AepV\hi gh haé undergonglsz%%ggdﬁé%%gﬂ%@tﬁﬁ?gat ment

after an'RTAUPPHOEEs according to 25 enbodi ments of the invention in the

2 gas at mospher gkl Suichslibot: BBl1OhOGEARA GV, SLYOEN, PLSCIR | aLe

distribution of a wafer wh has under gone “a subse at ment
after an RTAVHFlaliss sn RIéapracasyillustrateshin Fifuretis sardéd dién b hytesdeh i)i n the Ar

~ gas at nnspheéagauﬂsﬁggeg 14 is a photograph show ng oxygen precipitate
distribution of a water 30 which has undergone a subsequent heat treatnent
after an RTA profime dgovsdivaganey coreattatibnpiofik afiér 4nFETA peRtbPN i n the H2

. gas atnogp heffig,lre 5 with respect to a variation of the mixing ratio of a gas mixture containing N,
gas and Ar gas.

‘ Figure 10 shows an oxygen precipitate concentration profiles obtained through
subsequent heat treatment after an RTA process according to embodiments of the
present invention, with respect to the kinds of gas used during thc;, RTA.

20 ngure 111is a diagram illustrating diséolution of Crystal Originated '
Precipitates (COPs) near the surface of the silicon wafer as the RTA of F igure 5 is
carried out in the Ar atmosphere.

Figure 12isa photograph showing oxygen precipitate distribution of a wafer
which has undergone a subsequent heat treatment after an RTA process according to

25  embodiments of the invention in the N, gas atmosphere.

Figure 13 is a photograph showing oxygen precipitate distribution of a wafer
which has undergone a subsequent heat treatment after an RTA process according to
embodiments of the invention in the Ar gas atmosphere.

Figure 14 is a photograph showing oxygen precipitate distribution of a wafer

30 which has undergone a subsequent heat treatment after an RTA process according to
embodiments of the invention in the H, gas atmosphere,

Figure 15 is a photograph showing oxygen precipitate distribution of a wafer
which has undergone a subsequent heat treatment after an RTA process according to

embodiments of the invention in the N> and Ar gas atmosphere.




Figure 15 is a photograph show ng oxygen precipitate distribution of a

waf er which has undergone a subsequent heat treatnent after an RTA process
according to enbodinments of the invention in the N2 and Ar gas at nosphere.
10 2 2 NOV 2005 Figure 16 is a photograph show ng oxygen precipitate
distribution of a wafer which has undergone a subsequent heat Niyr®ggg nent
after an RTA process according to emgpdinents of the invention in the N2
gas and H2 gas atnosphere. Figure 17 is a photograph showi ng the depth of
Dz formed near the surface of 5 a, wafer which has undergone a subsequent
heat treatnment a;__t er an RTA process _according to enbodi nents of the

i nvention in theFE3regd&ds aphaiegspriy showing piyasn pretipitats distrivhtioroefraagfershowi ng t he

depth of DZ igeHTasuRRRIont BSySHiAGRaQleatrid ,ch, has, undergone a
subsequent heat treat ment aftgc; an aRTAeaprgié\%Iseggng@éc?rr%FSﬁgac?%‘ odi nents of

the i nventi GFEPAMERS ofithe fysntianio $isRbraes amitiagetmesgiird. s a phot ogr aph
inder gone & substiusd ol bl fedtph 3 Badormid bl sufbeeilai ng 1o
enbodi nerdt s aofafertvéhidhrhae nidecgont a stiiseque hgatsreatieRcafReRERTRipEG 20 is a
ot ch has uider Ibete HofEeaf oie THeniorh L iadat AavERNRan RTA process 15
A mosphere. Egﬁmﬁﬂfg‘%ﬁgﬁgﬁ‘fﬁ%ﬂ35@%58"*‘?%%@%&%3?ned near

t he surface 20¥3d" uRgsrEoRe R SUDSEAYERIhERS sataent afis hh prosess t r eat ment

after an RTAc@idSESSmbadiaRhE bPthe ifve IR IHBRLSs A, I nvention in the N2
gas and H2 gas atnhosphere. Figure 22A is a %og?gﬁgﬁméhom ng the shape of

a ooP i ln as- gFigwss 18dsa rhotogmaph shovring the der2 Bf BA domied hear sheaprfacefof COP t hat
has been charged , [ di ments of the
invention in the vﬁfz&glgssﬁglf %ﬁ%ﬁg@g&ﬁ%t hgﬁ(&g@%ﬁ&gﬁg&nﬁ‘ggﬁf%ﬁh show ng the

_ . re.” Figure i's a
shape of a @gyordipg tagmhedigenant the inventionnulthe ity gasat@8Hheleows t he shape of COP

t hat has been chg [ S r.di ng to _enbqadi nents of the
“invention in theﬁ%ggg?ﬁf?‘%&pﬁéﬁ?ﬁggﬁgfﬁgg"fﬁc B?aéﬁféfﬂ%i‘%gg
“phot ogr aph  ghvfir mich hes widargenod subsdG@t heat aeatmsntgfienh tApRcesand Fi gure 24B
_shows t S . -hat. h been. cha after an RTA process
accor di 23 tg&g%rg&?r%ﬁ éslmg tsp ﬁ%’e fnr‘{f’/‘gm’i‘ @gﬁggwgr@zgg%mamew gas
at nosphere. Fi guFigur231 iss phofdgenph dhaagingilve Heptust VARG Réae RRLAkieRr of Waf ers
rese inventign. 30 Figure 26 is a

TR e T TN N e e

according to embodiments of the invention in the N, gas and H, gas atmiosphere.

Figure 22A is a photograph showing the shape of a COP in an as-grown state

20  and Figure 22B shows the shape of COP that has been changed after an RTA process

according to embodiments of the invention in the N, gas atmosphere.

Figurc 23A is a photograph showing the shape of a COP in an as-grown state
and Figure 23B shows the shape of COP that has been changed after an RTA process
according to embodﬁnents of the invention in the N, gas and Ar gas atmosphere.

25 Figure 24A is a photograph showing the shape of a COP in an as-grown state
and Figure 24B shows the shape of COP that has been changed after an RTA process
according to embodiments of the invention in the N, gas and H, gas atmosphere.

Figure 25 is a flow diagram illustrating preparation of wafers according to
embodiments of the present invention.

30 Figure 26 is a conceptual diagram illustrating a relationship between a relative
point defect distribution in a silicon ingot, and the V/G ratio (the pull rate of the
ingot/the temperature gradient).

Figure 27 is a schematic view illustrating a conventional Czochralski (CZ)

puller.




poi nt defect distribution in a silicon ingot, and the V/Gratio (the pull
rate of the ingot/the tenperature gradient). Figure 27 is a schematic view
illustrating a conventional Czochralski (CZ) puller. 2 2 NOV 2005 11 Figure
28 is a schematic view of another conventional CZ puller acggr@i\/rﬁgmto
Application Serial Nos. 09/989,591 and 09/320,2 10. Figure

schematic view illustrating CZ pullend according to enbodi nents of the
present invention. 5 Figure 30 is a diagram showi ng major parts of CZ

puI lers of Figure 29. Figure 31 is a graph show ng variation of oxygen

e e e S M AR

respect to a variation o oW r at
32 is a grap*Ppélh@WﬂrSgrlala%%ﬁW%ﬁ 561 amk@24¥9,2i0eci pi t ate concentration at 10

the peaks after th ure to a,variation of the
mxing ratio of %Ngregr? Sg\ hemgttc Vlew&yg{raﬁggéf%ﬁ%’és aeeordingfoa nh showi ng

vari ati on ofembxyigentspf theippis¢éraimesttoncentrati on at the peaks after the RTA

of Figur 5vmthres ct to a variation of the ra up.rate. Figure 34 is
a graph §hov\n ng GHS I%ﬁdlasfa&éﬁaﬁwgﬂ%upﬁﬁ%ﬁ%ze@ﬁwﬂﬂgm?@n at 15 the

peaks after the ] ik gl‘dbl@s}@WMgt k@G OkydeR pRechateRbid ?ﬁ"tra‘ﬁgn Lhe

anneal i ng tie. igure 35 1s . a h showi ng variation o

preci pi t at e thoprakyaficathe 87 Aaquxgqq@S Wéék@?% t%&VWEOIF{GfAhQﬂOVFIagmféJzS with
respect to %X%hﬁithx@%a&f the annealing tenperature. Figure 36 is a graph
show ng variation of oOxygen precipitate concentration at 20 peaks after

t he RTA of Fi gur Eiggredi2tiha graplpehotvingovaviatidndf| oeoygeofprecqmptedmwantrmbem Fi gur e 37

nneal i g, SR8 B8 KA TR ERER AT PO ot RBi e e oo

gr aphi cal | y Nalahd & maittes gaenper at ur e dependence of oxygen precipitation for

rapid thermal anpeal.i of Fiqure 37. ccordln to enbodi nents of 25 the
prgsent i nvent i og uf—e|3rgig? 2840 g}%’}% Yaif qulofq(éf’rpéetcﬁ’étatﬁﬁ?fﬁa?tfaﬂﬁn £ me

~ dependence GlﬁemkmarthpR&‘(AI@Fﬁm&@mthc&spdfcdtorwvah@n@fmwrﬁiﬁ?-hﬁrﬂé the present
i nvention. Figur r.aphi cal. | é' il ust rates dependence o

‘precipitation on?’éu?ea’t iih? ergph shoying. yegat ﬁi‘@ePlpEﬁﬁlé’“ﬁtﬁF‘?‘ﬁ@“Wa&ﬁ‘P ?F t her mal
_anneal i ng acigsedks et e RTBQFIFERIAS $with respect to a variation of the annealing time.

Figure 35 is a graph showing variation of oxygen precipitate concentration at
the peaks after the RTA of Figure 5 with respect to a variation of the annealing
temperature.

Figure 36 is a graph showing variation of oxygen precipitate concentration at

20  peaks after the RTA of Figure 5 with respect to variation of ramp-dowﬁ rate.

Figure 37 graphically illustrates a time-temperature profile for rapid thermal
annealing according to embodiments of the present invention.

Figure 38 graphically illustrates temperature dependence of oxygen
precipitation for rapid thermal annealing of Figure 37 according to embodiments of

25  the present invention.

Figure 39 graphicaﬂy illustrates annealing time dependence of oxygen
precipitation according to embodiments of the present invention.

Figure 40 graphically illustrates dependence of oxygen precipitation on a ratio

- of argon-to-ammonia flows during rapid thermal annealing according to embodiments
30  of the present invention.
Figure 41 graphically illustrates dependence of oxygen precipitation on ramp-

down rate according to embodiments of the present invention.




30 of the present invention. Figure 41 graphically illustrates dependence
of oxygen precipitation on ranp- down rate according to enbodi nents of the
present invention. 2 2 NOV 2005 12 Figure 42 graphically illustrates peak
bul k mcro-defect (BV ID) density as a function of initialzpwg%
concentration according to enbodi nents of the present invention. Ia—'i gure 43

graphically illustrates slip length g2 the bottom surface of a wafer 5
versus tenperature for rapid thermal annealing according to enbodi ments of
the present invention. - Figure 44 graphically illustrates slip length

versus argon-to-gnmonia ggas ratio according to enbodi nents of the present
i nvention. Figuré &% %‘r ically i\ustrates peak ulkdnigroidgface(PMb) dessif sunct i on of
ranp- down r afuactich®f AGRO6:ichl cdRe MO LIERES 9f { l.nvention.
Fi gures 46A and 46B are X-ray topography phot 08F£§W§£‘§§F‘§%Pf§?e“bot t ons
accordi ng t o™¥8%i nents of the present invention. Figure 47 graphically
il lustrates stre$$oukdyBeh &R0l ;g flling film .densification. 15
Figure 48A is a g?goss-)ggerc%i ongll \ﬁngté\? %‘?Qﬂgtehlaélthee%f)&?:‘f‘ sprfage &F a¥8%r devi ces
that can > beY§Fublmparae fonrapid theoonl smbding aamedingliongboginfRAledigent s of the
i nvention. Fﬁrgééﬁt‘?mféﬁ graphically illustrates a profile of oxygen
precipitates in a wafer of Figure 48A according to enbodi nents of the
present i nvent i ofrigufé 4 graphitally dleepéssiib lengihlVekss £856R%-RY slipin
shal | ow trencéh i so{ at i (r‘)?g. 20 gerél ces as a result rg? tr encﬁméé%lr%kati on

el iRt

pi nni ng accor &r%lag 5T pEPeRtfRveniitiesent i nvention. Figure 50

graphi cal |y il | uStguftdSgraphiculpiiRbtHS sligidnbiiSs i refresh time for
a- vvaferld/\/ni ch does not _havgn%m Mshasplgd gﬂ)igyggz&ngtrﬂglﬁf%%% %w%ﬁai%entrati on
profile andfOfngRreabedigsnis et hepeesent inverticaped oxygen preci pitat e
concentration prefoulee48h att4eH Sk %O j f the present invention.
Figure 51 is a ,rgss- sectional Vi e&ggofpggig@gjrg/ﬁg%%?agﬁsa?g%ggi 88?IH%r mal

anneal i ng s\PStEHRS tejegibpdimsnts oEthy peeséns inveitionvi ew of a nodi fied CZ pul | er

A g L0 ser PRIy Rh AR SENL if (VSR L eI B 2

illustrates details of nodifi'ed parts o “f'gure 52.
densification.
15 Figure 48A is a cross-sectional view of field effect fransistor devices that can

be fabricated in silicon wafers according to embodiments of the invention.

Figure 48B graphically illustrates a profile of oxygenl precipitates in a wafer of
Figure 48A according to embodiments of the present invention.

Figure 49 conceptually illustrates movement of slip in shallow trench isolation

20  devices as a result of trench dislocation pinning according to embodiments of the |
present invention.

Figure 50 graphically illustrates a cumulative failure rate versus refresh time
for a-wafer which does not have an M-shaped oxygen precipitate concéntration profile
and for wafers which have an M-shaped oxygen precipitate concentration profile

25  according to embodiments of the present invention.
Figure 51 is a cross-sectional view of a conventional rapid thermal annealing

system.

Figure 52 is a schematic view of a modified CZ puller according to

embodiments of the present invention.

30 ‘ Figure 53 illustrates details of modified parts of the CZ puller of Figure 52.

Detailed Description of Preferred Embodiments

The present invention now will be described more fully hereinafter with

reference to the accompanying drawings, in which preferred embodiments of the



Det ai | ed Description of Preferred Enbodi nents The present invention now
w Il be described nore fully hereinafter wwth reference to the

acconpanyi ng drawi ngs, in which preferred enbodi ments of the 2 2 NOV 2005
13 invention are shown. This invention may, however, be enbogjedyiymsany
different fornms and should not be construed as |imted to the enbodi nents
set forth herein; rather, these enbod nents are provided so that this

di scl osure will be thorough and conplete, and will fully convey the scope
of the invention to those skilled in the art. 5 In the drawi ngs, the

- thickness OfinJe ers nd rle:rgi ons are exaggerated for clarity. Like nunbers
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el enent s _present. l,\/breloverr_gf eaegh een%g%%fn%ﬁiggéor |h83eecf%§ﬁ§mit 85t rat ed

herei n i Acl (U®S diapangs ohpthickeess af lryere audickious ary ekagperate@ P QMIFENikeAS Vel | .

Figure 4 schegsdd : oxygen precipitate concentration profile of

a silicon wafer %géétlt)c%'/lcljl?enmg %l%g ogégﬁénﬁgv%ﬁ’g? rsﬁ’toéé'@h‘f’han"i‘venti on.

Conpari ng t RiemedtSugrasfailiyer, regivher sabspgeris praednb hBengCBRCEREAL i on profiles

of the sili f er : factured t he conventi onal techni ques, which

are shown i?\lg’lg?%@% ‘é&}:ﬁf dréTrggpyf“ t}“f ﬂtg?ree?%%%f’r InkeFFaEE clkmaeis meDAs) bé n a

pr edet er ni npesaiephfeotteasyg evhén ae1BNéd id BRI asdRfG: b@irrécﬁﬂdx?‘“%ﬁtﬁ&es of the
itate concentration fTorns oubl'e peaks at the

waf er, d the en_preci
‘boundar ?Qs 18%\‘2;5%&83{%‘0@?6 ARing elgments preginnMopgo¥es, eacinernbodiniank k 20 r egi on

bet ween t'hedeailied andBiaktsatedhekedt HEluAEAK HonBlenflt wiiates are
present, which. are enough to produce a S@teter%%g&ggcgg#}pt " met al

cont ami nant &2b &t %W?li-cul arly, with a conventional oxygen precipitate
profile, metal  Rant aRHRAMGIISIGES Lnalspeak posi tioned in the
central area_of t%g waf er matyg be raeﬁ)ég%eg r%”?ﬁtescﬁ S %@Hf’r#"h’e‘;}ﬁal
treatment ptkoBeEs acqordingietermbodinteptstofi theJesemtrimentiorn Cdpprigf thise, -
_enbodi ment spBfilekdBel LN - Wi i ncl ude douhl e peaks in the oxygen
preci pit at epcéﬁcentefg%,gl%gh}eg[rbg i Icglt,}e}rlrtrrs%aof1 P&t ?Sé)%ﬂﬁefﬂ’[cgn She rel eased in
the dir ectPefasturestrthe trmventiohalcebinignes, twhizh atd skowe i Fasur&@f2 a8, waf er, so

that the a -af inants released to the surfaces can be
reduced. Fi@ﬁ?%’“&% [l’es"ﬁgédf%"r‘r‘%é)@%ﬁéﬂ“ af%?“dgeée“ﬁé{‘ﬁ?ge%éﬁf‘ﬁ“a romhefB sheitag ( RTA)

process 30 adboltah Agfaces diiiromifereatdsth@bxyigbe pREPRRAE torcAM@RLH Bns A
commer ci al | g6y BLAR Rl Ge Kifidaries between each DZ and a bulk region. Also, in the bulk
20 region between the double peaks, a large amount of oxygen precipitates are present,
which are enough to produce a gettering effect on metal contaminants.

More particularly, with a conventional oxygen precipitate profile, metal
contaminants gettered by a single peak positioned in the central area of the wafer may
be released with subsequent thermal treatment processes. In contrast to the

25  conventional profile, embodiments of the invention which include double peaks in the
OXygen precipitate concentration profile, metal contaminants may be released in the
direction of both the surfaces and the bulk region of the wafer, so that the amount of
metal contaminants released to the surfaces can be reduced.

Figure 5 is a time chart for a Rapid Thermal Annealing (RTA) process

30  according to embodiments of the present invention. A commercially available RTA
furnace may be used. In the RTA process, first a silicon wafer according to the
present invention is loaded into the RTA furnace, the temperature of which is set at,
for example, about 700°C, for a standby period (I). Then, the temperature in the RTA

furnace is rapidly increased, for example, at a rate of about 50°C/sec to a temperature



furnace may be used. In the RTA process, first a silicon wafer according to
the present invention is |oaded into the RTA furnace, the tenperature of
which is set at, for exanple, about 700C, for a standby period (1). Then,
the tenperature in the RTA furnace is rapidly increased, fgn kyenqpl e, at a
rate of about 50C/sec to a tenperature 2 2 NOV 2005 14 of about 1250C (I1).
Then, the tenperature is nmaintained at41250C for a predeterm ned period of
time, for exanple, about 10 seconds (lI1), and the tenperature in the RTA
furnace is sharply decreased at a rate of about 33C/sec up to the
tenperature of the _standby period (I1V). Finally, the wafer is unloaded from
thgp 5 RTA fﬂ‘i“ﬁa‘é‘é2?‘%&&@%%@?@{%@%& regeaimeiet p2We@Es ai | | ustrated in

Fi gure 5, thereddérmtdel B8ddUT ¢ \ LEeCl.RI nygl eation centers
can be contrgrl | ed, a_ng vdo?gélmebﬁopgﬁﬂggﬁg%ﬁilgl%r?gllt&esgﬁﬁ’raggﬁﬁi tates (COPs),

whi ch are prE8@fRtUtdathetRIeA Sumdca éscshamplyt drercassd her rateadiabdae3 CEslpted, as Wil |

be descri bed 1 toWA gure 11.. The processing tenperature
range of Fi gﬂ&g&@%a\é&%ﬁtgﬁe{ﬁs{dﬁpggﬁ a Yi-/g%fnaﬁlgvégg?f,er ‘Sfﬁlo?q‘?g%?ﬂt &cording to
enbodi ment s BTAtfreace (€} eyt embudantritoot, thd REAlpkdeess ilnfstraedh &ure g35eS, f1ow
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pe u%ﬂlpg, eQWQIP?%@’"?H‘"RBCI%’G’PGF““?‘&PP@ somirotled, @nd voids , cool i ng

anneal i ng tenpera

rate) all  nenCris Orighidteg PtRipithiea (COPY, @hi&f%@ bﬂetsenﬁﬁeﬁp{hg};ﬂgc% ofigure 4, as

wi Il be descri elow. The RTA is carried out at at [east about 1150C

ed . !
for at |eastVHFofAn b dissl¥sdyas witidie despribedlptsr with rafereiRE o Figurpdi f or med at 1150C
for at |east 30 9BeQdSsindt : | to 10 seconds. Al so,
Brd _sm?yenﬂ?era%gégggé of Flgt%re F ésglgéglé(g&sgatwe. ﬁg\w&%fé’ mi xt ur e

the wafer is coqoled rapid at a rate of Sec.

cont ai ni AnGdA aRpRrding fr embodiseents of dkspresent injeation, the kirfds ef4mBientt he sur f ace

of the waf ergas@nfbvdra83 s Nbich vid ' rstitial silicon injection
effect, is used as a gas for t gg’FEin\ﬁ%égtgorédi n“glef’{)gaé%%ﬁp'r?gﬁzftg’ of the
present 20 |3#0eing Smperire ennsalingtoué aelir sammddwingeni.d NJligastej 41 used as the

~gas which hag : Sl ion effect,. and ar Ar) and/ or hydrogen
(H2) gas is uz}s}leégﬁtgg&tg ﬁ"gﬂg’g{’é’{ﬂ V\ﬁlgfétﬁa %’é&%g" Rigre b5 P‘&?Qﬂ esribed BV nj ect i on
ef fect. Fi gutheRTA is harderhont 8t dtlidaststbouatt 1d S090foildatt aBaft §Gecos@NGRPL r at i on
_profil es;cof fects and interstitjal _silicon defects with respect
o the dapt 1P SROBREYR ER RiSoa0t | MR R e f pesetikrati 20R CHiopr © 51 &
carried out least N@,10Aecondsd A, servas@hesdted riREPac M ¥ ledstBFELM. €S 6
esents the vacancy point defect concentration

L?{)? :J|92 2_{‘ t é?%—?'ﬁ"%%ﬁ%ﬁm? E‘g{“&m‘g&é 821 Whish Reovides aypqansy injestipmstieshie (c)
represent t he suefaef yheaviter] anderggt Whichlbrdv@iesin gef Lation profiles,
gal whicBb RlaL sARACRILGH

respecti vel after, the A in the correspondin as at nbspher e.
P thfect, isused as a gasl}‘;)rr the RTA according to é)mbodime%ts%f the present P '

20 invention. Insome embodiments, nitrogen (N2) gas is used as the gas which has the
vacancy injection effect, and afgon (Ar) and/or hydrogen (H,) gas is used as the gas
which has the interstitial silicon injection effect.

Figures 6 through 8 illustrate the point defect concentration profiles of .
vacancy defects and interstitial silicon defects with respect to the depth of the wafer,
© 25  after the RTA illustrated in F igure 5 is carried out in N, Ar and H, atmospheres,
respectively. In Figures 6 through 8, the plot (a) represents the vacancy point defect
concentration profile after RTA in an inert gas atmosphere, and plots (b) and (c)
represent the vacancy and interstitial point defect concentration profiles, respectively,
after the RTA in the corresponding gas atmosphere. |
30 As shown in the embodiments of Figures 6 through 8, the vacancy point defect
concentration (convex curve indicated by (a)) after the RTA in the inert gas
atmosphere was low at the top and bottom surfaces of the wafer, and was high in the
bulk region of the wafer. When the temperature of the RTA furnace is rapidly

increased to the temperature at the point (a) of Figure § in the inert gas atmosphere,



30 As shown in the enbodi nents of Figures 6 through 8, the vacancy point
defect concentration (convex curve indicated by (a)) after the RTAin the
inert gas atnosphere was |ow at the top and bottom surfaces of the wafer,
and was high in the bulk region of the wafer. Wen the tenperature of the
RTA furnace is rapidly increased to the tenperature at thé Ip¥lViily a) of
Figure 5 in the inert gas atnosphere,12 2 NOV 2005 15 the equilibrium
concentration of vacancies, which exist as point defects in the wafer,
increases. Since the nobility of vacancies is lowin the bulk region of the
waf er, the acancy concentration remains |ower than the equilibrium
concentrat | oﬁe o REmsQReentrating; of Nacapgigie waich exisicas point deferts lofthewaxfanm es is

active near ihé€assUIiRe ghedhotifi§ o‘f‘@;c@ﬁcles i210%Lin 1A leo

l{] Va{ Eﬂon of
vacanci es near the surface of 'the wafer reaches e~eq ai 17 BACEh
concentrati o‘ﬁ‘canﬁé[éﬁfﬂwratl@lfwsdmmrthahalmbquavbntxmeomcenmmaﬁuheblﬂﬁ t he RTA

furnace sharpl:y i br.i um oncent ration of t
interstitial ®, lgrf |I2%lr}le%|§§% m&&%eﬁd{q}ﬂygéancnes lﬁp? ve Bg,ar[gttxeeshlktéqe OI? the dﬁ;gqr_ﬂ ation
bet ween Vacaadhat thedoicanteatioh iof varhncissinkarasurfatd T tﬁéwafbﬂ@icﬂ@ss{ﬁe in *the

vacancy conce the 10 interstitials

t { bilift
present in tﬁ%‘r}’ﬁéﬁ'l"i}g&ga?t 86}“‘?‘ @a?‘&n? o y FF{“@PFWE}‘W/%fé@n%T/éS t her ei n,

-t he i nt er stfhinacl sh@plyGRdrEdses, tlﬁ@qhxﬂbﬁ&i@c&i&d‘imﬁ&gbﬂﬁe fn?é?ﬁ‘tlglssllﬂbrgﬂer than the
equi librium ngg(ﬁznt rati on. However, the interstitial concentration near

the surface orefmaple by Ercakel §°°PWémé%fm Yetviren (yasapenadninterstitiabn, as does

t-he vacancy sgRbogenihtRd infieaddS@thely f n the wafer
is held at the h| h tenperaturg E&HCYS&B@@E{ TAIEB Sm@gtﬁg{‘%’%?w\/\@%})m nt (b)

of Fi gur¥ 5 intgistitialspresenign sherbylisigaion ofthe wafst Is lowdie theescanids ihateiny St i ti al s
h th f dl | ed
reac e Qfih etshamwﬁ&gn?ﬁr%ﬁﬁﬁ elte'baﬂﬁigl@ teffhinl gl Pégr@g%n pd.& upﬁﬁ'gpstyl cool e

down to the tenperature ol nt
poi nt def ectegncenimtion. Haweves, th¢ imtegtitiali cbhmira:'ronmbﬁ-ftﬁé airfatd of the@@ddt a new

Vacancy. por et Aarregivfin Shai o d R me e BB AT O - becone
supersaturatsedawnfﬂlhwaﬁva.fer In particular, the degree of supersaturati on
_of vacangies is i,on of the wafer. However, because the
nobi | i tyBlof t he \%hg%tnﬂg |V@t§er |lssh"‘1l§ éﬁheﬁg@rte?‘ﬂgﬁ%‘{ﬁfp%@w of Hme riodhe  t he
concent r at i inofb) vBRigure §, diffhsion st2fng slich thaABBEivadAts 4RI06BRE A RLY

equi librium ncentration at, th dr ped tenperature. Thus, the vacancy
concent rati off eﬁ?@??‘i”@ CHERUOR: ‘?%%%31 és‘iaﬂ‘éb’t°°8’teﬁﬂg‘f5’|‘1@rthﬂ can have the

convex - shapeergsralrovithé poifrl @Y 6fFguee §,IEH@Rti#al pBint Qefe@S whit@Wavd 1 Fi gure 6,
in the case V\'heélﬁ’usxon coRggAle?lI relzlch g xrleew gqulll?bnum concentration at the reduced
20  temperature. However, the vacancy point defects, which have a small diffusion
coefficient, become supersaturated in the wafer. In particular, the degree of
supersaturation of vacancies is high in the bulk region of the wafer. However,
because the mobility of the vacancies is high near the- surface of the wafer, the
concentration of vacéncy point defects immediately reaches. a new equilibrium
25  concentration at the dropped temperature.
Thus, the vacancy coneentration profile after the RTA in the inert atmosphere
can have the convex shape as shown in Figures 6 through 8.
Also, as shown in Figure 6, in the case where the RTA of Figure § is
performed in an N, gas atmosphere, N; gas which permeates into the bulk region of
30 the wafer combines with vacancy silicon to produce smaller-sized silicon nitride
(Si3N4), so that the vacancy concentration in the bulk region is lowered. Meanwhile,
the vacancy concentration increases near the surface of the wafer due to the vacancy

injection effect by the N gas. As a result, the vacancy concentration profile in the N>




performed in an N2 gas atnosphere, N2 gas which perneates into the bulk
region of 30 the wafer conmbines with vacancy silicon to produce

smal l er-sized silicon nitride (Si3N4), so that the vacancy concentration in
the bulk region is |owered. Meanwhile, the vacancy concentration increases
near the surface of the wafer due to the vacancy injection f#eeillby the
N2 gas. As a result, the vacancy concgntration profile in the N2 2 2 NOV
2005 16 at nosphere has the opposite shape (plot indicated by "b") to that
of the wafer fabricated in the inert atnosphere. In addition, when the RTA
process of Figure 5 is perfaorned in the Ar and H2 gas atnospheres as shown
in Figures f"g?fah%’; has theppppsilFspipe (plRkindisatadby "R bledbaiof temwefer 5 is | ower ed

t hr oughout tfleicwed Althdivern hondshierd Nnterstitial silicon injection effect. In
particular, since a reconbination of vacancy silicon and interstitial
silicon rapidly nqddities, wearthe REA pracesaos Figfuret Shie pevddrened diuthe ApartdHe
interstitialg,sdthl L g I . gases used, the vacancy
concentrat i ngaf%g%ébgge}%n%% Sﬁ? ghﬁgﬁﬁg{e?g%@%,{%g@g uvcghtgg‘r’ﬁc?’éctyicf}?ﬁe“tr‘wﬁf‘ch is the
equi | i br iPumitlowershthreughout the wafepduetto thelimerstitapidic@t idfeetionkfedt Nrenbodi ment s of

the inventi . e .RTA of Ei.qure is per.formed in a gas mxture

at nospher e, %fq oF &lgrx?frlrcﬁlaé ,ecq{ﬁb"g#ﬁ“ﬂ Vﬁﬁ%c&ss‘l{‘}fm N?d’élﬁﬁfupﬁl sgse@pidiynd t hus t he
vacancy coneectd b thisupfadé bf the wafer et daSint¥isttialsBicat IRSANRRS FaR be

obt ai ned by conbi nj n‘g those of Figures 6 and 7, and those of Figures 6 and
8. As shown 5f® ﬁe&ﬁb‘é ACHCY(CRRCPUUIORCHN bomaisiined e aefitisrlepndenication, t he waf er s

fabri cat ed iwmdhhsamgaﬁmmmmcéﬁraﬁ&mwaﬁrcaar SRB%Wafuld St and second peaks at
.a predeterm ned depth fromthe top and bottom surfaces of the silicon

wafer. 'Rl so, itnembodimentsolthedmsntion, the\RpiRigure & icpenfomzadiion gis om t he t op
and bott om suixdiRe8SoshRerd, B6r dxhfple ﬁ{‘ﬂxd Q04 oPRAKS! 1S, EQNEH mban the

equi | i brium concent rsgt irpn atx aﬁ_p’ar I cﬁar tg{;gé%%%§§$‘g&“ﬁ]e t he bul k
regi on bet w¥afngrengepirationprefilesia dheokap siiture atrhespheacsanan Ye claioeltyr at i on

profiles ha i T i gneentration nrofile of
"Figure 9 ca\rf&Bgmg%gl glgér)\eg %%%%é%}gﬁfga#c}ﬁos\eé%g%%ag&gf E\f ﬂ}?wf‘m/gﬁﬁ%n,
‘because t he IRFAVgsarnsy geucentrationpumfdesof it vorfer fibrieded in thd aem@pasre M Xt ur e

at nosphgke Wl se royidin he vagancy.and interstitial
ST aon 1Py RREls Bbal 18 ARSER AR & (et Nl B0 AR BFd ¢ he
vacancy si | betm @faces of tietsilizbn wafepraiss,litcanibt abte@thaf hovachity vacancy silicon
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effect in AthaothelBuiliiinatomenhietgat atpagicMRE RMG¥rakird. | £196) in HOBARNL rat i on

profile is |less steerp than the interstitial silicon concentration profile
in region between the first and second peaks, the vacancy concentration profiles have a

20  concave shape. -

The vacancy concentration profile of Figure 9 can be obtained according to
embodiments of the invention, because the RTA process of Figure 5 is performed in
the gas mixture atmosphere containing the gases providing the vacancy and interstitial |
silicon injection effects. Comparing, using a logarithmic scale, the vacancy silicon

25  concentration profile obtained from the vacancy silicon injection effect in the N, gas
atmosphere, to the interstitial silicon concentration profiles obtained from the
interstitial silicon injection effect in Ar or H, gas atmosphere, the vacancy silicon
concentration profile is less steep than the interstitial silicon concentration profile in
the region from the top and bottom surfaces of the wafer to a predetermined depth.

30  However, the vacancy silicon concentration profile becomes steeper than the
interstitial silicon concentration profile from the predetermined depth toward the bulk
region. Thus, in the denuded zone near the top and bottom surfaces of the wafers, the
vacancy silicon concentration is maintained at or below a critical value, i.e., less than

or equal to the equilibrium concentration value at a particular temperature, by the



the region fromthe top and bottom surfaces of the wafer to a predeterm ned
depth. 30 However, the vacancy silicon concentration profile becones
steeper than the interstitial silicon concentration profile fromthe
predeterm ned depth toward the bulk region. Thus, in the denude% Q&Ee near
the top and bottom surfaces of the wafers, the vacancy silicd v
.concentration is maintained at or beltwv a critical value, i.e., less than
or equal to the equilibriumconcentration value at a particul ar
tenperature, by the 2 2 NOV 2005 17 reconbination with the interstitial

silicones. uded za t he yacanc silicon concentration
sharply inc nggrgbmaﬁg tgé ] erS[“B tFOH?Sg?éfé}’Of‘Fﬁ%erfleph@déqm, thetyp¢aney
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becomes st eepednc anieﬁ@itlblr!stilﬂfoﬁ'fcbﬂdeﬁt’ratxoﬁ'lehgsqgacﬁgsrhcxgmly&Hvo peaks (first
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beyond t he p¥ksthe iary slirenisondentratighprofilszcomet stepaahaateinteystigancy
concentrat i afidh 0ddck [ gn.Lhe, first d second peaks.
According to Bt her Iﬁ%ih %Iﬁlt?ss(ﬂg %ﬁgcq At PeHel 3 O"E‘ﬁ% CRFRAGY B¢ def ect s
of 10 the vvafl@ntrg@m@pmasewqygmmrpemsmwm 08 bUﬂc&eéldﬂﬁEmlat PoAERSs cycles in

subsequent g%l ggndu ﬂ g&n ch cture. In other words, the vacancy
poi nt defects be Iﬁd%’fgrg eInoRiaRELbEweesthefisiand seromdpesks.at es for med by
t he su?se?uent thecdr:‘ah;w@?a&mh boem(éh@s,fth'mg,e{;lllctg,hgl@vg&gc 1{?&&{3‘3 cts oﬁ'h

covaen. oithe i VAP S s r P O VA R prasess arFls mGUbaieis o { he.
vacancy Concsantcbﬁtubmﬂd@zﬁ&fmérﬁfdéfuré @& oRf €brds, thé%@axiég&nﬂﬂwef@ ?s’\feg&ﬁé' ation and

t he oxygen prg i?)' tate concentrat| on have t ng fel at I onshi p: 20
Si (silicon "SeBEopSEnigTs forpgyeen PW@““‘&S Q@Ed Q)o%ygéqaecpxmahqmama)ew Sit
(interstititcpdlessiThe GRAYr the PackiySontedl Qﬁ 0 that as the
vacancy silicon conc‘eégt ra?| c():n Vsn a ﬁ@hlglﬁ%% %&I 5o% rﬁ% l§a(t:oncent ration
(O) i ncr eaSBacentriion.o hlaus; @ﬁommmthm corkv@ntratlgmproﬁmxahrbainfertdde oxygen
preci pi 13t e feaHeMchil BhcdnREE & above rel ational expression, a
25 is a constant. Iél&krgrrbod\‘:hmsnt3ﬁ eo |n§ent| on, the oxygen precipitate
concentration pr "Blﬂq Yagancyggnoghtraiion @od %bwgespﬁs@wea&mbﬂaﬁmﬁ h&akkent on the
waf er whi ch ghadiingd ﬁﬁ&gﬂ? the RTA process of Figure 5. The conditions for
t he subsequent heat treatnent were

t he

Si (silicon substrate) + xO; + yVs;

20 . = Si0, (oxygen precipitate) + Si; (interstitital silicon) + ¢

This relational expression says that as the vacancy silicon concentration (Vs;) and the
initial oxygen concentration (O;) increase, the reaction proceeds to the right, so that
the oxygen precipitate concentration increases. In the above relational expression, &
25 isaconstant.
In embodiments of the invention, the oxygen precipitate concentration profile
was obtained after subsequent heat treatment on the wafer which had undergone the
RTA process of Figure 5. The conditions for the subsequent heat treatment were
determined taking into account the conditions of the thermal process cycles in
30  semiconductor device manufacture, during which oxygen precipitates are formed. For
comparison between wafers, after the RTA process of F igure 5, the subsequent

processes were carried out at about 800°C for about 4 hours and at about 1600°C for

about 16 hours in an N, gas atmosphere.



determ ned taking into account the conditions of the thermal process cycles
in 30 sem conductor device manufacture, during which oxygen precipitates

are formed. For conparison between wafers, after the RTA process of Figure
5, the subsequent processes were carried out at about 800C for about 4

hours and at about 1600C for about 16 hours in an N, gas atnosphere. 18 2
2 NOV 2005 Al'so, in order to investigpge the effect of the gas) Wpxpyyse used
in the present invention, a flowrate and mxing ratio of the gas m xture
used during the RTA process of Figure 5 were varied. Figure 9 shows the

vacancy concentration profile after the RTA of Figure 5 with respect to a
variation of the Aﬁmimgderrao iro'es)fgattehiee@ﬁet o&;maioxmmreq&wmw&sé}l? gas and Ar

gas. Figure n ariatjion in_ _oxygen precipitant
concentrati oﬁgeéxltﬁ? heﬂ%%grg and ‘ﬁmgéaiﬁgg & %“%?H‘Sé@?kwﬂadhel{{ flow rate of

Ar/ N2 m xt urpoggasoef Figurd=p gﬁfeezaﬁed (Eijure @ pEEaaRd ﬁicirﬁ? cUﬁc@ﬁch?an ggﬁpeent : at :/\ﬁn
presents en

profile V\henthtfglw ralo of N2 and Ar is :
t he mi xi ng (KT Withgespest i wjationnf ”(edyll‘(rr@mt@sﬁme%av\hen t he
m xing reat i anigturd\bn@MngW, &8 ad@ Af Qas. IF} u?é}ﬂuikg F%ﬁh sENiffnt Dakast he N2

concentration increases, t he peaks Shl t oward” surfaces V?”a'?fém waf er, and
t he vacancy %&ﬁ%ﬁ%crpaﬁanmnwtrgm q@émpsalqsn\cnheasss to Ahaiatibrsof thefovdept hs of
the DZs, wheeerhbr, Q%(TM Precipitates due to the subsequent processes are
not for rred sharpl y ases With the increase in the N2 concentration.

15 The gxygfen pr &cFigure & @) preses ﬁlavaoamyccbndin@atrog p&)’lﬁlgggécd’tfﬁe ﬁg@,{(gsb Waés1 )
nmeasured a i he at . about or about ours
and then at r?.’ét oouf?ba%ggg’] oslr?) hg%??tresi g%’rr}ée‘i"ﬁ“%aﬁ\ﬁomlr?ﬂgﬁﬁé?e after the
ET/ANgf Filgurs@:3s, amiii) repesshstvden tﬁdemmg]galmgmtéa%a%&crl 88070 Wehuldbel | | owi ng
n ann n

t(rarrperg'f1 3r<ran )é%gr%tgﬁthi%ﬁ?r?%elﬁ%n%%%ﬁ%ﬁé&tﬁggl@ shift ‘8‘?"(2’%58%406;@ tgfgclongs and a
ranp- down r ataferpdnd alteovatandP Chiseftratibh ef thé g /a%x%&zﬂ Tﬁafag thf‘ﬁé}”ﬁ SHRES in t?ﬁ

an iters/mn. The

Ar/ N2 m xt ur, wer e \ﬁgrled to be 1/1 2/
resul t of Fl%r‘g gt |‘?6¥€§ntpﬁ¢§fpltfiﬁﬁ§ dyg,tg the subsequientiirecssses aro melefotmed i on

i ncreases V\Ashiipl'ylﬂecrédﬁé‘sr\@ﬂﬁ&e|1dbré‘a§é§Wﬂ{e@ﬁz%oﬁ)éen{rﬂﬁmm xture gas. The oxygen
preci pitate concgntration of Figure 32 at the peaks was nmeasured 25 after

the RTA Was per f (R eFHPreHRitdsascebaintaf Gigyreas aﬂdmpt:dde vaataasafedFi gur e 31

except that ﬁé}&fﬂ&p{é}l&, [ d at a flowrate
of 3/1, 2. g/ 1. 2/Zeﬁ%aeégmnw%b&@??dg?&%gﬁn\;uﬁt rs 1?‘8%% H?% ng rati os.

After the R'}’Q‘OQ)?: forppeyiirl6 hB“rSéP Mit dapsphére nMIthetR'ﬁlabﬁEgurem perforned at
800C for 4 beHpiste@ et NBORFA was performed by flowing Ar/N; gas mixture at a ramp-up

rate of about 50°C/sec, an annealing temperature of about 1250°C, an annealing time
20 of about 10 seconds and a ramp-down rate of about 33°C/sec. The flow rates of the
' Ar/N; gases in the Ar/N, mixture were varied to be 1/ 1,2/2,3/3, 4/4 and 5/5
liters/min. The result of Figure 31 shows that the oXxygen precipitate concentration
increases with the increase in flow rate of the mixture gas.
The oxygen precipitate concentration of Figure 32 at the peaks was measured
25  after the RTA was performed in the same conditions as for the data of F igure 31
except that the Ar/N; gases in the gas mixture were supplied at a flow rate of 3/1,
2.5/1.5,2/2,1.5/2.5, 1/3 liters/min with various mixing ratios. After the RTA of
Figure 5, a further thermal treatment was performed at 800°C for 4 hours and then at
1600°C for 16 hours in a N, atmosphere. The result of Figure 32 shows that at a
30 constant mass flow of the gas mixture at 4 liters/min, the oxygen precipitate
concentration increases with the increase in the ratio of N, in the gas mixture.
The processing conditions of the RTA, including the mixing ratio and flow
rate of gas mixture, the ramp-up rate, the annealing temperature and time, the ramp-

down rate and the like, can be varied at various levels to vary the positions of peaks at



1600C for 16 hours in a N2 atnosphere. The result of Figure 32 shows that
at a 30 constant nmass flow of the gas mxture at 4 liters/mn, the oxygen
precipitate concentration increases with the increase in the ratio of N2
in the gas m xture. The processing conditions of the RTA, incl u‘m]nzg t he
mxing ratio and flow rate of gas m xture, the ranp-up ratellt %nealing
tenperature and tine, the ranp- down {gte and the |ike, can be varied at
various |evels to vary the positions of peaks at 2 2 NOV 2005 19 the
vacancy concentration profile, the vacancy concentration value at the
peaks, the vacancy concentration value at the bulk region, the size of
denuded zoneth@Mefresy conpentratiorerofilt, dhe @cdBy shrvastritioe vaa¢ atahd ak0theoxygen
precipitate i a2 after e A of Fjgure 5 with
respect to a‘?a\gga}rﬁ?gﬁcgl&}ag? f ?ﬂléé ir}g}ﬁeg@zig%r’?fle& Bt O%Wﬁgaizg‘lfrﬂ“d)f)h@eot her
processi ng clédi ti ons of the RTA were kept constant, i.e., the mxing
ratio of N2 and ,%1; u%as,ei was set to 50:50, the annealing tenperature was
set to 1250C, th& arme’ P]"ﬁé‘et"?rr\aémﬁ/& OBEFN PECIRLALS eRnS PRI lah Y theeeaksanp- down
rate was %etaftepthe RIE F@oaurds wbs@g&erbtaxtah’a@ﬁcnpdftﬁerﬁﬁg%%e. carried out
for all of the wafers at 10 800C for. 4 hours and then at 1600C for 16 hours
in a N2 at moOBRaRen hHeteer RRRrsssingeconditiprs ofhe RiTA Wererkeptdoosiant feasher ement s.
The result igix&hew Jf 2 t ec) Ox n
precipitate 'coﬁgent r aﬁzgﬁ@él? g%ee%;vlié@(cgtgl% 8%@3%&%&)@%@%@5(%%#%80 502.1 X
10 702.0 x 1@>9§>thganneglineing wesset 93 Oseapndadndahelrampdiovatrste tvagset the oxygen
precipitate Ntar at. 4 re not infl ced greatly by the
ranmp-up rat eﬁﬂg@;hﬁ%&@g%&ﬁ?g "‘@g‘?’@’l Sh6 °‘<‘)‘>f§fgaéﬁ° aHE bt e

concent rkt i G90% for hboyseardghenadt 1 600°C e IRRBusfn £Ngathshew, ivhichempast to a

vari ati on- of ; I+ i.me. For .an_agccurate.c arison, the other
processi ng cséﬁ‘ggﬁﬁg%}?@#&gﬁﬁeeaﬂﬁ“%‘}g% ﬁ?éﬁ?ﬁgﬁhgmHEfa%{'i .e., the nixing
ratio of N2 and Ar gases was set to 50:50, the ranp-up rate was set to

50C/ sec,” the annealing tenperature gﬂﬁfﬂiﬁt to 1250 C, and the ranp-down
"rate was set to 33C/sec. A subsequ brmal treatment was carried out

f or al I of {the wafReifp-up rate (°C/sec) Oxygen precipitate concentration at peaks

(ea/cm®)

10 2.0x 10"

30 2.5x 10"

50 2.1x10"

70 _ 2.0x 10"

- 90 2.0x 10"

15 Figure 33 and Table 1 indicate that the oxygen precipitate concehtration at the

peaks are not influenced greatly by the ramp-up rate.

Figure 34 shows the variation of oxygen precipitate concentration at the peaks
after the RTA of Figure 5 with respect to a variation of the annealing time. For an
accurate comparison, the other processing conditions of the RTA were kept constant,

20 i.e., the mixing ratio of N; and Ar gases was set to 50:50, the ramp-up rate was set to
50°C/sec, the annealing temperature was set to 1250 C, and the ramp-down rate was
set to 33°C/sec. A subsequent thermal treatment was carried out for all of the wafers
at 800°C for 4 hours and then at 1600°C for 16 hours in a N> atmosphere, which was

the same as in the previous measurements. The result is shown in Table 2.
25

TABLE 2



at 800C for 4 hours and then at 1600C for 16 hours in a N2 atnosphere,
which was the sane as in the previous neasurenents. The result is shown in
Table 2. 25 TABLE 2 2 2 NOV 2005 20 Anneal ing Ti meOxygen precipitate
concentration at peaks (ea/cnB) 1.0x lo 55.0x 10 102.0 x 101 ?EO x 10
603.0x 10 Figure 34 and Table 2 indicate that the oxygen pre 3‘% g B
concentration at the peaks is influepced by the annealing tine, and the
anneal i ng shoul d be continued for at least 5 seconds or nore for the
oxygen precipitate concentration of at |east 109/cnB 5 or nore at the
peaks. Figure 35 shows the variation of oxygen precipitation concentration
at the pegks after ArnealingAiaé Fi gure { OMybdh pr&sR@&lcoh@nartalal 5@ of the
anneal ing (tenperature. For conpari son, the ot her (groc essing con i ons of
the RTA werle kept constant, i.e., the|m xing rati®em)IN2 and Ar _gases was
set to 50:830, the ranp-up rate 10 was $et 10 SOCT SERy ¢ tinme
was set to }10-seconds —and_the ranp- doywn_rate was set to 33C/sec.| A
subsequent [t her mal treatfent was carri ¢d out for #Hoxod’ the waferls at 800C
for 4 hour g andthenat FPo0Cfor—16hpurs—in—= mg—oa-%-(@ﬁphe%——M| ch was
the sanme as in the previous neasurenents. The resdal shown in Table 3.

15 TABLE 3 |- Anneal i ng Tdéfper at ur eOxygen preci pitabg,cgitentration jat peaks
(eal enB) 12-562-0—%16-12005-0-%101,11501. 0 x 10 11007 0 x 10 10007.0 x
10 Figure 35 and Tabl e 36‘0| nd| cate that|the oxygen319r‘fehq pi tate concentrati on
at the peaks is inflTuenced by the annealTng tenperature,—and—the—anneal i ng
t emperat ure :

Figure 34 and Table 2 indicate that the oxygen precipitate concentration at the
_peaks is influenced by the annealing time, and the annealing should be continued for
at least 5 seconds or more for the oxygen precipitate concentration of at least 10%/cm?
5  ormore at the peaks.

Figure 35 shows the variation of oxygen precipitation concentration at the
peaks after the RTA of Figure 5 with respect to a variation of the annealing
temperature. For comparison, the other processing conditions of the RTA were kept
constant, i.e., the mixing ratio of N; and Ar gases was set to 50:50, fhe ramp-up rate

10 was set to 50°C/sec, the annealing time was set to 10 seconds, and the ramp-down rate
was set to 33°C/sec. A subsequent thermal treatment was carried out for all of the
wafers at 800°C for 4 hours and then at 1600°C for 16 hours in a N, atmosphere,

which was the same as in the previous measurements. The result is shown in Table 3.

15 | TABLE 3
~Annealiﬂg Temperature Oxygen precipitate concentration at peaks

(ea/cm’)
12.50 2.0x 10"
1200 50x10°
1150 1.0x 10°
1100 7.0 x 10’
1000 7.0 x 107

Figure 35 and Table 3 indicate that the oxygen precipitate concentration at the
peaks is influenced by the annealing temperature, and the annealing temperature

should be high (at at least about 1250°C or more) for the oxygen precipitate




shoul d be high (at at |east about 1250C or nore) for the oxygen precipitate
2 2 NOV 2005 21 concentration of at |east 109/cnB or nore at the peaks. The
anneal ing tenperature and tinme are closely associated with the oxygen
preci pitate concentration. Considering the result of Figure 34, it can be
noted that for a certain concentration. of oxygen precipitafe,Notes
~annealing tinme can be reduced at a higher annealing tenperature, 5 whereas
the annealing time can be | engthened at a | ower annealing tenperature for a
certain concentration. - Figure 36 shows the variation of oxygen

precipitate tratiagn of hg peaks after the RTA of Figure 5 with
respect to zf%\g%ﬁ?é}ﬁ"é)na@?asmoe} thr‘?B'—“Bfﬁ/\% thepegks. dge anneyjing sempsmmre ad ot her

processi ng domdir¢ tlosey a3focidn Wlﬁh%i)%ekg%i&%%&&@ﬂtratibn.eeonsfd@ﬁn 0 m xi ng
ratio of N2 and Ar gases, was set to 50:50, the ranp-up rate was set to
50C/ sec, t hd ATABLAfiFHYTE Hnfi&rmbe pated diat fopt cariginicpBE@ratiod of ygemneal i ng ti me
was set to iR E&OME SnnelirPURSER Iy was carried out for
all of the piiéf}eljr?‘s at SOOé%f or 4H%(Q)E$&gb§{1 th#gﬁpﬂbgﬁg%ﬁepfrgtrumm hours in a
N2 at m)sgher- ereghihe guigaking tee cagbadengthened athdowr emicalirg terepsatied®d . The
result is shewnbdhed@llisn 4. 15 TABLE 4 Ranp-down rate (C sec)Oxygen

preci pitate concentration at peaks (ea/cnB) 108.0 x 109 302.0 x 10 502.2 x
10 703.0 x 10 908igBre36580WA theivaialén ahekygeabprecifitdtd\cbinCaptr@idnathe HB&s0xygen

precipitate on he peaks i.s.not influenced greatly by the

r anp- down r 3?%&%8%\%??”??&%&?&%& B rawnf thsramp-goywerter &of on sl i ghtly

i ncreases  wicemparisen, tiroati pecéssing 20Witighs ot R T A e képt %&s%PE@ fbe oxygen
h 1bs

preci pi tgte clolncentrg?fi on, profiles obtained through the subsequent heat
treatment aftere faig oRhaanst S s sehta P RgOsthe ramppditerwms st of t he present

i nvention, @0Wfketahpamtaling tdnfiRraaird das St (@ BSoUS R Mnh&ﬂn%ﬁﬁf waigy N Figure
r

10, (a) represents the oxygen precipitate concentration ofile of a 25
waf er fabri &oafoeﬁc‘?"ﬁls'a‘d‘ﬁ?bsﬁ%matgmb gatment gy cardert @k fariall of thavafefs @ waf er

fabricated BO0°E folNPhdidsSanadMitnAf 16GDBC A TORBREHE N eI Sasidiat of a
"wafer fabricated.in a N2 gas and ] firhodpRERe SAHTEH o'
same as in the previous measurements. The result is shown in Table 4.

15
TABLE 4
Ramp-down rate (°C/sec) Oxygen précipitate concentration at peaks

' (ea/em®)
10 8.0x 10°
30 2.0x 10"
50 2.2x 10"
70 3.0x 10"
90 3.5x107

Figure 36 and Table 4 indicate that the oXxygen precipitate concentration at the

peaks is not influenced greatly by the ramp-down rate. However, the oxygen
20  precipitate concentration slightly increases with the increase in ramp-up rate.

Figure 10 shows the oxygen precipitate concentration profiles obtained
through the subsequent heat treatment after the RTA process according to
embodiments of the present invention, with respect to the kinds of gas used during the
RTA. In Figure 10, (a) represents the oxygen precipitate concentration profile of a

25 wafer fabricated in a N; gas atmosphere, (b) represents that of a wafer fabricated in a

N2 gas and Ar gas atmosphere, (c) represents that of a wafer fabricated in a N, gas and



2 2 NOV 2005 22 H2 gas atnosphere, (d) represents that of a wafer
fabricated in an Ar gas atnosphere, and (e) represents that of a wafer
fabricated in a H2 gas atnosphere. For conparison, the RTA and the
subsequent heat treatnent were carried out on all the wafers under the
same processing conditions. That is, the RTA was 5 -.perfoNdiegiyat 1250C for
10 seconds, and the subsequent heat tsgatnment were perfornmed twce, as
descri bed above, at 800C for 4 hours and at 1600C for 16 hours. The
results are shown in Table 5. TABLE 5 10 Gas usedpeak oxygenOxygenDept hs of
DZsCOP preci pj,tatepreci pitate(pmdi ssolution

concentr at i on%b%?éé oselicr o (RIseprdsents (hahef3) wafedfabricated iji DA(@itdbsgNeft X 108 x
1050Medi um H28,d%e i . Ox_10' ONone (detection limt) N2 +
Ar2 x 105 x 1006!\% i%%mﬁé‘gggﬁz”%?h‘%‘%i‘éﬁak“ éé&aéﬁf“@cﬁplﬁregure 11 is a di agram
i I1ustrating di ss&Putomparissh, hhBTEORE tivembseit Rt fraefer@iverctddiegipld CON Waf er
as the RTA of nlzajllghg\?af?rsius e&;ﬁlreri ed out in the Ar atnosphere. In general,
the COPs which are Tormsg JUFiHE° PRECTING 6ondyians hhabip. haRT&Avasechni que have

a broken dct alvefdmed av 156°Coapesecarntd, sdthd dBQQuaX hdeulRY¥&h ware | S formed on
he RTA process is perforned in

the 15 inner %ifd‘%ﬁgf a void 2@3 Al so, when t

a Ar or H2 gdS"3TIFS4PNEAS despbed abpve MeB0§¥stos4 bowyirdent § 609°C fitr a6 hbik. al
silicon injeclhe®auly esHowhon i sSurface of the wafer, the COPs, which are
.present near the surface of the wafer, are dissolved. Describing a

di ssol uti on nechani smof the COPs in detail, as the ingot, in 20 which
oxygen is incorporated at the initialpgpcentration Q during the crystal
growth, iscooled the oxygen corceanr%gl‘tl on of the ingot becones
super sat ur atled G Uee qoptakmgy@n2 [NOVORYMH Depths of DZs cop
precipitate precipitate (pm) dissolution
concentration | concentration ability
(cm™) in bulk region
(cm™)
Ar 8x10° 8x 10’ 50 Medium
m 6% 10° 6x10 | 60 High
N, 3x10° =1x10° 0 None
(detection
limit)
N; + Ar 2x 10" 5x10° - 10 Medium
N2 +H, 1x10" 5x10° 15 High

10

Figure 11 is a diagram illustrating dissolution of the COPs near the surface of
the silicon wafer as the RTA of Figure § is carried out in the Ar atmosphe're. In
general, the COPs which are formed during the ingot growth by the CZ technique
have a broken octahedral void shape, and a silicon oxide layer 22 is formed on the

15  inner side of a void 20a. Also, when the RTA process is performed in a Ar or H, gas
atmosphere, wherein the gases provide the interstitial silicon injection effect to the
surface of the wafer, the COPs, which are present near the surface of the wafer, are
dissolved.

Describing a dissolution mechanism of the COPs in detail, as the ingot, in

20 which oxygen is incorporated at the initial concentration Oi during the crystal growth,

1s cooled, the oxygen concentration of the ingot becomes supersaturated at the cooling




23 tenperature. Thus, the initial oxygen concentration of the wafer forned
fromthe 1ingot is also supersaturated beyond the predeterm ned solubility
of oxygen (indicated by "S" in Figure 11). However, the initial oxygen
concentration near the surface of the wafer is equal to or less than the
predeternined solubility *S" due to out-diffusion 5 of ok¥diéhkr ough the
surface of the wafer. Meanwhile, in thg bulk region of the wafer, the
supersaturated oxygen is supplied into the void 20a and is used to formthe
silicon oxide |layer 22 on the inside of the void 20a. Al so, since the
initial oxygen concentration near the surface of the wafer (that is, a
regi on bet \/\B@’HWWB’%&SF%&'@ inital oxygeamcentiation afthewafki fgumed fibh) thes | ess t han
t he predet erifgdechisaupdtduirhidd b : s dissplved out of
the 5111 con o de oo natd byond he bR Emint R IR Lh S (ifpted

si mul t aneousty Ssin Figsa 1) Havwsyerthe inHakdxgginmnchetrationtrear theosuefaF due to t he
interstitialgpsivht 0] i f_th s.Whi.eh is provided during
the RTA | pr onoescrR et el it ngholf 3850 S5 8 ebr@itar and tno
voi d 22b X i reflokygen dirsugbplasusiaced tBeafen MoenwhiE, ifl it valkutdianomfid ect, the RTA
process accgﬁé}érngegoe%naoag nents . of p%*h(gngor sent _invention can be extended
to many kinds of warers AS CHERAS FIPPREDINe the void 20y andapusedl sosformtlicon ef f ect
nmay be enharsdedn usitiolgydri2e ohZhejasidd Sxhe Usil R0a.t N8o Alnce E\S%itizﬁio §S 12 through
16 are photo ttge oxygen precipitate 20 distri Ions of the

raphs. show ng t
waf ers whi Cﬁ%ﬂ%?gga‘t?ﬁﬁéﬁfémf trerf Sh Wl hat ishe epgion betaenmtht safabeand t he RTA,

and have t helashey gie" Prog Figdid A & 16QARENKE Brel@mita b lLEs, ok Figure 10. In
parti cul ﬁr, Fi gure 12 corgrgespl())nd_s tot heﬁrgase o1feglfgllhﬁl§tyN§ Efa ,ygﬁ’gure 13
cor r espofids K¥Eenindissolysd orof theisilisompxiga tayerrinot shewdompd iietipesid20b0 t he case

O sl N9 "2 aBaSmulibidy HeoniOHbAROPATR SRidNPRISE A aiPlIf N3 200 A

gases, and Figure 16 correspon case o nd H2 gases.
Al so, the | anrsigfal silien injegfianefisttofithetgae whizh isprofideldusihg the RTAvaf er, and t he

ri ght theregf,.s0%8 .ta6 - f of the watfer. Figures 17 through 21
" are phot ogr%poﬁs sho&m&%gh’tq ﬁ%&g%?)ttﬁ%%oﬁ&%? ?eﬁfeﬁ%ed_aﬂig’lcvm@ﬁgb§B‘?’b’ace of the
waf ers, whedisaprsaisxygen preci pitates exist, which have undergone the

subseauagt, heal pLepPebe g oo T N RaE LG QU ast Brcl bl Lot e 0

concentration profiles of Figu
t he case of of trsipregenhihvemtion chi briex@enti®d toaparB @itk Sf WaRrsC 2S8h&n iHS.B@ Ar gas,

Figure 19 rep .the. case of usi H2 gas, Figure 20 represents the
case of usi §’g§u§f§€gkélsﬂgu%%{’s§§eft BHPe ?F%NF%U!%% the B 8adhanyising éhecdise of usi ng
N2 and H2 ggses. As can be noted fromTable 5, the DZ is barely fornmed in
t he N2 -at nospherg.

‘ P l*elgures 12 through 16 are photographs showing the oxygen precipitate

20  distributions of the wafers which have undergone the subsequent heat treatment after
the RTA, and have the oxygen precipitate concentration profiles of Figure 10. In
particular, Figure 12 coxrespohds to the case of using N gas, Figure 13 corresponds to
the case of using Ar gas, Figure 14-corresponds to the case of using H, gas, Figure 15
corresponds to the case of using N, and Ar gases, and Figure 16 corresponds to the

25  case of using N; and H, gases. Also, the left of each figure shows the top surface of
the wafer, and the right thereof shows the bottom surface of the wafer.

Figures 17 through 21 are photographs showing the depth of DZ formed near
the surface of the wafers, where no oxygen precipitates exist, which have undergone
the subsequent heat treatment after the RTA, and have the oXxygen precipitate

30 concentration profiles of Figure 10. In particular, Figure 17 represents the case of
using N, gas, Figure 18 represents the case of using Ar gas, Figure 19 represents the
case of using H; gas, Figure 20 represents the case of using N, and Ar gases, and
Figure 21 represents the case of using N3 and H, gases. As can be noted from Table

5, the DZ is barely formed in the N> atmosphere.



2 2 NOV 2005 24 Figures 22A through 24B are photographs show ng the shapes
of as-grown COPs, and those of COPs that have been changed, after the RTA
of Figure 5. In particular, Figures 22A and 22B represent the cases where
RTA is perforned in the N2 atnosphere, Figures 23A and 23B represent the
cases where RTA is perfornmed in 5 the N2 and Ar at nobsphere, 2anVRIBures 24A
and 24B represent the cases where thelzyz and H2 at nosphere. As shown in

Table 5, the COPs are not substanti al

dissolved in the N2 atnosphere.

Al so, the dissolution of the COPs is snoboth in a gas m xture atnosphere
where the N2 gas is mxed with Ar or H2 gas, and in particularly, the COPs

can be conpl et el WigﬁrssZilAMmbu'glm24meremao@gﬁp§§)slﬂe\m%ggrsgggegQliag_gl;&@rjl t, it can

also 10 be &Bf,err \% the sizes of
can assi st i

Fi gure 5.

distributio

erred th tcgfducbn s in the as-grown state
i i cORpt €0 Sdhathp Perhehangsdsafin therfl 4 plFigamas pnocess  of
EpdvtxatianeRigusesai2 Al 442 0BaEREeni 1Y BRLS %r@ﬁ'ﬁA(}%%wo%edti[?ﬁ}eher -

of th% ygen precipl tates fornmed via subsequen

0x )|
process cycl es3mapgms, Hpwres dimand 23Byspressniihd cases whare BEAdsipdrformetivi ce
fabri cation, hbW, BRI A ClibihedenehdM, e 5 Figure 5 on a silicon
waf er. Enbodi nents of ovg}fqgll waf rr%%pagﬁgg ?5&) re&ﬁ?tiq egcami""??‘f"\"’aﬂf“’n@Z RTA
process accodith@tmasphaie fs showntin Table At thoAOPs are aotsubdarially digBHePmepar at i on

of wafers V\dﬂéﬂ?f’tg{v?/gpé‘%;et %Ed’ﬁ% diﬂgl?iB?::: #&H%FQEG. RTA  now wi || be described.

Figure 25 is a I agr am

LI PR i3 S4REHERE according to

|'UStra

a enbodi meratmosphert wbersriesingasiinmibeed with Arantl, paf iddthgﬁ{iwarlyi, jLustrating a
general waf e 0 _prgcess,. after. c tal growth (S10). An overview of the
general waf g‘?dl)%gca{‘ é%ﬁoﬁ'?laﬁtg yid SSHV%&/WJ@@% Hmesphpice From s resls, it eartalsook

"Si | i conl(Pr dedsfeiraighitacducing thd sHtes 6 @OPYR HOR- éwnﬁat@%%a%?i;f&%_”o' ogy", by

S.Wlf and R _N.

t he disclosure o ich is hereby

Tauher ., .1986 ., 1-35,
i ncor por at eacoﬁ’é’*eée?yngff\?lvr"%ﬁtg? QQ@’EF‘UW‘B?RW{}QXQCSSSW&&U@ 25, the general

waf ering process Enbedit@as of the pedsdi lidleniinh R
using a 25
- wafers, an

N . Of OW ng an i ngot
gizxggﬁlrjll ler, a slicing step (S12) o? sfﬁggﬁé%%%?%eot into

REFCPitalss fosmag vigsubsegnenttherat brocessigyslesfwidehoine adubliye or

etching the }féﬂbrﬁlﬂ:ﬁ%seﬁﬁco%hﬁ&&%evfgg ?A}gczﬂfo}xe&q Ff%ff{r)]lléﬁ@% @Sﬂ(@lgi c%%g&-t ep (S16) of

cl eani ng the _surfaces of slices, a donor Xi
out, andXhé 1§55 R ilisenswader. tHyebogintentssof ovgralt wafseprepoanidn dudig wigsi ces ar e

i

carried

f or med, t & Bede o APkl shed. waf | eaned | d
eani hg 30 ot on Pa5s ToRing O el BB PR Sul il ooty o) - RTA

cl eaning 30 step

e resu wa

of Figure 5 vuowhicheretefedivbduinpbnitsthoRTaheowmilbendesirie@nt i on is  perf or med
in the donor kil : A.accordi ng. t o ot her enbodi ments of the
. gﬂxg 23 tlgzp ﬂé\§ %&éﬁn@?}?stgﬁn%prggaﬁapatog wa eéspfx_cc

present invention- can be carri

20

25

1°n Py it may be

embodiments of the present invention, and particularly, illustrating a general wafering
process after crystal growth (S10). An overview of the general.wafering techni’ciue is
provided in Chapter 1 of the textbook "Silicon Processing for the VLSI Era, Volume
1, Process Technology", by S.Wolf and R.N. Tauber, 1986, pp. 1-35, the disclosure of
which is hereby incorporated herein by reference. Referring to Figure 25, the general
wafering process includes the crystal growth step (S10) of growing an ingot using a
CZ puller, a slicing step (S12) of slicing the ingot into wafers, an etching step (S14) of
rounding the edge of each slice or etching the surfaces of slices. Then, after a first
cleaning step (S16) of cleaning the surfaces of slices, a donor killing step (S18) is
carried out, and the top surfaces of the wafers, where semiconductor devices are
formed, are polished (S20), and the polished wafers are cleaned in a second cleaning
step (S22). Then, the resultant wafers are packaged (S24). .
RTA of Figure 5 according to embodiments of the preseht invention is

performed in the donor killing step (S18). RTA according to other embodiments of
the present invention can be carried out in a separate step. However, it may be

preferable to perform the RTA in the donor killing step (S18) in view of costs. In



preferable to performthe RTA in the donor killing step (S18) in view of
costs. In 2 2 NOV 2005 25 general, donor killing refers to a process of
converting oxygen conmponent contained in the silicon ingot, which are
present in the formof ions during subsequent sem conductor device
fabrication and act as a donor of electrons to inplanted i#&pUl¥¥t§05i ons,

i nto oxygen precipitates via heat tre?&?ent during the wafering process 5
-in order to reduce the possibility o unctioning as donor. This heat
treatnment is carried out at about 700C for about 30 seconds or nore in an
RTA furnace. Figure 27 is a schematic view of a conventional CZ puller, in
whi'ch the cr genesl, dogordulling (BOY d roges bfabhvetingAky SRRSMpbidnFiodUl8d 27, the CZ

pul l er 100 i g¢ a_ furnace, a crysta ul ling mechani sm an environment
control | er aﬁldthggggor%ﬁgoet’rwqg’ %ngga‘?“&ﬁh‘}‘? hﬁngﬁwﬁvrmzﬁébswmm nace is

general |y refemic@dudtor desica fAbeitativaRad hdlbHA86hor of M@ B 1o m@&té&r nace includes
a heater 104, a crucible 106 which may be made of quartz, a succeptor 108

whi ch may be TRIFE 8RS §HapHieFR PRI tales Wt beat Bentraena flurineltbe wifating proeat es about
an axis i f aifdrid&to RUn@GLd ililid GFushovhe |- L.acket or port 132 is
cool ed by external coolin lR]Ié!rr?;ané, sulcl:h as ﬁ@@%ggfgﬂg}%ﬁ%ﬁt&enwheat shield
114 may pr ovfadcdRId ptabewa00%Chier phelut 30 sstorids ot inore.in 40 REAfurpaek 102 is fill ed
with a heat absorgj tarial . provi de itional  thernal
di stribution. The %‘E}gg)%?gsla%%fbﬁﬁ“%é’gr‘?reégﬁé’ﬁugosfeﬁg?’ﬁ@eg8&@%{“ &Pg?gfféﬂ CrytAll i ng
shaft 120 wherewthnigy0) is perirmedibbsighotvinén Bigine 27 thaCgeamrd 06lincRads on 122,

owp. The crystal pulling

opposite to i.r irection 112, as . 20 sh ‘

shaft 120 in%&éég cg?’sgagglgﬁ%?lﬁf TO0H Ay remenbseatrelE padt compyierseed hol der
120a hol #& abzsebebnaolsysten. TRACZ ltinad? it Senprally Rbrfel WTash HIPLIE Rurfide] CON 126
in the cr uciﬂeet}?i% t.0 for.m%{; ig%é 135%8 The environment control system
may i ncl ude a CRaRBSIUEAE Rufesa bsyier 10§, crycihle [06gvhighmast bersade ofind ot her

fl ow contr ol quarts, asnctep@e W IEMIALS be SYE FFraphiidind Al atiﬁx@hﬁ@il@tﬁ&m' The
conput er - base trol system npy be used to control the heating elenents,

co
“the pul | er aNE'CPAYE 2RPEEE (gl ditgeiipnddé Ratiional el enents. In order to grow a
‘monocrystal | i ne %&doﬁﬂ@jab%@iporﬁﬁﬁi§@&@£dg§¥§{ﬁ&t&h§gg§é ngan‘g?g{llhgg%v%‘érto the

nol t en s; icon_ 126 and Is gradually pul | I direction

“(upwar ds)>  C981Re o henyshigld {14 mpy: provigp additianabthensiat dstribitionc drhedt3fick nt o
monocr yst al | j026s SikdSkit £t 25641 | i3k fgtueen the ingot
128 and the r,ml,st en sill i cont 126. ngAngatteéﬁgf\Alﬁ?tPhl%gdg%&é&%l, ?rﬁi\gFi nterface 131
i s concave réfEpYtgR- to the nolten silicon 126. A controlled oxygen

precipitate conceft E@E&Pﬂhllﬂfg%échﬁxi&? inefaqu) éryglstallzlpgﬂxrlge shgft 988 which may

rotate about the axis in a second direction 122, opposite to the first direction 112, as

20 shown. The crystal pulling shaft 120 includes a seed holder 120a at the end thereof.
The seed holder 120a holds a seed crystal 124, which is pulled from a molten silicon
126 in the crucible 106 to form an ingot 128.

The environment control system may include a chamber enclosure 130, the
cooling jacket 132, and other flow controllers and vacuum exhaust systems that are

25 notshown. The computer-based control system may be used to control the heating
elements, the puller and other electrical and mechanical elements.

In order to grow a monocrystalline silicon ingot, the seed crystal 124 is
contacted to the molten silicon 126 and is gradually pulled in the axial direction
(upwards). Cooling and solidification of the molten silicon 126 into monocrystalline

30  silicon occurs at the interface 131 between the ingot 128 and the molten silicon 126.
As shown in Figure 27, the interface 131 is concave relative to the molten silicon 126.

A controlled oxygen precipitate concentration profile as shown in Figure 4 can

be obtained from at least three types of silicon wafers, through embodiments of RTA

according to the present invention. Specifically, RTA according to embodiments of




be obtained fromat |east three types of silicon wafers, through

enbodi nents of RTA according to the present invention. Specifically, RTA
according to enbodi nents of 2 2 NOV 2005 26 the present invention can be
applied to a "perfect” wafer in which no defects such as int ?rW\/'ZEHSal

aggl onerates and vacancy aggl onerates exist; a "sem - perfect waf er i n

whi ch vacancy aggl onerates are present_in onI y a vacancy-rich region within
a predeterm ned radius fromthe cent @@ of the waf er, and no vacancy
agglonerates and 5 interstitial agglonerates are present out si de the
vacancy-rich region; and a wafer which contains only vacancy aggl oner ates
t hrough the thaessent wivertinutcan he eppditd t0|ad'|perf®gg~lzztf€m1ﬁ&ﬁ1&$1 noldefagy Qich a he present
invention is i ve waf ers, i ncludes all types of
wafers to vvh:nghﬁgtlttlhled%éoﬁﬁéaﬁ%agglg?C%? agglomeraes' ei"ﬁ\v@nﬁ%rﬁ’e‘i‘:"éﬁ Wrder imppl i ed. As
descri bed abwligh ve:nmyohggbntemt@fardmesemneeemta vadventitiPRgRh il £ct ed to the

10 controlle eny e con ntration proflle as shown in Figure
4, which cang reﬁe)é%%c Fé E’@rcfrﬁ?rrﬁ %ﬁrﬁﬂnﬁrvé%@éba&&fonﬁr@@raedS and the
subsequens hmaistltxﬁlraﬁglbméfh'ftes(ﬁfe fresehtl JuGsnlR tHLafa@inc 910“"?& Lrniea wigsent
invention can be applied. Also, as for odl ment s of the
present i nveWP‘F}E)FP"gar‘ “&eva&a%é{fa%bm?fa\ﬁmwgtt@@swafm withoue pandtitian onl y t he

Che g 300 SRRt i RncgichE Blesddf ARG ik RAEER: ind B DBkt O P eVt

the defects of silicon wafers, nany practical | nvest VOHEeSHe focused
on a crystal m@‘P‘éﬁMHH tbﬂ’ﬁ%@%\geferséq Whlcmhgmnpuplnbt]ﬂm |pgaeént ihenticxampd e, it is

wi dely known, e the s sta and the tenperature
gradients in p{p %%Sé;%hgaé%%uc ﬁfmenegﬁggﬁla pf)eé ’EHWF?tEﬂ"Iqé"cld“eTﬁ‘émc‘Bﬁt rol of
the pul | 1¢ at @n(ml)ed@kygene»racmte commaoltrdtios ptcfﬁlﬁ)a%rsa&wlﬂi B Kpaduantish dafp) of the

i ngot-nolte rfac descr | detail in "The Mechani sm
of Swirl Dep%ecs:itcélk% t| orr11m’|l a"sﬁg%ﬂﬁ“ssﬂ 8 e subgsaientheabf  Cryst al

G owt h, Vol treﬁ@ucnﬂ%&;hq@p waﬁe25o ®Hidh thAlpfeQent aﬁe@mlch@g{. hedf Als(ygg onkov S

Theory may in a bl i ion by the present inventor ét
~entitled "Ef E@? B@?@&P&eseﬁ "B@Vi%é’r@%aa‘ﬂféfrme‘thi@@%w oceedi ngs

of the Secmﬂprbsenannatyntmaukﬁgmwwmm@ﬂ&%@%%ﬁn@?ﬁ? and Technol ogy
of Silic Mat er i al venbe(% 25-29. 1996 . 519. Thi's publication

- di scl oses t hat QrdsriR preveqtiths dgfecty of 811@nmaé¢r§>ﬂwd prastiepd inyeGgations 0) i s

bel ow a cri tha¢edocsed b®a civhia growprodefiesy Sk 1d § ;f or med,
whi | e when V/. %ﬂ%l 0s ?sMabogvrg thq)eo criti calFMf) lidg%lg\}f g@g&(‘ " \itécancy rich

region is foft QR thatrths uld mate of the sepdery®l fnst the coperepragrhdisriteiy the

| lustrat t A e
::“ S;Jfl Lﬁt: B%Oé%;ggcﬁ%tggﬁ?nﬁoc?&aﬁﬁa Woﬁ%&l%lfa)te&\ﬁﬁlgg \@of?hc u?gc.c') Fi gure 26,

during i ngot?gHEfimperatyge grrdignis(Bhef the ingasweolian silicer interfadd 48 deatrited
20  in detail in "The Mechanism of Swirl Defects Formation in Silicon" by Voronkov,

Joumnal of Crystal Grow_th, Vol. 59, 1982, pp. 625-643. Also, an application of
Voronkov's Theory may be found in a publication by the present inventor et al.
entitled "Effect of Crystal Defects on Device Characieristics", Proceedings of the
Second International Symposium on Advanced Science and Technology of Silicon
25  Material, November 25-29, 1996, p- 519. This publication discloses that when the
ratio of V to G (referred to as V/G ratio) is below a critical ratio (V/G)*, an
interstitial-rich region is formed, while when V/G ratios is above the critical ratio
(V/G)*, a vacancy-rich region is formed.
In particular, Figure 26 is a conceptual view illustrating the relvationship
30 between a relative point defect distribution in a silicon ingot and the V/G ratio. As
shown in Figure 26, during ingot growth, for a V/G ratio above a critical V/G ratio
(V/G)*, a vacancy-rich region is formed. Also, for a V/G ratio where the vacancy
concentration is above a critical vacancy concentration C,*, vacancy ag gglomerates are

formed, while for a V/G ratio where the interstitial concentration is above a critical




(MQ*, a vacancy-rich region is fornmed. Also, for a V/Gratio where the
vacancy concentration is above a critical vacancy concentration C *,
vacancy agglonerates are formed, while for a V/Gratio where the
interstitial concentration is above a critical 2 2 NOV 2005 27 interstitial
concentration Cl*, interstitial agglonerates are fornmed. Al 94, N0Wn208 gure
26. the width from (VG 1* to (VG B*_represents a B-band, which is
interstitial related defects (small &i'zed di sl ocations), and the width
from(VIGv* to (VM Gp* represents a P-band which is an OS. F. ring (large
Si ze oxygen precipitates). 5 Enbodi ments of the present invention can be

appl i ed to aipestitattoneafiation @] hewtitidefogohtratadako s A@sovianigtﬂ%i? bet ween
t he B-band aqh%wl?iatﬁ?nm 59&)6(% Jngot growth, a sem-peffect Wwafer which
has a V/Gratio I nclouth é’t )53 SEPTCSSAE 2 B-bape s velriclvis énterstitiat evtnoed

aggl oner at es defeas {soareded di56¢:@6nd) AWl Wi ratio above the
critical VIG ratciio (MQ"* cor,rlt]ais)pondi ng 'Eo thg\ﬁlg)?ﬁoxgﬁ){’/arggrﬁa?gfo

concent r at i oh @0 pRIch is@n Qi feting (Garee seneyperfredpitaml.er s, which are

applicabl e to thepRpRBEMs of thY, IO 8 SCri in detai] in US.
Application No, 08/ 989, 591 a{ndﬁ@%:egfr)\l?iv?\rglg Foﬁtl"".aﬁl-”g‘%ﬁl?épf‘ EHEBET U, S

Appl i cat i on NBoutdefasoviichias a VG 68i03R0yet0 Phe B-baid anwertand MGLRRY at ed herein
F gur e 25 | o 8ot S B R o D B et nechaEbusbandm t he

cont i nuat i onweier phert vavpmlyiagalbmerases atforiédairoasi@atvattl gl o tl?elﬁ/d ggrodi fied
conpared to ﬁo@?t}% .puahk,& §.h8%ip Figure 27. Briefly, as shown in Figure
28, the modified Com iGN B9 AY DnctamssRonding tn e edticahvasenest al  pul | i ng

mechani sh§ aconeemmatian@@nt controller 20 and a conputer-based control
system The hot §p§e furnace incl ur}jes a_heater 204, a crucible 206, a
succept or 208 and “H°H SRET B seRaperiesy wafprsavhielara mpplicalijotot thepreseni s i n a

first directinomtidd,Aredesaiboiih deilGRY.$.Nhplidk 2G08b 3, eat shield 214
may provide additional thermal di striq%tﬁl%li oﬂéskgh@;% heétangack 202 cont ai ns

~ a heat absor BPHYHeR-Eypas thewepb U9, Annbigativs Nod 193201240 abchesr3ed| 108 tadtr | but i on.
25 The ot yStabe Bebiphid REEDAY SRIBE | HIES: dfiky SLA, RIIELG 8! L 220 whi e

may rotate about the axis in a secon rectron %o the first
di recti ot 2190ttgs  shown. The crystal pulling shaft 220 includes a seed

224 whi oh s pul [T F o s rase o LB L e el 5 o Torm o
i ngot 228. 3J0ntHetienisiresapBlivetiosninvilichsyishesicidyl 4 insbtitied Sorshaiiie
encl osure 23@s c¥ B@llcr shown in Figure 27. Briefly, as shown in Figure 28, the modified CZ

puller 200 includes a furnace, a crystal pulling mechanism, an environment controller

20 and a computer-based control system. The hot zone furnace includes a heater 204, a

crucible 206, a succeptor 208 and a rotation shaft 210 that rotates about an axis in a
first direction 212 as shown. A cooling jacket 232 and a heat shield 214 may provide
additional thermal distribution, and a heat pack 202 contains a heat absorbing material
216 to provide additional thermal distribution.

25 The crystal pulling mechanism includes a crystal pulling shaft 220 which may
rotate about the axis in a second direction 222, opposite to the first direction 212, as
shown. The crystal pulling shaft 220 includes a seed holder 220a at the end thereof.
The seed holder 220a holds a seed crystal 224 which is pulled from molten silicon in
the crucible 206 to form an ingot 228.

30 The environment control system may include a chamber enclosure 230, the
cooling jacket 232 and other flow controllers and vacuum exhaust systems that are not
shown. The computer-based control system may be used to control the heating

elements, the puller and other electrical and mechanical elements.



cooling jacket 232 and other flow controllers and vacuum exhaust systens
that are not shown. The conputer-based control system may be used to
control the heating elenents, the puller and other electrical and

mechani cal elenents. 2 2 NOV 2005 28 In order to grow a nonocrystalline
silicon ingot, the seed crystal 224 is contacted to the noljtepsjhj con 226
and is gradually pulled in the axial ection (upwards). Cooling and
solidification of the nolten silicon 6 into nonocrystalline silicon
occurs at the interface 231 between the ingot 228 and the nolten silicon
226. 5 1In contraFt 0.the CZ Ejglﬁer of Figure 27, the CZ puller 200 of
Figure 28 further " 910 88Y am YS%P%ISH‘C%@%M@C s34 civstat 22 iheat shi el d
214, whi ch peomdxaitaufeenol&ﬁcsufrcaﬁ;@z@%tl£ L&t Figure 29 is a
schematic Vi 2w of .a nodjfied CZ er gr%%%rlé})m%d%%ea?rﬁ Bt s of the
present i nveRtRVGHS)- a(I:RP“PS@M@IIQU%P!1¢Q}§tthﬁan@l§ndémm 125 ioto ntopddér{it@khe 10 parts
of the CZ pulsjlleén& e reference

nurreral s used in FFB[E:?%HE ﬁ\t%?age %fé‘leg t‘?%gn(rﬁz le?m? gg?'idktge @PE Hicen 226nd only t he
di f f er encés {1 enmireshéo theZZmullerent Faguré2 GuireeC28ullei 200 JIFidesmfufagd. As shown in
Figures 29 a h rLom,t uller of Figure 28 include the
shape of. a hgg%ﬁg at'ie § 6(1)%12 lélggéguhﬁlfaneaéﬂcg?l&g%&mq hipserifsimare on of a heat
shield pI atea%@ICC'malhéaiewmxehdl ng housing 300, 15 which has a 90-rotated

trapezoi d shape, J.i kezg i nge i ncl.udes an_inner heat shield housing wall
310 and an outer i AP ST R A diBSICZ piMler hecprdisfede abl y ar e

vertical , andnbodﬁﬁaﬁssﬂ’th EseAOMMSEDN DB FRAR: usi ng
bott om B%QIe B songe flbt k?e [ nnernand %ﬁt e%ﬁﬁusgrﬁﬁgﬁ& gfﬁlgulgl g wal | s 310
r, t

and 330 legofi Fdgwre Ryl FigpresA9 284 60, s!ikcpaé’eremxpmamdalsat an angl e

of R fromth& B Fig@o e karefu: housi wal | 310 to
t he outer egﬁshllgl d hoﬁsfﬁmoggfe; quk@gﬁlemlp%&?lﬂgﬂh EQ%"H]SUSI ng

bottom 320 s é’éereéﬁhsmﬂégwﬁtbe desceibegt dAsshown InargnréshB anh@@,ltﬁdﬁhﬁlagles fromthe

i nner heat shéghid e at. .shield housing wall
© 330, formng the térpgt%%lzeglgf rg%g%%g}dgrt\%\%gap%fk Beat?&j lé%&‘ﬁ@@%ﬁg% shield

housi ng 300 #idjtiopd instaliatien Qﬁathfrafashhéthplatabéfbrmemgat sRibldiftiRudigd 300not  shown),

and nma f fon€ he heat shield housing 300 is
ixed 1ot heportes oo ROl &Rl e WSS ink ST o Rvriiett sl The hea

shield pl at ehqw@eglwgllal%m@ut@ehmmemhaxshga«eausslaoemch;Br@fé fbR%rd Op 340 of

the heat shiglg 00, and. t el Ln cket 232, around the ingot
bei ng pul | ed. 38‘1% con%“eg(lijﬁla‘fsingﬂc’%? i %fl‘t%ﬂflfiéf’“ sigdpond2Ei gures 29 and
30 can al | owhipleconnect the inner and outer heat shield housing walls 310 and 330. Here, the

heat shield housing top 340 slopes upwards at an angle of B from the horizontal from
20  the inner heat shield housing wall 310 to the outer heat shield housing wall 330, while
the heat shield housing bottom 320 slopes downwards at an angle of « from the
horizontal from the inner heat shield housing wall 310 to the outer heat ;hield housing
wall 330, forming the trapezoid shape as shown. '
The ring-shaped heat shield housing 300 may be filled with a heat absorbing
25  material (not shown), and may be formed of carbon ferrite.

Also, the heat shield housing 300 is fixed to the top of the heat pack 202 by a
support member 350. The heat shield plate 360 is disposed between the heat shield
housing top 340 of the heat shield housing 300 and the cooling jacket 232, around the
ingot being pulled.

30 The configuration of the CZ puller shown in F igures 29 and 30 can allow the
cooling rate of the ingot to increase. The size of voids, which are present in the pulled
Ingot, is generally proportional to the square root of the initial vacancy concentration

at the ingot-molten silicon interface, but inversely proportional to the square root of



cooling rate of the ingot to increase. The size of voids, which are present
inthe pulled ingot, is generally proportional to the square root of the
initial vacancy concentration at the ingot-nolten silicon interface, but
inversely proportional to the square root of 2 2 NOV 2005 29 the cooling
rate of the ingot. As described with reference to Figure 1177 d8Viihg as the
size of voids present in the ingot, wsgch are fornmed during the crystal
growh, is smaller than a predeternlned si ze, although the pulled ingot
contains voids, the voids can be dissolved fromthe DZ through the RTA
process acc d| to epbodi nents of _ 5 the present invention. Thus, in
order to re 68&?‘1%“% Phtbe greot rsrieseribed pthi rpfgrsnce tofigote Tlsadesg asahd e

accor di ng t gizesbRsPRRER ithe trh@t WhEhaR fo'rrﬂyc?cmn{\cpﬁ crvsgll %%evlt}héﬁger ate Of the

ingot may be increased. As the cooling rate o ases,
t enper at ur e SHriathap e pedeterminedtsivs, Jdatgr th@ﬁ)ulﬂddengongmaurmmldsn@é esige.

Ther ef 10 predet d def ect
st butt one CREo T T U L2 RRRA T BBy petoRl G <Rttt 8hs co.

Accor di n§ tﬁle@madnmvemcm of the present invention, in order to increase the
cooling rate of or nore based on the

t enper at.ure of t us i ﬂg’of toé‘fduf‘ﬁg‘eé@ﬁf’gf’méﬁ‘ér‘@df‘gm’t“ﬂﬁ%éIdescilﬁblei ngot fromthe

t enper at ur eacabrdidgeo Enb@limendd 6fake graset Inveidni (i &foflﬁ&ﬁtetd? tik 19%32%}'” m ned
t enper at ur e, of the11 ég& at | east one of the ['ength a of nner - heat

shiel d housPhesa¥E ceqlive rats ot the inget inpliseses atesmperaturt gelieet @e athousi ng

wal |~ 330, the a,ﬁgloelg hBeink t-he angle a of
t he hea{) shi gl d hohmu%t bgﬁnoﬁg%;mbt%t&eH%?gﬁgghg%bgéﬁgam rtahe i ngot 228

and t he 1P nngedeterpined dpfeet|diptrittion. ribe pling BEOf thelrgot{\ishndeébé bet ween t he
cruci bl e 206 cRRdqt he outer 20 heat shield housing wall 330, the distance e
between the inner and outer heat shield housing walls 310 and 330, the
di stance b bet wetasonding t¢ emeqditherdg ofshé plesknhinuaiting imedder to 3dddeasdhet he nol t en

silicon 2264,,8R4 0 heat shi.el te 360 can be wvari ed.

In the CZ pull et raée;@[g&qﬁéott i02'-@ Ie%%fu gé e %G t??segiéjg‘ltﬁ HEOPHRRTO e pul | ed
i ngot, 25 inget apthk céntey thee&oé tofod! ke mgtg(ﬁtomaateb@emmwae@&aﬁgotfnwlteﬁxamf” e, in
pr od ct|V|ty of the ingot can

_the range 0@19)2:9 JT'g1
increase, In ad fr?%ﬁgb PP o ﬁeénpeF?é‘t“@l hth? B’lgmp%‘ fastene\gatherlenss
seni - per f eca ofithé mner, heabhhxeld han:éngmﬁluﬂm; thenegiyofttheoutef hefdhier of Figure 28,
can be prov oql%g‘ f 0@3%(13%%“%% ¢ the | n ot. Enbodi nents of the invention
that were descrybeé S AP 8}35’8%&?3‘3 qusingtop 3A0. e angle « ofthe are wel |
suited for HeatshietdlidusiAg Blttof 300, the@stdne @BEVRLN i BPot295 hRT B NGE:
heat shield housing wall 310, the distance f between the crucible 206 and the outer
20  heat shield housing wall 330, the distance e between the infier and outer heat shield
housing walls 310 and 330, the distance b between the inrier heat shield housing wall
310 and the molten silicon 226, and the position of the heat shield plate 360 can be
varied.
In the CZ puller of Figure 29, due to the high cooling rate of the pulled ingot,
25  the pulling rate of the ingot can be increased, for example, in the range of 0.50 to 1.00
mm/min, so that the productivity of the ingot can increase. In addition, a processing
margin for perfect wafers or semi-perfect wafers, which are manufactured by the CZ
puller of Figure 28, can be provided for the growth of the ingot.
Embodiments of the invention that were described above, can produce silicon
30  wafers that are well suited for fabrication of high density and/or high performance
integrated circuits therein. However, it has been found that in a mass production
environment, silicon wafers that are produced according to embodiments that were

described above, may have undesirably high levels of slip in the device regions



integrated circuits therein. However, it has been found that in a nass
production environnent, silicon wafers that are produced according to
enbodi ments that were described above, may have undesirably high | evels of
slip in the device regions 2 2 NOV 2005 30 thereof. The slip in the device
regi ons may be caused by sel f-weight-induced stress of the zvyaﬂ[ﬁ/rzggﬂg its
support pins and/or support ring durigg rapid thermal annealing or by

STl -densi fication-induced stress. The slips may inpact the reliability
and/or yield of integrated circuit devices that are manufactured fromthe
wafers. 5 Moreover, it also has been found that silicon wafers that are
fabricated aberows Thaidipin tHoeldviabagtons iy beanisel bNEESId Rl Rusid seQRs di oxi de
subl i mati on tgpwgfhe F{SI-A chanber . / Mor e Parti cularly, native oxide or other
silicon di oxi de: t'9dP) URROG RIS AR/ QR SYRROTHIG dusingyapid thermganmeglingier HRTA
process, andTepeiichtianintied gueas! ThEEAipChATRS 2Bt | iration on

t he RTA chanmher can reduce the effici en%y, 10 %célth}ggﬁglht aahﬁé/y%?@

repeat abi | i t& "Bk iRAIPGsE dhad areqpanufagipreddas b wafess. f r equent ¢l eani ng
and/ or repl aceneMordf, . fodi f the invention may
arise froma reali zégt iertélril(?‘ltsﬁ—l:!iffs %Eg%ﬁgthag%g%s@%%g}ap?rgtfatl?g(éad%%“ﬁfoduce t he
oxygen pr eciqdstaihedeabevm maicruse undespaldé silieor diedideckubigmatfantoattheT second peaks,
a denuded z d region. . n the first a 15 second peaks,
can be perf%:;l %%PI %ﬁgﬁﬁgf\t %gﬁh%rg&e@g?ﬁg%‘g@rﬁé% ’%’“i"o%&ggioﬁ‘g‘he ammoni a
(NH3) and ar‘@éﬂn(aAﬁyapowad\minngTApmssnmdtdupcgit@ﬁtmicfugu@zgg—m( N2) and argon

(Ar), as wa r 0 abov.e. .By usi amoni a as a vacancy injection gas

rat her tha%h y(f(r;'ogheeﬁgof ﬁug)ﬁﬁfﬂo%?rbﬁ’gggl‘% efican peducedheeifigiencywer

t enper atlr e relibitity and/or bpearstiiity i HetR 1A BRCes8beld AP HEced: AR @eﬂ&%bet ween about
t 11

1100C and abgut. 1150C 20 or be about 1100C-and abou C, or at
about '1120C,°Pefiwn% ) acﬁﬁ“f‘ﬁ&ﬁ?%g{}re‘}@%ératures such as 1220C, which

were heret of or e BabsliMedt§lof theineAticRaRdY arRO o 292N -4 U By al | owi ng
| ower tenperature RTA processes to be used,otﬁe gmgﬁ?dpg’?@ﬁp and/ or the

amount of sPFICESHaE 3RGAde PIdhrs tha Oxyasn peaqipate pengenstion profileeindlading y .
Accor di ngl vy firdt b i 0 . I t iLcuts that are 25
gl y fir bl el dephiidildnk byd Q%ong%f%go%t%@ve%n el%lg?t 88%

produced _fromthe wafers can be increase € 1mass ction cost
“of proddci AtForhRSalaraybe reefrns in @ pieesphbre oftarges pintere cothprising, according to

enmbodi ment s i i i Licos r hawi an en

precipitati gﬁl}nggfﬁgéﬁ?\rég?ia%gygrtlz‘fljiaihgp@ﬂég?gigr@f(tﬁr eo\sfnfqﬁ)lgglf @gﬁ%‘%saé%%‘nd -peaks,
a denuded z&Me Barndeseritedabovsp Bywsirgeenmdnid ds@ vaahey injsatod fae rétherst  peak, and
30 between i niRbdeR e KThGr6eedd mhy Brd Badd at A lhet REp2SE20 L. H52K and 2

- concave region
between about 1100°C and about 1200°C, or between about 1100°C and about 1150°C

20 or between about 1100°C and about 1 120°C, or at about 1120°C, in contrast with

“higher temperatures such as 1220°C, which were heretofore used with the nitrogen
and argon atmosphere. By allowing lower temperature RTA processes to be used, the
amount of slip and/or the amount of silicon dioxide sublimation can be reduced
dramatically. Accordingly, the yield and reliability of integrated circuits that are

25  produced from the wafers can be increased and/or the mass production cost of
producing the wafers can be decreased.

More particularly, according to embodiments of the invention, silicon wafers
having an oxygen precipitation concentration profile that includes first and second
peaks, a denuded zone between the top surface of the wafer and the first peak, and

30 between the bottom surface of the wafer and the second peak, and a concave region
between the first and second peaks, may be produced as was described above.
However, according to embodiments of the invention, the denuded zone between the
bottom surface of the wafer and the second peak may include therein at least one

region of slip, whereas the denuded zone between the top surface of the wafer and the




¥

between the first and second peaks, may be produced as was described above.
However, according to enbodi nents of the invention, the denuded zone
between the bottom surface of the wafer and the second peak may incl ude
therein at |least one region of slip, whereas the denuded zone between the
top surface of the wafer and the 2 2 NOV 2005 31 first peak]iNVf#ge of slip
di sl ocation therein. Mre particularlgy a slip-free region having a

t hi ckness of between about 5um and about 40m fromthe top surface of the
waf er can be produced, so that devices nmay be fornmed therein with increased
yield, performance and/or reliability. Mreover, a plurality of Shallow
Trench | sol rﬁt(pﬁalng(rsqq)f)shpégiogﬁgonrfbgreme Mare pasticulaslyt mﬂxpeﬁaatué@ﬁh zone between
the top surfiachg havi slip that
i s reduced corrpargféhcgltt'létagSS omtgge#e%g%wﬁ? é}é(f%bﬁgt%ﬁm fﬁé“ Ff qpcséi%g‘iﬁ/&}-g\ﬁ in which
oxygen pr ecﬂ]{ﬂf%fézt“ebc rip@ucpd, es Bt ddviges sagpe fermedrthelem & increg@pieldPr ef erabl y,

t he STI regl Nor.eover iments of the
i nvention alfl nﬁh& Jﬁﬁi&?{e?gqlﬁ&eﬁ TR phf@“%ﬁ%@gawgﬁiﬁ‘ﬁ? Isplatiorc and about
1200C, or5 bdﬁ%e&gxmbum?belﬁﬁﬁéﬂmndeaémuéd 20h8B&weQrthd@h WRERe gLt 1100C and

about 1120C orf at %{’31‘2%5 ner ate the nucleation center
concentrati of ran R daya iﬁ‘éﬁthaﬂdwéuce%@meqd tojwsamse | ower

t enper at ur e$’IIIr&"g1dﬂe 1Mﬁ@ﬂhcoﬁ|Wa@ermWhQﬁ o&?&'ﬂgﬁg I}ﬁrﬁ eS8 ﬁ{e Jﬂ‘?ﬂu ?Q%y e, and.

silicon (%x subl i mati on may be reduce
parti cul af, "OHHEPHBHRERn-ofreferrbly, H\Feﬁllrémorp@reffmemféﬁl sﬂiﬂSA pr ocess on the

Si 11 con wafer haViohya, Lo AR ARULROAGPTL RN 805y plfl an ot ToSPher e

conpr|5|ng ar gon and anmoni a | eas , and between
about 1#8ocb sﬁwen dhoUk109°Cond absut B 2RARE cor tebwrat atblODIC0Ahahdabautt 190@60C or

bet ween aboyt b&@%gboﬁri%%&g%%h 2030 8L ag‘ouggg ¢ g?rgetonﬁrr%t etgb odi ment s,

prior to performng the oXygen I's purg Yon at m)sphere
to reduce omuglgasipr penter mte:platattlpmprdﬁﬁﬂwms chhabm@bgedﬂ RuwetvedBecaiiggONi a. A

sensor may t ha Less rm ned concentration
" of oxygen |2&¥)elrﬂgegg) {a&rés%ﬁebe dt TR & ?Céfiﬁg‘i @F‘ga ovepad silifdier at ure may

be mai nt ai né@xatlcswlpmademeymmétﬁbcﬂeﬂﬂehmhudde for exanple at about 800C

for a pregdeterm ed tinme e.ten. se nds, to allow the oxygen 25
to be pu?ged Af Artieplan H’i‘&({@erﬁ%{’% F Ipygntiog ?ff“aﬁ‘“ﬁ Pieesss pethsur ged from

the .atnos pllhecmawafa'h&vmg @ﬁ@%ﬁﬁﬁce&ﬁﬁ Qbeited strfacs TRATANBYhere ngbgﬂﬁn%es ent
|nvent|on%ré perfor dsgﬁ ally on a series of silicon fers in
an RTA chanB&f® %‘édla OArga “ter?a'fonéaa%%et%wab%tli%c(wd silicon

di oxi de fr oabduh&208%T cbrﬁﬁtvfkfen 8bdut CID0°C and about 1150°C or between about 1100°C
and 1120°C or at about 1120°C. In some embodiments, pnor to performing the RTA,

20 oxygen is purged from the argon atmosphere, to reduce or prevent interaction between
the oxygen and the ammonia. A sensor may be used to sense that less than a
predetermined concentration of oxygen is present in the atmosphere. Alternatively,
the temperature may be maintained at a predetermined temperature, for example at
about 800°C for a predetermined time, for example ten seconds, to allow the oxygen

25 tobepurged. After the RTA is performed, ammonia also may be purged from the
atmosphere.

RTA processes according to embodiments of the present invention may be
performed sequentially on a series of silicon wafers in an RTA chamber below a
temperature that causes sublimation of silicon dioxide from the series of silicon

30  wafers onto the RTA chamber. Temperatures below about 1200°C or below about
1150°C or at or below about 1120°C may be used. Accordingly, the need to clean
and/or replace the chamber can be reduced and may be eliminated. In one particular
example, when performing RTA using hydrogen and ammonia at temperatures above

about 1200°C, it has been found that the RTA chamber may need to be cleaned and/or




30 wafers onto the RTA chanber. Tenperatures bel ow about 1200C or bel ow
about 1150C or at or bel ow about 1120C nmay be used. Accordingly, the need
to clean and/or replace the chanber can be reduced and may be eli m nat ed.
In one particular exanple, when perform ng RTA using hydro e@ &ﬂ{ﬂ( anmoni a
at tenperatures above about 1200C, it has been found that ILngV chanber
may . need to be cleaned and/or 2 2 NOV %005 32 replaced after every six
nonths. In sharp contrast, enbodi rrents of the present invention that
perform RTA at | ower terrperatures such as tenperatures |less than 1150C
usi ng anmoni a ng rgon, may need not clean or replace the RTA chanber for
up to six ndfelpeds ern"ﬁF’é’ sixgnemthrla sy eanarpéti aatlotiynenislofigt pat@s a

time/ t enper ahibnGod odi rrents of the present
_invention. It wi| Imgiﬂetﬁaiggﬁgﬁoﬁ%?Jp%gggrsg%eaggp SWPerlres leys gy ot ed i n

Fi gure 37 carl’Prosiieammmaicsaderaohshayedd potaldah er pltceahsf £ehdditat | S

il lustrated g, tbg&r nzghsolg%orcan al l ow reduced slip stress and/or reduced
silicon dioxid sub I mat1 on. Moreover, enbodi nents of the invention as

descri bed in. Fi glErggre:Bﬂ gmghncmy bmsmmartaﬁé/@dxpmﬁﬁ p2oO ey 'f@%ta%cd}ﬁmgr
processes that g(/)e({ q E’ ove in_ connection wth Figure 57 Referring
now to Fi gure 37 BFiY %prﬁe%m(%{)tlon alt WAl B¢ undgrsiopdithetRT A pocesesRFA  chanber

or furnace, iBusahtedn Fg@oBY edit r@dh%leﬂﬁlé%émﬁg df nperature of
which is set., at Iiabout 800 ﬁﬁéﬂlgﬁg ﬁgﬁhag such as

about ten 18 gétE%HnggurBﬁerUﬁgaqqﬂoy rf-“i‘ﬁ@i Slmn‘treﬁsgnrbioﬁrkdmcd shqondioame wi thin

t he RTA charbigimativR! RRYRY i times (a) and
(b), el(2)xy en r?)altjlr ge nay i gﬁgeddg{lge e{{tzid ftﬁ%et%ﬂgrangf%sxd%smhé({ lﬂi‘f‘ B - di f fuse

fromth & ForiTaaiFd ith smbediaenif SERTA pwsents that vieheleRTibecdtavsiher e.  The

oxygen pur g@om&&%&mg@gg by mai ntaining the RTA tenperature at the
standby tenperature for a predetermined tinme period 1, such 20 as ten

seconds, and/or BgfepingwpwitnGigaresS@nmranr td time {w aRkferGiaad@ inté AARTAAN Sense
that an ox n_within the r has decreased bel ow a
¥eHibef QYGRS &l h?ﬂs a c?nve%txotnﬁl qua %%%ﬁttpﬁﬁmﬁﬁawetq{ t he

predeterm ned anount, 3uC
descri pti onwbichig xgmtefosé'xanmﬂe tlbomt &@(HCdBrihaldB%yé}ﬁ‘)H LAMEDR abBRkdnod |, the

_tenperatyre h RTAf urnace is ra i ncreased, for exanple at a 25
“rate of gboaétc %% %uél?gs 4 20 AEPT ﬂ@‘BésR‘%%tW‘H%‘é?‘QB‘ITAlqham@rnul taneous Wi th

the ranp- Mor@modlmrmg(thikiﬂbne |p6ncfd Iow&deénhrxﬁsdgé) ahd'@®), GHAWRRA purlst
understood aﬂgtlacehtg start of I ow matg occur pri OP tg e begl nni ng
of the ranp-up® 8Prgf8x¥%eﬁéhat ¥°“téjc‘f%§ﬁ TOg} IStOIfiErWIafnp up between

times (b) apdse(n(:ih thtDRT/& AtLospitge. RIS oxygen purge may take place by maintaining the
RTA temperature at the standby temperature fora predetermined time period I, such
20  asten seconds, and/or by providing a sensor in the RTA chamber than can sense that
an oxygen concentration within the chamber has decreased below a predetermined
amount, such as less than 1ppma.
Continuing with the description of Figure 37, at the end of the oxygen purge
period I, the temperature in the RTA furnace is rapidly increased, for example at a
25 rate of about 50°C per second, during a time interval IL. Simultaneous with the ramp-
up, ammonia (NHj) is flowed through the chamber. It will be understood that the
start of ammonia flow may occur prior to the beginning of the ramp-up, prior to time
(b), at any stage during the ramp-up between times (b) and (c), or once the RTA
temperature has been attained after time (c). As shown in Figure 37, NH; flow may
30 coincide with the beginning of ramp-up at time (b).
Still continuing with the description of Figure 37, the RTA is maintained
during time interval III between time points (c) and (d), for between about five
seconds and about thirty seconds. As shown in F igure 37, the RTA during time

interval I1I preferably is between about 1100°C and about 1200°C, or between 1100°C



tenperature has been attained after time (c). As shown in Figure 37, NH3
flow may 30 coincide with the beginning of ranp-up at tine (b). Still
continuing with the description of Figure 37, the RTA is maintained during
time interval 111 between tine points (c) and (d), for betvv;?rN[]@tQ@gt five
seconds and about thirty seconds. As shown in Figure 37, the RTA during
time interval |1l preferably is betvxg n about 1100C and about 1200C, or
bet ween 1100C 2 2 NOV 2005 33 and 1150C. In other enbodi ments, the RTA is
mai nt ai ned between about 1100C and about 1120C. In yet other enbodi nents,
RTA is perforned at about 1120C. These RTA processes may be contrasted
with Fi gure B4Ahe, Ingthes pmpedimontssheRAA ipmeinedsd bgwadn abbaut] 0d250C, and

wi th ot her i S u as e 5 described in U S.
hot oncs 6 2an SRt DA% 1R ORGSRRES ety RasOGetrs et bi2bing Lo Fi gur e
37, at time ThatedkRrnprobegses g be enmenet with Higuré hebdd AvhidHuan@as kA Shar pl y

decreased (r o f.Qi. exanpl e at a rate of between about 10C sec
and about 76’%%&"%%@321 i)lrzép &t ﬁ‘?ﬂa‘gﬁgf’thﬁr fonventigpa KT Agmeyesses, sushmstaree

t enper at ur e defcribétein AL SuPdiRyits BROH QS ¥ad 508, P Yibed 26y | OW of ammonia is
mai nt ai ned 10 ungi.:l he end. of the ranp-down period |V, at tine (e).
However, armmoni a>#l BlemiRgto Figure 37 a4 time aderval AV e empermarmindevkiToer i od |V or
during the RiAadesy sheflyl debreadel (i S ri an ammoni a purge
preferably takes pl g%e)l, f or eiﬂgﬂrr%le%&&gne)gfogn'l nélegﬁatrlgtgré)y?eetwe“l—% er, the
anmoni a purdgwaﬁ%ﬁb@u‘doﬁlﬁﬁce@dm@fprabw aterataabouteli3PC/sdey @ftke abl y, once the

ammoni a hasy Py " nl oaded from. 15 the RTA furnace
at time gf) &ﬁtﬁ hﬁgsgggﬁﬁdggﬁﬂ%ﬁ%cg%?ﬁr%gy# ¥ @Wf) FrRANASS graintgigedyr esent
i nvent i df,  wABthe @itAL the ooip-daowvoperiid Uy & ik (SR\HINR vétsAEbEa RERGGE t he sane
desirabl e : i pi.tat.e ncentration curve of Figure 4,
while all 0\|>/\,1!b ﬁ%‘f’@?‘?‘s" ikt ‘?82’“ etind [ ok e fhs Rje resiat b dDysigghi f i cant | y
and/ or el i nthsatasdby Rod Heanrnon@ss purge p@mmwsglae@q&e&aﬂfﬂeﬁ gure 37 are

merely illugifative.. reover, in RTA according to enbodinents of the
present | nvgﬁmlﬁ%#ia?flﬁlg%% g&/w?%ﬁ”et © agmopRPUELGHAX fake glaseearligriopnetiaki ng rati o

of the anbi elht Prgfebly, ondaeheraationiPhdsdben purfi, the WARALANM RIS AL €

ahneal i nd/ or ranp-down rate nmay contribute to attaining-a profile
"accordi Eg tk)hglligi glaﬁ‘fatéfgg\ﬂgi | be described bel ow. 25 Figure 38 graphically

i [lustrates tenTieraburlotRD aRERNGE0 bBAKRER of BE g&kéﬁi LAY 4 a rapid
t her mal anngﬁl i ncgllgsgog%ess of Figure 37, according to enbodinents of the

present i nvent'iPof 18y 3790y Yediseditopieruiat the garnedepisable M sheped

oXygen precipitate concentration curve of Figure 4, while allowing slip and/or oxygen

sublimation to be reduced significantly and/or eliminated.

20 The processing temperature ranges of Figure 37 are merely illustrative.
Moreover, in RTA according to embodiments of the present invention, the flow rates
of the ambient gases, the mixing ratio of the ambient gases, the ramp-up rate, the
annealing temperature, annealing time and/or ramp-down rate may contribute to
attaining a profile according to Figure 4, as will be described below.

25 Figure 38 graphically illustrates temperature dependence of oxygen
precipitation for a rapid thermal annealing process of Figure 37, according to
embodiments of the present invention, for various rapid annealing temperatures
(interval I1I of Figure 37). In all instances, an annealing time for interval III of ten
seconds was used, with a ramp-down rate in interval IV of 33.3°C per second, and an

30  equal flow of argon and ammonia. F igure 38 graphically shows Bulk Micro-Defect
(BMD) densities (i.e. vacancy defects and interstitial defects) for the first and second
peaks that are illustrated in Figure 4 (peak BMD), and for the lowest portion in the
concave bulk region between the first and second peaks (bulk BMD). The squares

that are associated with each BMD measurement indicates the depth of the denuded



(interval IlIl of Figure 37). In all instances, an annealing tinme for
interval Il of ten seconds was used, with a ranp-down rate in interval IV
of 33.3C per second, and an 30 equal flow of argon and ammonia. Figure 38
graphically shows Bulk Mcro-Defect (BMD) densities (i.e. ZhVWZBW defects
and interstitial defects) for the first and second peaks that are
illustrated in Figure 4 (peak BMD), a for the | owest portion in the
concave bul k region between the first.and second peaks (bulk BVD). The
squares that are associated with each BMD measurenent indicates the depth
of the denuded 2 2 NOV 2005 34 zone of Figure 4. BMD defects are indicated
in density (@ 9fFigwieid-nBY hdefeqtnars ingicotdd in denvitt (¢me?),(aadnm3y bdtyansllelli p! yi ng by

104. Referrij i gy -l nyde seen that the rightnost pair of bars
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The range between about’ 1100C and abou can conProl® ¥He dept h of the
DZ, whi |g RBRIReDAHIAGG Whichiy KOOKMDWantanp the kenifidRature kiat isweddywitaRst ant . For

peak’ BMD and e gk e e s e R A e iy
pea an
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concent rat | Sazace bbb O BOE A sbelP IR Hitsonfiidneg oo ol Tndvo adiing

t enper at ur emajntginingths GuliyBiiDiand béak BMD udhtivalyeonaante &b R8mple,Rrvlependence of

L é L odi ts of the present invention. As
' g)r(\)c/)\?\nini nplr:ieg%orwéi%Be%ﬁfz&ggtrlg#}%nh%g?gﬁﬁ%‘gﬁ%ea‘ﬁtpﬁ?‘@kﬁp apqd thgdulksi ng equal
fl ows of ar GbD appdaraortentiativeeidalfedted tk}aexﬁﬁ@al tpfé;i&,%m@u[gg{g{é\%\,gae%g% eDﬁ gggggds o
' b I nt., upo nneal ing time be _ :
ThPrty 38cohBHe Akt 1R e gerthoFos DY emesoh yhb incressingiembimene | mos. o
ten secondsamiajie BRDpseak @bricefitrativh gt BMEDbUIK SRBLHALLY ink el $ifh At els dependence
of oxygen precipitation on the 25 ratio of argon to ammonia fl ows,

accordi ng t B PRBHARI D the present invention. As shown, the DZ depth,
peak BMVD and bul kg8 gapkiedllydneedes ifelfig M le¥endence of oxygen

precipitation according to embodiments of the present invention. As shown in Figure
20 39, at an annealing temperature of 1120°C using equal flows of argon and ammonia,
neither the BMD peak, BMD bulk or DZ depth appear to be strongly dependent upon
annealing time between ten seconds to thirty seconds. Accordingly, to increase
throughput, annealing times of ten seconds may be preferred.
Figure 40 graphically illustrates dependence of oxygen precipitation on the
25  ratio of argon to ammonia ﬂows,‘according to embodiments of the present invention.
As shown, the DZ depth, peak BMD and bulk BMD do not appear to be highly
dependent on the ratio of argon to ammonia over a wide range of ratios.
Figure 41 graphically illustrates dependence of oxygen precipitation on the
ramp-down rate in interval IV of Figure 37. As shown, there appears to be little
30 dependency of DZ depth, peak BMD or bulk BMD on ramp-down rate over a wide
range of rates from about 10°C to about 70°C per second. Accordingly, 33.3°C/sec
may be used, for reasons that will be described in detail below.
Figure 42 graphically illustrates peak BMD and bulk BMD as a function of the

initial oxygen concentration in the as-grown silicon ingot and wafers, according to




dependent on the ratio of argon to anmonia over a w de range of ratios.
Figure 41 graphically illustrates dependence of oxygen precipitation on the
ranp-down rate in interval IV of Figure 37. As shown, there appears to be
little 30 dependency of DZ depth, peak BNVD or bul k BVMD on ranp-down rate
over a wide range of rates from about 10C to about 70C pef 298 aH.
Accordingly, 33.3C/ sec my be used, 3 reasons that will be described in
detail below Figure 42-graphically illustrates peak BVMD and bul k BVMD as a
function of the initial oxygen concentration in the as-grown silicon ingot
and wafers, according to 2 2 NOV 2005 35 enbodi nents of the present

i nventi on. T‘f‘i’ébogﬁ‘benfss‘gl‘liedﬁreslei‘tdévqnﬂm-cHIeésp {selik liBd/Mdicdenpiak BMPNd t he | ower
(dashed) |i ngenkifd bRy : LoV own,. although the peak BNMD
appears to b r[eylj at i 5@?’9@ ?ﬁgzlggﬁggﬁﬁég %tbﬁgsqlﬁﬁt%ﬁwo@égw gifough r at i on
during cryst@f PGHKEMP apreae tobe telBVBly aplspedent bbthb énifi axydey coiRpRRdsAt ON

initial 5 -oxyge r at b Qm. cordi the initial oxygen
concentration c‘égry%tgf%g‘g%’ ['?%Ib&%(?r%\?? 5?”[%39k’g{‘ﬁiaﬁ’%‘f‘epf’?@“b‘éékmﬁb- bul k BMD,
fromas |5t t4xgeescontrotratich. accaringly] theditia oy R cORBREMAbA Bld RN 1, 2bout
13ppma to ab a ut |.n_particular, the initial oxygen
concent r-at i OC%H{%;IQ%%&%%B%W@E‘R&% B@ZQ(]%‘P‘E?S litde prcabapiciat a@ b, so as to
provide at |egsdn cone@n@itibarof houlBSphialtsl Shdus . Lference
bet ween t he Bi%g]k 10 BMD and the bul 'k BaD @%Egﬂ‘mﬁ‘ggﬁ%#&ﬂ?‘e ©38- 42

i ndi cate thd B canceairHionprayrhs selesipd fariengnple nmbnateusdppmar @eRto an
M shaped oxmmawtmt%gggdgr&qgg‘gg i -of \.e.0f Figure 4 can be
obt ai neg](?at tenperatures of |ess ﬁ%ﬁagf%t(sgﬁgf:%g?fef?ﬁﬁL%E’%‘??éf‘eIPfé{‘iween
1100C and 1PN andHgbelk BDapout 1120C, that is conparable to the oxygen

15. precipitate qgRgRRLEAL F; | 9 may be obtai ned in argon and
ni trogen at terrperatures’It:l%lzrl}:tepﬁagr)jéi g‘?gg{éﬁat’t lﬁ%a‘bﬁt&ﬁfp PHOEPIEMEh as at

1220C. 1t néWmgnia and argos row-shaped skyigen previpitas édberaforShioRle e Pipindal | 0N may
be reduced apgd : be, el jm gd by using enbodi ments of the
present i nventli’%?\@‘ﬁ?%ﬂﬁéﬁpgg%{ﬁé&etssemP@bﬁé"sygﬁﬁéb‘%{(I:rélet%’i*e descri bed
above. 20 Pril¥FCraod HEOUE, iabd/migat mbel ¢ 12090, thal isdopa@bIe 88 dk b@fhen accor ding to

enbodi ts " javention i scyssjon of origins_ of sPi p wll be
pr ovi dgg.@ Agpﬁlfcg)lt\%\tg??dcﬁrht@n " P r(?ﬁletath?c)lé%ayﬁﬁ\? ﬁlj‘e‘gl{’ialfgomaﬁdﬂﬁ@gmﬁt, during RTA a

vaf er may beéenspepyoes that aterpreater FaA abolitn a0®C ek s M@%.SH&BQWM Bl ”ts’ or an
e support pins or

edge ring. I artially s orting the wafer at t
at the edge,@[qtvﬁ‘g1 °§s(ve P _g&%e(@m\{ aﬁéjgi?)ﬁéuwaé‘lm B1anbs sedured ard prefemblBndyn t he
waf er, whi che elimighttd byusinpeustiddihoni of HPrabitRvaRRR! AblMingkgi nates at the
bott om te .

_ mperature ranges that were described above.

20 Prior to describing reduction in slip generation, according to embodiments of

.the invention, a discussion of origins of slip will be provided. As is well known to
those having skill in the art, during RTA, a wafer may be supported in an RTA
fumnace using three support pins, or an edge ring. By only partially supporting the
~ wafer at the support pins or at the edge, the self-weight of the wafer can induce stréss
25  in the wafer, which itself can cause slip. The slip generally originates at the bottom
surface of the wafer that is supported by the pins or the ring, and extends up to the top
surface of the wafer, where devices are formed. In order to reduce and preferably
eliminate the impact of slip on active devices, it may be desirable to provide a slip-
free region in the DZ between the first peak and the first (top) surface. Stated
30 differently, it may be desirable to provide a slip-free region to a depth of about 40pum
from the top surface of the wafer. Thus, slip from the bottom surface will not enter

the device region. Unfortunately, it may be difficult to provide a 40um slip-free

region using conventional RTA processes.
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43 graphical | y i IFllsmsa%agraﬂu@llytlldsw@stdnpaénatmt&%tt&msﬁyict%ﬁgw% a waf er
versus tenperature fO{% Aé?gb dDPHEntS f the present invention that use
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three posi tiamsonidtatRospheks r IniPidire 44, @ﬁlp 1enothh@méggp,%? af Bfck ggtrc@ggna These

er

posi tions corresp nd to the posjtions support pins in an RTA
furnace. TheVaffig Caé‘i&lﬂbg}etupb‘?rﬁeff cqraerg dhese eatitierssorespend toltietposifiotshe RTA

fur nace, SAth’fﬂQSNgfé}% heknskRsh Rir&! 4 fromt gas.
inlet. Also shown at uﬂ;oeei{lrllsg ht of r}?rélécreeqilg%g '?H?eggﬂ lslag’ﬁ‘éffﬁr'fgﬁeasur ement
for an at nfEdpiét ef he RIASomacen whereasrtbeyether ﬂaatxemsrzﬂgiﬁe Frowpnfie at 1220C

in an atnos 0 0.sli ength of 3.5mm may be
produced at Fgégrsn%ttl%lﬁgp%% a?ﬂx@ r%# guvr\f]?%ﬁ #ﬁ%}‘plﬁ% hRESHEBEREEn | n sharp
contrast, atatmwhmedfarg)mdattwgas of 1120C, a slip length less than 1.5mm

may be produced d i.,a atnospheres according to
embodi ments of tﬁefeprég%g'tguﬁeq\geﬂq% B”Aa%?tf“ﬁsﬂhéf?g’c fiareon apdrigogenan 1. 5nm at

the bottl®m st lenfth ofiSmn mmaq)"r&ﬂid&ﬁa@oéihbrpt fn‘i 8e \Ja?é}' Whchaj i€ top of the
wafer, to augcoggf 40 15 Accord ngl a slip-free acti ereglon of a
waf er may be %F?P?P%c}“slg—%"@ﬁ?”éraﬁrlaté ﬁ?ﬁtE‘aP?rV“TeFPﬁbﬂﬂa@ asliplength leshgt h ver sus

ar gon- t o- anmimni 1&ngA may 8k pRduced asing &Qaﬁ&r&%ﬁﬂtﬂi‘éﬁ}h%re%%& 5 esent

i nvention. n acceptabl e sli | ess t y be produced

- over a wide® F‘Qﬂ%@ew °§Q§Pﬁe§t" @ge“tppgﬁﬁgpmg@MM$Mﬂﬁm ittisthondres slip

l'ength as aof B &ate® BarrodRER sE{RIEE H%?Bﬁ at thggpg?ﬁx%rvgafé}gtota dgﬁtﬂb ﬁ%délr’rent s of the

pr esent |nvent| on. As can be seen, rate & slip
length. Pn érerifingly, pilipvragactivegegion q>fean\gqtkr rody begseduckan about 1.5nm  a

d t d_should b t d.
i gur o5 46A and. ABR"ar B ey el B AN R mn e i or

bott ons whi é??orf!mgutg emhediments pf theprdsenhingéntioor Aeshmmdaﬁ scckptbld sipap ar gon and
ni trogen Zﬁsﬁtthgﬁ)??}ﬂﬁ{xﬁaﬂe o6 d\RF a hald r%%%%?@a% rz?t?o% RTA in an argon and

anmoni a gas
Figure 45 graphically illustrates slip length as a function of ramp-down rate,

20  according to embodiments of the present invention. As can be seen, the ramp-down
rate can impact slip length. In order to provide a slip length of less than about 1.5mm,
a ramp-down rate of at least about 30°C per second should be maintained.
Figures 4§A and 46B-are X-ray topography (XRT) photographs of wafer
bottoms which illustrate slip, and which correspond to RTA in an argon and nitrogen
25  atmosphere at 1250°C for ten seconds and RTA in an argon and ammonia gas
atmosphere at 1120°C for ten seconds, reépectively. As shown in Figure 46A,
significant slip can be seen at the first position of the wafer, corresponding to position
#1 of Figures 43-45 and shown at the top of Figure 46A. In contrast, in Figure 46B,
the only defect is the pin mark itself at the three-pin positions on the wafer.
30 Accordingly, wafers having slip-free active regions may be produced.
Another aspect of slip reduction according to embodiments of the present
invention now will be described. In particular, by providing an M-shaped oxygen
precipitate concentration profile with sufficiently high density of oxygen precipitates

beneath the DZ, slip in Shallow Trench Isolation (STI) devices also may be reduced
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beneat h t he am¥prefsrably may Shelinkioatedr Aviic vell%abwd idARose §TVido daviifie,pl so may be
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LRSALEL A BRLQE Worn Treract putesimpe. Tabl o 6
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stress dPstri butThemmomtaf stran iithé @énch MoBSioWaSY; agz,,]e : D17, where
om waf er DZ? tg \5\12? r 51‘%&1?%9%&17. As shown

the aspect .o increases f t

in Table 6,%% %témggtoftg’g e ch (PRUET Rracagnganditipps) Bonexampld, Gads6 i n waf er D

17. 15 Tabl #uSraPeviresediBRbRIGTIAE teh@MoPaRS f £aL 9N TP, 11501150. 1000
Time (min)555555 .-4.57 x 10 aXX- 76.5 X 10{%% ng’xﬁigooa“dbq)"w ere the

_ aspect ratio increases from wafer-D21 to wafer D19 to D17. As shown in Table 6, the

stress is highest in wafer D21 and is lowest in wafer D17,

15 Table 6
Device D21 D19 D17
Item
Densification Temp. (°C) 1150 1150 1000
Time (min) 55 55 55

Oxx -4.57x 10° 510 -8.27x 10°
Max Stress Oy -2.96 x 10° -1.78 x 10° -422x 10°
Ory 492x10° | Tx1® | %510
rotal - 734x10° 9.84 % 10° 1.12x 10°

Figure 47 graphically illustrates stress in the trench after gap filling film

densiﬁcation, for the wafers of Table 6. In Figure 47, the length of the line is

proportional to the amount of stress.

20 Without wishing to be bound by any theory of operation, it is theorized that
slip in the STI device can be reduced using an oxygen precipitate concentration
profile according to embodiments of the invention, because an oxygen pinning
phenomena may take place. In particular, an oxygen precipitate concentration profile
according‘to embodiments of the present invention, can provide a device active region

25

that is free of oxygen precipitates, but can provide a very high density of oxygen
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characteristics can cause a high line tension in the bulk region, which in turn can
cause movement of dislocations at the trench, so that the dislocations are moved away
5 -from the device active regions and are pinned on the oxygen. precipitates.

Figure 48A is a cross-sectional view of field effect transistor devices that can
be fabricated in silicon wafers according to embodiments of the invention, and which
have been annealed at 800°C for four hours, and a 1000°C at 16 hours, to cause
oxygen precipitates to form. Asshown, the device active area, corresponding to the

10 top DZ, generally is free of oxygen precipitates, but a high density of oxygen

lprécipitates is found in the bulk region adjacent the device, cbrresponding to the first
peak in the M-shaped profile. Figure 48B graphically illustrates an M-shaped profile
of oxygen precipitates in a wafer of Figure 48A, according to embodiments of the
present invention.

15 Figure 49 conceptually illustrates potential movement of slip in STI devices as
a result of trench dislocation pinning, according to embodiments of the present
invention. Without wishing to be bound by any theory of operation, in Figure 49, Fa
is a process-induced stress that may produced, for example, after the densification of
the gap filling material in the trench. Fa may be a maximum at the corner of the

20 trenéh, as was shown by the simulation results of Figures 47A-47C. Also, in Figure
49, Fin is the interaction force between the trench dislocation and oxygen precipitates,

and may be given by:

a?;: = Fin( ’

where the quantities are indicated in F igure 49, where £ and €p indicate strains, and

1 1 '
Eq = 2 J-GD "€opdV + 2 _[0'01? 'GDdY»

25  where v indicates volume. Dislocation movement, as illustrated in Figure 49, may be
produced as shown by:

Gy _Gb

2R ML

where Fy 1 is the line tension vector, and is a function of a material constant G, the

FLT =

Burgess vector b and the length L between dislocation centers. Thus, when the
30 - distance between oxygen precipitates decreases, the magnitude of the line tension Fy1

increases. This can cause dislocation movement in the dislocation pinning condition



precipitates in the wafer bul k adjacent the active region. Mreover, the
spaci ng between the oxygen precipitates can be very small. It is theorized
that these <characteristics can cause a high line tension in the bul k
region, which in turn can cause novenent of dislocations a tﬁﬁ ench, so
that the dislocations are noved away 5 -fromthe device act @§ é@ ons and
are pinned on the oxygen precipitates, Figure 48A is a cross-sectional view
of field effect transistor devices thd® can be fabricated in silicon

waf ers according to enbodi nents of the invention, and which have been
anneal ed at 800C for four hours, and a 1000C at 16 hours, to cause oxygen
_precipitates to form As shown, the device active area, corresponding to
the 10 top Diecredandinat IE . scsthétrat en er[ulldxmgecrbnmneﬁglﬁy t aﬁ@ TRt weeplil gh density
of oxygen precipitates is found in the bul k reg|6n abjacent t he devi ce,
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waf er of Fi @RS it 2BEGEY tHAtRGisHISHROHHBN Sy sent .invention. 15
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enbodi megt s \of. the present - invention. Wthout wi shing to be bound by any

t heory o oBerafl on, in Figure 49, FA is a process-induced stress that may

produced, for eﬂamp}lmdlﬁi‘chmo sbservel @idpoichtiondlidn@iy dbetlyt el filling materi al

|nthetren FA nay. be a, naxi at the corner of the 20 trench, as was
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15 prempltatlon profile according to embodiments of the invention (lower curve of
Figure 50) compared to wafers which have a constant oxygen precipitate
concentration profile (upper curve of Figure 50). Without wishing to be bound by any
theory of operation, it is theorized that the M-shaped profile according to
embodiments of the invention provides dislocation pinning in the active device area.

20 Asis well known to those having skill in the art, dislocations in the active device area
can trap electrons therein, which can reduce the refresh time of the device and/or
crea:te a greater number of bit failures at a given refresh time. Thus, Figure 50
appears to provide evidence that dislocation pinning is produced using M-shaped
profiles of oxygen precipitation concentration according to embodiments of the

25  invention.

As was also described above, silicon wafers that are fabricated according to
embodiments of the invention can reduce and preferably eliminate SiO, sublimation
on the RTA chamber. Figure 51 is a cross-sectional view of a conventional RTA
system 510 including a quartz chamber 512 and an array of RTA heat sources 514. A

30  wafer 516 is shown in the chamber 512, and is supported by supporting feet 518. The

wafer generally includes thereon a native oxide layer 520.




where FA'5 FLT + F;,,1, so that at an equilibriumcondition, FLTN. = Lb .
Thus, when L decreases, FLT, increases. In conclusion, wthout wshing to
be bound by any theory of operation, it appears that a high density of
smal | oxygen precipitates causes L to decrease and FLT to |5|gz Iﬁﬁ

that FA' S FLT + Fi"t, to-thereby cause dislocation 5 pinning! iﬁ@ﬁ
difficult to observe dislocation pinmg directly. However, dislocati on

pi nning may be identified by conparing devices, such as 128MB Dynam ¢
Random Access Menory (DRAM devices having an STl structure, that are
fabricated to include the profile of Figure 4. Figure 50 graphically
illustrates a 1dtlmarbb@rfoudd tlhan, vbeh pnrfosmu@matrtgﬂl;e@ﬁﬁ}egwgee;b% waf ers whi ch

have an Ms X ate.con ratlon profile accordlngto
enbodi mntsmq?ﬁ%%ﬁgeeo h%bﬂﬁ?s‘h%‘ﬁ‘r ‘8“ thatjigpresentsgy, evapeeatovaf er s t hat

have a consfram uhemcygend ﬁefpb@ilt ph tiRl@akOERADES A1 Qs folr?eéng ehzﬁs (véfgpet%[] eC E L\ége?f of

Fi gure 50). A§ n Fl re 50, for a given re

failed bits® c?éﬁ\%&“%‘é’l‘ng ©F S1Quis deposiadeonzhe Wmhapmﬂs,owygen 15
preci pi tat | ddarepdeld 8 he i nven n (1 ower
curve of Fi gLre 50). %g@ggig%?%&%%g%g%g?%{a&ﬁg OfEhéE PETEY gh‘fgé')%gen

preci pi tat edeceassdmyieldy 4’@fprmﬁtf¢mnaece(efpb@wafcmr ve of Figure 50). Wt hout

Wi shing to be bt f oeratl i s theorized that the
M shaped profi | gygggp ?% atc%)&gg o g’nrb?e Pyt Q%‘@“’l"ﬂf)‘éﬁ‘fhi%ﬁ Thr ovi des

di sl ocat i orenpating isgeiforntedet et thueatay 1 200°G) aeRss (B MHouri1350M! 4t known to those
havi ng ski l e“{,&ng&% dosc gndsl ocg{}ggngw:eart]?wé&%té :/e device area can trap

el ectrons therein, | ch” c¢an ilitle 3o SHY devi ce and/ or

create ¥ gr%hhmatlonmmke@lachl In foer] it uﬁﬁ&e@fouﬁd Bl RFers Gial B8 Prot:ésg&t Thus,

Fi gure 50 RAPREArS tot rovi de, evi dence that dislocation pinning is produced
“usi ng M shaped ~proriy Sor&or%% Sretemr Zavithent theopred ta dleanioon according to
enbodi ment seglcettivechadbdrmagnt i on. As vvas al so descri bed above, silicon
~wafers that are_fabrjcated accordin enmbodi nrents of the invention can
reduce and pref E184F1Y} 1% Sobrmaticviey @ aWBlﬁeﬁﬁtZRyHeraewrdlhgtoRTA chanber .

Figure 51 iembadiales Sf 68 pios&t dlveNi@War Fidure Stem 510
i i Ther E Ty ik 6{%5%@%%&%&1@ 12:°512. A 30

including a quarfz cha
waf er 5 ip§g§ﬁ{§b\‘hcz Rulter ef Biguseisay I Figures 52| andsS3s likyrefetence iymesalppor ting f eet

518. The weddEin FRRRShalsh Yert B h r aflve ox de | r 520. 2 2
- NOv 2005 40 It rf%? been f%un lﬂg%mteg\f a%8'3n %rc}ﬁ#?{amfﬁ a(%zrerperatures

above aboutPullersBigures Ag-30mill bedeasstiked bahd// or ot her silicon d| oxide that is
present nay evapeLidhg in Figures 52 and 53, the heat shield housing bottom includes a first

portion 320a adjacent the iﬁner heat shield housing wall 310 that slopes downward

20  from the inner heat shield housing wall 310 towards the outér heat shield housing wall
330. A second portion 320b also is included adjacent the outer heat shield housing
wall 330 that slopes downward from the outer heat shield housing wall 330 towards
the inner heat shield housing wall 320, for example at an angle y that is illustrated in
Figure 53. Viewed differently, the second portion 320b of the heat shield housing

25  bottom may be considered a notch in the heat shield housing at an intersection of the
outer heat shield housing wall 330 and the heat shield housing bottom 320.

CZ pullers of Figures 52 and 53 may provide one or more of the following
benefits, according to embodiments of the invention. First, the distance d between the
ingot surface 228 and the inner heat shield housing wall 310 can be reduced to allow

30  more uniform heat distribution in the ingot. Moreover, the velocity of the argon gas
at the area of the notch 320b can be reduced, which can increase temperature

uniformity of the surface of the ingot 228. Finally, the notch can reduce turbulence in



fromthe wafer and deposit on the quartz chanber 512. This phenonena is
referred to as "SIQ2 sublimation”. Wen the Si02 is deposited on the
chanber walls, it may 5 decrease the efficiency of the chanber @Pﬂ/fr t he
~reliability of the process, which can decrease the yields drid Ny 200
performance of the wafers. In sharp contrast, according to enbodi nents of
the invention, when RTA annealing is, perforned at |ess than about 1200C,
“at | ess than about 1150C, at betmeeﬁrgbout 1100C and about 1120C or at
about 1120C, little or no Si02 10 sublimation may take place. In fact, it
has been found that wafers may be processed for up to six nonths or nore
in an RTA sydeaupha®. Wiskheutt of hie orancte bbthedeaadlosther FRMrAGApbLRG chamber 512
Figure 52 is,ay: ti.c view of a npdified CZ puller according to

embodi nent s %?h§%£9g$g§3<§SW3¥§%P¥%ﬁkgand Figure 53 illustrates details of

modi fied 15 par thstheirawisgsGad ppdcifizatiad, theledidlEbeaR dishiBscHit -a?ﬁre{%ae@nd 53,
i ke referenc uneral.g used.in Figures 28-30 refer to 11 ke elenents, and
only the di f?"éel?"gmeé@ of fﬁl‘}ﬁ?‘f‘eﬁ@f@d’ thorgl spesifiFiegus ase emploged)thay bk be

descri beds belsedin aA@n&{eQnn dbddripige t .shiel.d housing
bottom i ncl udes ;&?Lrst_ pont?%ﬁgkg%ééégﬁgggﬁgq% egFﬁﬁéﬁnﬁé%¥h§hield

housi ng wal | SOP$19) therimyentombring gbfonthan thedglowingldime. i nner heat shi el d
housi ng wal |l 310 towards the outer heat shield housing wall 330. A second
portion 320b al so is included adjacent the outer heat shield housing wall
330 that slopes downward fromthe outer heat shield housing wall 330
towards the inner heat shield housing wall 320, for exanple at an angle y
that is illustrated in Figure 53. Viewed differently, the second portion
320b of the heat shield housing 25 bottom may be considered a notch in the
heat shield housing at an intersection of the outer heat shield housing
wall 330 and the heat shield housing bottom 320. CZ pullers of Figures 52
and 53 may provide one or nore of the following benefits, according to
enbodi mrents of the invention. First, the distance d between the ingot
surface 228 and the inner heat shield housing wall 310 can be reduced to
allow 30 nore uniformheat distribution in the ingot. Mreover, the
velocity of the argon gas at the area of the notch 320b can be
reduced, ' whi ch can increase tenperature uniformty of the surface of the
ingot 228. Finally, the notch can reduce turbulence in 2 2 NOV 2005 41 the
argon gas. As a result of one or nore of these and/or other factors,
improved quality of silicon ingots nmay be provided. In the draw ngs and
specification, there have been discl osed typical preferred




enbodi nents of the invention and, although specific terns are enpl oyed,
they are 5 used in a generic and descriptive sense only and not for
purposes of limtation, the scope of the invention being set forth in the
following clains. 2 2 NOV 2005 42 What is Clainmed is: 1. A sily % waf er
having a top surface, a bottom surface and an oxygen preci%k@@ﬁg 5
concentration profile therein between the top surface and the bottom
surface, the oxygen precipitate concentrd2ion profile conmprising: first and
second peaks at first and_ second predetermnined depths fromthe top and

bot t om sur f ac d¥has r, respectively; a Denuded Zone (DZ) between the

top surface of the;wafe fi st eak .and .bet ween. t he bottom surface
of the wafer and the se%‘gﬂg;gﬁé%%rI?Vg’(‘gnactggéurfaé:&aol??%@ﬁ}%éﬁe ?nﬁganfi rst and

second peaks; okydeq piipidecdonciiratieh pRsle iHRiPBithedR thétdhAaa&d arldike Waf er and
t he second peak including therein at |east one region of slip dislocation;

and the denudbettorssfase; the exygenerecipitaieiedracairatipn pioilaoierisingd t he first

oo pi tate. concent AP ECuRURERL LRt Beat iRl shed BRBPRYe o cont

surface of t heopsindibotomsaifses bhde wiafe e3péaivtly; | ocated between the top and
f d ai

bottom surfaces. 2. _The silicon wafer o aim1, wherein the depth of the

denuded zones is #RenydedZane DE) betwisen thetop surfaboefithewafer aadithefastt op and

b fag b fer. Th i f f Claim 2,
wherain the degrinptifed ety Rufhe of he Wil ihd 48RRI ERRRC 1 op of botn

surfaces of the sihtaravevafion betiveehlBe fitst hsPRcHARAkPf C aim 1, wherein the
oxygen precipitate concegtrati ons at the first and second peaks are at

| east about 1x109 Wfdenuded zengbefveen-the baremsuibice of tierwafer apddhesasonde oxygen

precipitate FORGEMIiAS tRFkid & 1 e ' the first and
second peaks 1s at | elgést zlabou%&@ﬁ%%%goé%ﬁﬁghgi&ﬁ@h% 43 6. The silicon
waf er of C.aim 1, thhdemided coneshietivear thgitoppdueficofahs whfenhmbthe ficédpeik only are
present in thg.wa er tirL th? c?nc ve .regi on between the first and
eing 1rée of slip dislocation alerem,
wherein the oxygen precipitate concentration profile is symmetrical with
respect to a central surface of the silicon wafer that is centrally located between the

top and bottom surfaces.

2. The silicon wafer of Claim 1, wherein the depth of the denuded
zones is in the range of about Spm to about 40pm from the top and bottom

surfaces of the silicon wafer.

3. The silicon wafer of Claim 2, wherein the depth of the denuded

zones is about 30um from the top of both surfaces of the silicon wafer.

4. The silicon wafer of Claim 1, wherein the oxygen precipitate

concentrations at the first and second peaks are at least about 1x10° cm™.

5. The silicon wafer of Claim 1, wherein the oxygen precipitate
concentration in the concave region between the first and second peaks is at least

about 1x10% cm>.



second peaks. 7. The silicon wafer of Claim1l further conprising a
plurality of shallow trench isolation (STlI) regions in the denuded zone
between the top surface of the wafer and the first peak and havi ng STI

slip that is reduced conpared to sane STl regions in a si szgﬁvwger t hat
does not include the oxygen precipitate concentration profide.” 8. The
silicon wafer of Claim1 further conprisi4dg a plurality of shallow trench
isolation (STlI) regions in the denuded zone between the top surface of the
waf er and the first peak_and that are free of STI slip. 9. The silicon

waf er of C aim 1 wlerei Fhg sligorstafesof Gdaimpl, adiersin erysial aiginatadtpredipitaiesi n t he
concave regi oncy argde f. nitude | ower tha i ghest
oxygen preci p{(?g?g?%%%%% t?a{ﬁl 1§r1]t %%afeﬁgln%lg ngcag%gggo\é\ﬁ) %eﬁg%%r_sp . A

silicon waf er seandmpgala. t op surface, a bottom surface and an oxygen
precipitate concentration profile therein between the top surface and the
bottom surface, the oxygen precipitate concentration profile conprising:

first and second peaks Ji ot on redet ermi .ned depths .fromthe
top and bottom sur?éces%%?gfthﬁéﬁ@%gP?a%gﬁeMVéﬂﬂpnémgﬁ #bne (D2)

bet ween the t shalkw fremch ilaticAdSTB egioad i thd8edullébione BERceA Bt tBEtWERE t he
bott om surfaceggjf@ the wafer and the second peak; a concave region between

the first and® erpodiths firshpeak and bawing (SJI1 slip thitis rasiiced eomeptarédstol at i on
STI i ' .z t he. t f f .the waf d
the 1irst poatille SErQRRb HEE AN wa R P AR S Eiat il M E b o STi

regi ons i n a sondeowationgfrefilet hat does not include the oxygen precipitate

concentration profile, wherein the oxygen precipitate concentration profile
is symmetrical with respect to a central surface of the silicon wafer that

is centrally |ocatgd betl'ﬁ@ﬁﬁg&h?afe}\%i)c&m lt}?{%&g}é%pﬁgigggmuéglgé ohOv 2005 44

11. The silicon wafer of Cl aim 10, ereln nuded zones
is in the ranghallow teanghisobation ¢SHR segiomsimtlier demudddezone petaeen tettopsrfser f aces

of the silico .. 12.. The silic waf er of im 11, wherein the depth
of the denudegfﬂ\lgfc‘)’ﬁag%rapéﬂ%ﬁ?peﬁkﬁp‘?mt{?epgﬁﬁg%oth surfaces of the
silicon wafer. 13. The silicon wafer of C aim 10, wherein the oxygen

precipitate .
- 9. The silicon wafer of Claim 1 wherein a lowest oxygen precipitate

concentration in the concave region is at least an order of magnitude lower than a

highest oxygen precipitate concentration at the first and second peaks.

10.  Asilicon wafer having a top surface, a bottom surface and an

oxygen precipitate concentration profile therein between the top surface and the
- bottom surface, the oxygen precipitate concentration profile comprising:

first and second peaks at first and second predetermined depths from the
top and bottom surfaces of the wafer, respectively;

a Denuded Zone (DZ) between the top surface of the wafer and the first
peak and between the bottom surface of the wafer and the second peak;

a concave region between the first and second peaks; and

a plurality of shallow trench isolation (STI) regions in the denuded zone
between the top surface of the wafer and the first peak and having STI slip that is
reduced compared to same STI regions in a silicon wafer that does not include the
oxygen precipitate concentration profile,

wherein the oxygen precipitate concentration profile is symmetrical with

respect to a central surface of the silicon wafer that is centrally located between the

top and bottom surfaces.




concentrations at the first and second peaks are at |east about 1x109 cm 3.
14. The silicon wafer of Caim 10, wherein the oxygen precipitate
concentration in the concave regi on between the first and second peaks is
at |least about 1x108 cm'. 15. The silicon wafer of Claim 129 W\@g@ n
crystal originated precipitates (COPs) only are present in th% er in

t he concave regi on between the first and4second peaks. 16. The silicon
waf er of C aim 10 wherein the denuded zone between the top surface of the
wafer and the first peak is free of slip dislocation therein. 17. The
silicon wafer of COldi m Tbe gilicpewafer of Gleist 1@ xxhgrein the depth of tieelenuded

concentration_in. t. ncave.r.qi.qgn i s at ast .an order magni t ude | ower
than a hi ghesz%’ﬂeosfgg"etﬁgﬁarngsPB??%F§“%W@$’HP{%W%&?HBaf“ﬂ’% B nd second
peaks. 18. A siuffaceofieisBicohaafd?g a top surface, a bottom surface and an

oxygen precipitate concentration profile therein between the top surface
and the bottom surface, the oxygen precipitate concentration profile

ising: first d Kk i d d t } ned depth
rom the top and 801t o EONFALBETeSP! CHimgLh SereReGp ek oLy Cohsanudea
Zone (DZ) bet woRds i§ fout SuE FonRER top of DEthWatdes Qf‘tﬂe'si'ﬂgox{ wag} peak and

bet ween the bottom surface of the wafer and the second pea a concave
regi on between the first and second peaks; and 2 2 NOV 2005 45 a plurality

of shallow trench isol ati on,.(STl) .regions J he. denuded zone . between the
top surface of thel\%iafe aﬁltl.fg?rhg%‘feﬁpgp?%’é]awﬁ’ grepas oxyeen PFEPIBC STI sl p,
wher ei n the O¥yigftriihs kot & 168 86ARHRALORe BIOK digul By EEPLY [ cal wi th

respect to a central surface of the silicon wafer at s cenfrally |ocated

between the top and bottom surfaces. 19. The silicon wafer of Caim18,
wherein the depth t he, depuded .zo .is in the range of abqut 5mto
about 40mfromthe?lti"op ih%SlB%?I}‘HﬁferQEﬁaé@e@’ﬁ’Pe’F %P’%i%&ﬁf%&?@? 20. The
silicon waf er cafcefdrationid the cvhesRirBgibh BedfiRh hfirst 48 sgtﬁﬁklg)%ﬂ(s i£aMRasti s about

30mfromthe top of hoth surfaces of the silicon wafer. The silicon

waf er of O ai Abowg Ixihemein t he oxygen precipitate concentrations at the
first and second peaks are at |east about 1x109 cm 3. 22. The silicon wafer
of Claim 18, wherein the oxygen precipitate

15.  Thessilicon wafer of Claim 10, wherein crystal originated

precipitates (COPs) only are present in the wafer in the concave region between the

first and second peaks.

16. The silicon wafer of Claim 10 wherein the denuded zone between

the top surface of the wafer and the first peak is free of slip dislocation therein.

17. Thesilicon wafer of Claim 10 wherein a lowest oxygen precipitate
concentration in the concave region is at least an order of magnitude lower than a

highest oxygen precipitate concentration at the first and second peaks.

18.  Asilicon wafer having a top surface, a bottom surface and an
oXygen precipitate concentration profile therein between the top surface and the
bottom surface, the oxygen precipitate concentration profile comprising:

first and second peaks at first and second predetermined depths from the
top and bottom surfaces of the wafer, respectively;

a Denuded Zone (DZ) between the top surface of the wafer and the first
peak and between the bottom surface of the wafer and the second peak;

a concave region between the first and second peaks; and



concentration in the concave region between the first and second peaks is
at |east about 1x108 cm 3. 23. The silicon wafer of C aim 18, wherein
crystal originated precipitates (COPs) only-are present in the wafer in
“the concave region between the first and second peaks. 24. THeN®ijggscon
waf er of C aim 18 wherein the denuded zone between the top surface of the
wafer and the first peak is free of slip4dislocation therein. 25. The
silicon wafer of Claim 18 wherein a | owest oxygen precipitate
concentration in the c0@§a¥e region is at |east an order of nagnitude |owe

than a hi ghest ox{@bHaliyofshallost genchasalationdSTbiregions:inéherdepudedzone second
peaks. 26. A weihed et [ A ﬁ{ ' ﬂ% I ISR 2 Nov
2005 46 performng a Rg I 'F%ceb:mn%lw%ﬁnea 1{[1!?13‘9%% gsm)agg%g{egr?fgqgf I’con
waf er . having a topvhereid theexypgeh mredipitito sosdenfraton profilais yhimanteathof a gas
m xture conprisi ng a gas whi_ch has a_ vacancy injection effect and a gas
whi ch has an TSREQMQecenteal swface ebhe;siicontwafer thatriseqntrally logated befweamithsot t om
surfaces of thg slddotigmh sual&r. and at between about 1100C and about 1150C,
to generate nucleation <centers, which serve as oxygen precipitate growh
sites during subsequent heat treatnment, in a nucleation center
concentration prof }lée f m.ﬁ,he togﬁskjrface to the bottom surface of the
19. o

waf er, the nucl eation ceff &CbWR Glaim] 8pybereinghe depitped the depudedr st and
second peaks ainebid iblthafiled 6F AR MRAISLECTIOGH HFRUISH) RRIMddE toP and
bottom surfaces of the waFer, respectirvely; reglon ving a predeterm ned
nucl eati on cesuréacegoftbentlican wafer. which is lower than a critical
concentration, between the top surface of the wafer and the first peak and
bet ween the bottom surface of the wafer and the second peak; and a concave

regi on between the2f. rsn@aﬁc&ﬁﬁ%ﬁop@%@ﬁ9,2%11?%%&%@@%;)&19&@& déhwes 26,

wherein the step of performng a rapid ermal anneal'i ng process al so

produces a vaeieeis ahontum Somdhe papodfi Hoth surfaces dfithe sibigonswafbace to the
bottom surface of the wafer, the vacancy concentration profile conprising:
first and second peaks at first and second predeterm ned depths fromthe

top and bottom sur2hcesThd silifth watest Claffi D8 CihatEinYhe Skyz89pRBIpHaN Ny a
predet erm ned vacancy concentration, which is | ower
, : concentrations at the first and second peaks are at least about 1x10° cm™.

22.  Thesilicon wafer of Claim 18, wherein the oxygen precipitate
concentration in the concave region between the first and second peaks is at least

about 1x10% cm>.

23.  Thessilicon wafer of Claim 18, wherein crystal originated

precipitates (COPs) only are present in the wafer in the concave region between the

first and second peaks.

24. The silicon wafer of Claim 18 wherein the denuded zone between

the top surface of the wafer and the first peak is free of slip dislocation therein.
25.  Thesilicon wafer of Claim 18 wherein a lowest oxygen precipitate
concentration in the concave region is at least an order of magnitude lower than a

highest oxygen precipitate concentration at the first and second peaks.

26. A method of manufacturing a silicon wafer, comprising:




than a critical concentration, between the top surface of the wafer and the
first peak and between the bottom surface of the wafer and the second
peak; and a concave regi on between the first and second peaks. 28. The

met hod of Claim 26, further conprising the step of perform ngzzqmwmequent
heat treatnment on the silicon wafer to form an oxygen precipitate
concentration profile fromthe top surfaeé to the bottom surface of the

waf er, the oxygen precipitate concentration profile conprising: first and
second peaks at first and second predeterm ned depths fromthe top and
bott om surfaces of peHermiag e RapideBpemal Ashgaling (RTAMo2886n 4 Filimobwafeded Zone
(DZ) between the tog?sur ace (g;;bt he wafer .and the firs g§ea.k and bet ween

t he bottom suffale 2ofP fHiee ofpin Syifacedn gp atmpsahere EHESve region
bet ween t he fi‘:"ﬁ‘b-ﬂﬁﬁga%§mhgﬁ%ﬁ§3a%gy 1&5&18[{%%&%?% g @hich &8s apvherei n the

gas m xture conprises “amroni gas“and ar gon gas. 30. The net hod
of Claim 27, wierstiial sillven gajectivmeffecteorcthapop aribottanmsnrfaces ERHiB)siligas and ar gon

A . 31.. T d, of ' in th t f farm
b 0775 her ma el dtagos et TLORG aneEbonoisd e et MAT of at a
rate of at | eggdtersawRidh sdi6hs66RM Pre}ﬁaita?%]grro]%{ dRd dﬁlfinngﬁgég:}l O’htawr|er ein the

step of performing a rapid thérna nea g process is p rmed at about
1120C. 33. Théreatmenbdn e huckatiomc2ster odreenirationipeofilt dpnothe pogr fudface togha r api d

t hermal anneal i process. i s rformed for at | east ahout seconds. 34.
The nethod of lbée%flr%"%ce mer‘ggﬁr’ﬁW‘E??HOBFe’B%‘rQOBF%“ﬁﬁO%PIP Kid thernal
anneal i ng proeemprisiagPri ses rapidly heating the wafer at a rate of about

50C/ second. 35. The nethod of O aim 28, wherein the step of performng a
subsequent heat tr &att@ahsecond perks ot first amd seabrd priedeteranifiask depthsfronbteneen

about 800C agq)%taét&to&p%g&c&%rfﬂpee&g@ﬁn about . 4 hours and about 20 hours.
o) alrm2o,

36. The net ho Whérein éesé)lﬁ(étbveg'f; performng rapid thernal

anneal i ng i s perfoangglonhavimgba prededmhinkd hhéledios iceitetdondentation, wigiclpisocess

for the silicon fer. 37.. The nethod of Cl aim 26, wherein the J)erform' ng

step is pr eceg‘ﬁ’ﬁer an a critical concentration, between the top surface of the wafer and the :
first peak and between the bottom surface of the wafer and the second peak; and

a concave region between the first and second peaks.

27.  The method of Claim 26, wherein the step of performing a rapid
thermal annealing process also produces a vacancy concentration profile from the
top surface to the bottom surface of the wafer, the vacancy concentration profile
comprising:

first and second peaks at first and second predetermined depths from the
top and bottom surfaces of the wafer, respectively;

aregion having a predetermined vacancy concentration, which is lower
than a critical concentration, between the top surface of the wafer and the first peak
and between the bottom surface of the wafer and the second peak; and

a concave region between the first and second peaks.

28.  The method of Claim 26, further comprising the step of performing
a subsequent heat treatment on the silicon wafer to form an oxygen precipitate
concentration profile from the top surface to the bottom surface of the wafer, the
oxygen precipitate concentration profile comprising:

first and second peaks at first and second predetermined depths from the

top and bottom surfaces of the wafer, respectively;



by: 2 2 NOV 2005 48 pulling an ingot fromnolten silicon in a hot zone
furnace according to an ingot pulling rate profile where the pulling rate
of the ingot is high enough so that formation of interstitial %I oner at es
is prevented, but |ow enough so that formation of vacancy agglzo@gr Bbes is
prevented; and slicing the ingot in a radial direction to provide the
silicon wafer. 38. The nethod of O aim 2647 wherein the performng step is
preceded by: pulling an ingot fromnolten silicon in a hot zone furnace
according to an ingot pulling rate profile that produces point defects and
does not produce iHhPepuderZoas (Rghatveerathe somswifacaobthe yafeg ghdotive fiastes; and

slicing the i ' Laly directi on raduce the silicon wafer. 39.
The met hod of %%@Bgﬂe\%ﬁ@%&oﬁogﬁgt‘ﬁ%ﬁ %‘Bﬁl’e"ﬁgﬂﬁf‘gﬂwisg"oﬁfi@% by: pul l'ing
an ingot from nol t enceichieRBion beRvedA theZ@iEadd YeBsiEpeakeor ding to an ingot

pulling rate profile where the pulling rate of the ingot is high enough so
that vacancy aggl onerates are formed through the dianeter of the ingot

wi t hout form ng intgystidy | rates;.and slicing the ingot in a
radi al direction toﬁbr ovf%gh?‘ﬁg@%f@%?gm%r In the) gas MW CMRJFSCS
manuf act uri ng amraohia QNH;)eds@hd agOAPAL)T289: performng a Rapid Ther mal

. Anneal ing (RTA) process on a silicon wafer having a top surface and a
bottom surface in an atnosphere of a gas m xture of ammonia and argon, to

generate nucl eatio ent i er as_ oxygen recipitate growth
sites during subse(r;]gt?gnt "ﬁ{éggpe%degﬁbééﬁ??si Wﬁ%{emﬁ? g%?t‘ﬁiéﬁ“%g%’ﬁ@ses
concent r at i on apménih NHs)gastah@ adgo (&b)rgagce to the bottom surface of the
waf er, the -nucleation center concentration profile conprising: first and
second peaks at first and second predeterm ned depths fromthe top and
bott om surfaces of gjhe I yel i a regi i ng. et erm ned
nucl eati on center c32hcenﬁeﬁ?%%f&m?%Elg’s%h?rgl\?\etgg%t%%@wg '{‘gé‘gf’& ﬂ

concent r at i on thesmahemnealifepioogss soamprses ragidlyteoliad the vaifst at Heate 6f dtdéaspeak and
bet ween t he bo%t otgos&fa%g of the wafer and the second peak; and a concave
regi on betweef Phe f rrE©™nd second peaks. 49

jam)

32.  The method of Claim 26, wherein the step of performing a rapid

thermal annealing process is performed at about 1120°C.

33.  The method of Claim 26, wherein the step of performing a rapid

thermal annealing process is performed for at least about 5 seconds.

34.  The method of Claim 26, wherein the step of performing a rapid

thermal annealing process comprises rapidly heating the wafer at a rate of about
50°C/second.

35.  The method of Claim 28, wherein the step of performing a
subsequent heat treatment on the silicon wafer is performed at between about

800°C and about 1000°C for between about 4 hours and about 20 hours.

36.  The method of Claim 26, wherein the step of performing rapid

thermal annealing is performed during a donor killing step of a wafering process

for the silicon wafer.

37.  The method of Claim 26, wherein the performing step is preceded




2 2 NOV 2005 41. The nethod of C aim 40, wherein the step of performng a
rapid thermal annealing process al so produces a vacancy concentration
profile fromthe top surface to the bottom surface of the wafer, the
vacancy concentration profile conprising: first and second ?§%h§2@$ first
and second predeterm ned depths fromthe top and bottom surfaces of the
waf er, respectively; a region having a pﬂgdeternined vacancy concentrati on,
which is lower than a critical concentration, between the top surface of
the wafer and the fi n the bottom surface of the wafer

t k d bet (
and the second pe aP?lﬁliﬁ @ng@é @&@Oﬁ%mﬁﬁwrb@mé Fonerfarmppe apcording 1@k ond
peaks. . 42. FHet ﬁﬁliﬁ@%t@&ro@l@{wﬁbré%e %Mfifé%%t%{}f’ﬂ? ng%l R%idnGoRdeR Bt

perform ng a subsequent heat treatnent e srlicon fer To forman
oxygen preci plersaton obinterstitiah bgglompratdsiis prefemad, tbaelotagosglr foahat t o t he
bottom surface of .the.wafer, the oxygen precjpitate concentration profile
conpri si ng: f feroiatign o xacapeyagglomerate isprevanteshandecond predet er ni ned dept hs
fromthe top and : : e . 4. - a Denuded
Zone (DZ) between %ﬁg{%%g%&r@gggadg@ d%%@‘%ﬁog%%&lggfef&?y% & peak and

bet ween the bottom surface of the wafer and the second peak; and a concave
regi on between the,first, and sec peaks. 43. The nmethod of d aiim 40,
wherein the step o?g'per%[hiamemj’ é’%ﬂ%‘gﬂf&%F%FheﬁFféﬁpm&&%FSdZ,r@“seéleQ:onpri ses
rapidly coolipg the wafer at a rate of at |east about 10C/ second. 44. The
met hod of Claim 40, wherein the step of performng a rapid thernal

anneal i ng process pellipgrhdagot fron malvansilicohdn @ hoti Zone Tamacedchardingfto @hai m 40,

wherein the s of..perform.ng.a rapid thernmal anpealin ocess is

per f or med for}ngﬁt Puenég% raé%B’iﬁﬁl%hgteQ"Bﬁ%.s p%méd%;s 2@8@0"8@"‘%@8&@% met hod of
d ai m 40, wheimdrititidl @gglbfRrddls MaNVhEMBY AfsldmeRARisdand her mal anneal i ng process
conprises rapidly heating the wafer at a rate of about 50C/ second. 47. The

method of O ai m 42slicipgtheiipgat fifpa sadigh disectivartd produngjthe silicahwebpnent heat
treatment on the silicon wafer is perforned at between about 800C and
about 1000C for between about 4 hours and about 20 hours.

39.  The method of Claim 26, wherein the performing step is preceded

by:

pulling an ingot from molten silicon in a hot zone furnace according to an
ingot pulling rate profile where the pulling rate of the ingot is high enough so that
vacancy agglomerates are formed through the diameter of the ingot without
forming interstitial agglomerates; and

slicing the ingot in a radial direction to provide the silicon wafer.

40. A method of manufacturing a silicon wafer, comprising:

performing a Rapid Thermal Annealing (RTA) process on a silicon wafer
having a top surface and a bottom surface in an atmosphere of a gas mixture of
ammonia and argon, to generate nucleation centers, which serve as oxygen
precipitate growth sites during subsequent heat treatment, in a nucleation center
concentration profile from the top surface to the bottom surface of the wafer, the
nucleation center concentration profile comprising:

first and second peaks at first and second predetermined depths from the
top and bottom surfaces of the wafer, respectively;

a region having a predetermined nucleation center concentration, which is
lower than a critical concentration, between the top surface of the wafer and the
first peak and between the bottom surface of the wafer and the second peak; and

a concave region between the first and second peaks.




48. The nethod of O aim 40, wherein the rapid thermal annealing is carried
out during a donor killing step of a wafering process for the silicon
wafer. 49. The nethod of C aim40, wherein the performng step is preceded
by: pulling an ingot fromnmolten silicon in a hot zone furnace according to
an ingot pulling rate profile where the Bulling rate of théZiMyadlsi s high
enough so that fornmation of interstitiaﬂ'agglonerates I s prevented, but

| ow enough so that formation of vacancy aggl onerates is prevented; and
slicing the ingot in a radial direction to provide the silicon wafer. 50.
The nethod of C aim40, wherein the performng step is preceded by: pulling

an ingot from nol tan. si ITheaRethdd o tgin 4&%%&5W§WEMH%5B@@ | ngot

pulling rate profile that produces poilnt ects arnd does no oduce
interstitial Hpgmahanngaling pracesy alsapmdueeyy varenat @acerdmtiosprofilerfoom e i ngot

in a radial direction, t roduce the silicon wafer. 51. The neth of Claim
40, wherein the %?F%F%%ﬁﬁ" ora susface pf he-waker, she vacanay, "r?&c"'&lﬁaﬁl?fbﬁfpgfer om

nol ten silicogomprisingot zone furnace according to an ingot pulling rate
profile where the pulling rate of the ingot is high enough so that vacancy
aggl onerat es are f &irstadd s¢nopd geaksshbfict ambseeondpretiéterningbdeptiistfromuthef or ni ng

Lpgslr Ztei : ihgl S%@%&éﬁsﬁu@’fa@&%&ﬂé v%fgg résrf)%éti\ire[f}%m in a radial direction to
aregion having a predetermined vacancy concentration, which is lower
than a critical concentration, between the top surface of the wafer and the first peak
and between the bottom surface of the wafer and the second peak; and

a concave region between the first and second peaks.

- 42.  The method of Claim 40, further comprising the step of performing

a subsequent heat treatment on the silicon wafer to form an oxygen precipitate
concentration profile from the top surface to the bottom surface of the wafer, the
oxygen precipiiate concentration profile comprising:

first and second peaks at first and second predetermined depths from the
top and bottom surfaces of the wafer, respectively;

a Denuded Zone (DZ) between the top surface of the wafer and the first
peak and between the bottom surface of the wafer and the second peak; and

a concave region between the first and second peaks.

43.  The method of Claim 40, wherein the step of performing a rapid

thermal annealing process comprises rapidly cooling the wafer at a rate of at least
about 10°C/second.

44,  The method of Claim 40, wherein the step of performing a rapid

thermal annealing process is performed at about 1120°C.

45.  The method of Claim 40, wherein the step of performing a rapid

thermal annealing process is perfoﬁned for at least about 5 seconds.
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46.  The method of Claim 40, wherein the step of performing a rapid
thermal annealing process comprises rapidly heating the wafer at a rate of about
50°C/second.

47.  The method of Claim 42, wherein the step of performing a
subsequent heat treatment on the silicon wafer is performed at between about
800°C and about 1000°C for between about 4 hours and about 20 hours.

48.  The method of Claim 40, wherein the rapid thermal annealing is

carried out during a donor killing step of a wafering process for the silicon wafer.

49.  The method of Claim 40, wherein the performing step is preceded
by:
| pulling an ingot from molten silicon in a hot zone furnace according to an
ingot pulling rate profile where the pulling rate of the ingot is high enough so that
formation of interstitial agglomerates is prevented, but low enough so that
formation of vacancy agglomerates is prevented; and

slicing the ingot in a radial direction to provide the silicon wafer.

50.  The method of Claim 40, wherein the performing step is preceded
by:

pulling an ingot from molten silicon in a hot zone furnace according to an
ingot pulling rate profile that produces point defects and does not produce
interstitial agglomerates and vacancy agglomerates; and

slicing the ingot in a radial direction to produce the silicon wafer.

51.  The method of Claim 40, wherein the performing step is preceded
by:

pulling an ingot from molten silicon in a hot zone furnace according to an
ingot pulling rate profile where the pulling rate of the ingot is high enough so that
vacancy agglomerates are formed through the diameter of the ingot without
forming interstitial agglomerates; and

slicing the ingot in a radial direction to provide the silicon wafer.



