1 SILI CON WAFERS HAVI NG CONTROLLED DI STRI BUTI ON OF DEFECTS, METHODS OF
PREPARI NG THE SAME, AND CZOCHRALSKI PULLERS FOR MANUFACTURI NG
MONOCRYSTALLI NE SILICON |INGOTS Field of the Invention This invention
relates to mcroel ectroni c manufacturing nethods and devices, and nore
particularly to silicon ingot manufacturjng nmethods and silicon ingots and
5 waf ers manuf actured thereby. Background of the Invention Mnocrystalline
silicon, which is the starting material in fabricating sem conductor

devi ces, is grogiLICON WABERSHAVANGI CORTROLBED DEFRIBUPION OF

techni que, which is referred to as the Czochral ski (CZ) technique. The
i ngot of noPEFBEESIMEREQDS QI RREP ARBYGE SFEE SAME, AACZO0CHRAISKT es of
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siliconis imersed into nolten silicongoaed pul | ed upwards, and the nolten

silicon is then grown into a nonocrystalline ingot 15 by sl ow extraction.
The nolten silicon is contained in a quartz crucible, and is contani nated

with a variety of inpurities, ong,gf omecﬁnvkgqiﬁl{ygen. At the nelting
tenperature of silicon, the oxyg crystal lattice until it
reaches a pr edefTaisihveadon eslgtenio dicilectohitimgrifanaidgmétBodeindrdevites] by t he
solubility of  oxygen in silicon at the nelting tenperature of silicon and

by the act udhd Bel Egasulaly weilceainget manptasturing yeethodsand silicem ingets ad| i con.
The concgnt R%Eér?ﬂlaﬂﬁfa&ﬁ}’eg‘?ﬂerﬁlg‘i ch perneates the silicon ingot during

crystal growt I's greater than the solubility of oxygen in solidified
silicon at typical tenperatures used in sem conductor device manufacture.

As the crystal grows fromthe |lten sjljicon and, cools, the solubility of
oxygen therein rapidly decr eas@%‘%&é&m saturated in the cool ed
ingot. 25 This wMBkrys@lldkisAREn, Whith \ethe SrtinkHate: % RbRQatifY er sti ti al
oxygen in each wafer i's grown to oxygen precipitates during the subsequent

t her mal pr oswwisondpitor deeisesn tsegrown inig peehingnicat ingot it @srystal gosvtldevi ce active
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monocrystalline silicon is processed into wafers via a series of wafering processes
such as slicing, etching, cleaning, polishing and the like. According to the CZ
technique, a seed crystal of monocrystalline silicon is immersed into molten silicon
and pulled upwards, and the molten silicon is then grown into a monocrystalline ingot
15 by slow extraction. The molten silicon is contained in a quartz crucible, and is
contaminated with a variety of impurities, one of which is oxygen. At the melting
temperature of silicon, the oxygen permeates the crystal lattice until it reaches a
predetermined concentration which generally is determined by the solubility of
oxygen in silicon at the melting temperature of silicon and by the actual segregation
20 coefficient of oxygen in solidified silicon. The concentration of oxygen, which
permeates the silicon ingot during crystal growth, is greater than the solubility of
oxygen in solidified silicon at typical temperatures used in semiconductor device
manufacture. As the crystal grows from the molten silicon and cools, the solubility of
oxygen therein rapidly decreases, whereby oxygen is saturated in the cooled ingot.
25  This ingot is sliced into wafers. The remaining interstitial oxygen in each wafer is
grown to oxygen precipitates during the subsequent thermal process. The presence of

oxygen precipitates in the device active region degrades the gate oxide integrity and

partially causes a substrate leakage current. However, if they are present outside the



device active region(bul k), they can gather netallic inpurities came from
device process; called as gettering. Figure 1 is a sectional view of a
conventional Metal Oxide Sem conductor (MOS) transistor. Referring to
Figure 1, when the oxygen precipitates at the wafer 5 surface exist in a
channel region, which is located in an active region of the sem conductor
devi ce between a source region 12 and a dr ai n region 14 which are forned
near the surdeuiceagifvegegipnibuby, thehean gather netallic apwities sameafioordeavigger 16, for
el ectricall réc'%%:"c@ﬁ&}%. ttgl%lige. el ectrode 18 and the silicon substrate 10,
may break own. ’I'n addit1on,”the refresh characteristics of a nmenory

devi ce that uses Figwee 1Qs M¥skibrdal view degc@oentidiad Met£)X)gdsSniecnductoat es
formed in tR@&%ﬂl k region f10(;1 of the wafer, which are produced b
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contam nants during su uent sem conduct or devi ce ufacturing. Thus,
i f the conceemicahdwtorafevicd betwegea sburct hegiomi®and sdhimtlegiond vddcicamet r at i on

of oxygen pr.eci pitates ich act.as the infrinsi.c geftering _sites can
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produced in the bulk region, so that the gettering capability may be

reduced or mayn. hoadditompthswefieshathagdckerisiitruef, a memppyddyecedbgiusesthe t o

properly,co he appunt of 20 oxygen precipitates distributed in the
bul k reépon%(?g#]ﬁt%f%&a%h a wafer which is obtained by a conventi onal

crystal growth andso)@kgsdnigecipitAeBEmedMIEEBulRTELLR10RAbEMe HaFdr! Whiche
t hrough the wafer, fromthe tr%z (front side) surface of the bottom (back
si de) sur f adE Prpéucgd g sabsequenbaatideatnrahean Bet)as adpakage selrer  genaviased from
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preci pi t at edurilfpywbéequent\senticendualor dedtetlafyfactonive NTingHlthe@nbedtationyf
produce__oxygen precipitates near the surface of the wafer, which can act
as a sob ce °8Y8endn hejagotds highnthe congeatration Qfrqxyeen Brepipitates Mhichst &5 et t eri ng

sites int hﬁﬁﬂﬂéig Fét?éi’in réit@% cdnlficréde 8o th%h@%&t#ﬁ}rﬁlg%‘z%@iﬁtbre}ﬁ'&eggs.near the
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not be present at all. Thus, it may be desirable to properly control the amount of
20 oxygen precipitates distributed in the bulk region of the wafer.

In a wafer which is obtained by a conventional crystal growth and wafering
process, oxygen precipitates distribute through the wafer, from the top (front side)
surface of the bottom (back side) surface. In general, a Denuded Zone (DZ) 10b
should be provided from the top surface to a predetermined depth, which is devoid of

25  D-defects (vacancy agglomerates), dislocations, stacking faults and oxygen
precipitates. However, wafers fabricated by conventional methods may produce
oxygen precipitates near the surface of the wafer, which can act as a source of leakage
current.

Thus, in order to form intrinsic gettering sites in the bulk region of the wafer

30  with a sufficient DZ near the surface of the wafer, a wafer containing a high
concentration of oxygen, for example, at an initial oxygen concentration of 13 parts
per million atoms (ppma) or more may be thermally processed for a long period of

time by alternating the temperature between low and high levels, such that oxygen



time by alternating the tenperature between | ow and high | evels, such that
oxygen 3 precipitates may be generated in the bulk region of the wafer,

but it is difficult to get enough DZ because the DZ strongly depends on
the out-diffusion of interstitial oxygen. In a sem conductor wafer
thermal |y processed by this conventional , techni que, the oxygen precipitate
concentration profile through the f r,3tron1the 5 top.surface to the

bot t om sur f RESSIRILes ey heregpcrategyn the budk fagfqrctltag waier, rbufeitgwég%h to get

om surf \ . . . i | hiah
Par ti cul ar | ynodheZ BBM4EHE the Tt st{')cgl%m%l%gg&s 6ﬂh¥"611&&ifﬁlgﬁgn%@g{t% G@ag! g

tenperature thermal process is for a [ong perio tirme may
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concentration profile of a wafer wth respect to the depth of the wafer,
resul ting fMareever.dhe manwastheng s axlyiingredseoddss inbfich agasemetdr ri ed out in
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surface of ihthebalkaegiony mayubé retdéased indthe DA BN a plildequrint pitoesss] $o thhethdbul k

regi on may be obtained by this conventional method. Sumrary of the
| nvention EFPE??&?%@?W%‘“‘&P%FH%“ Pt @8 8 GakRRBWESCon provide a silicon wafer

having a contro rfd: %Jam Ryt L Pl - whi ch can
act as intrinsi CH%&QZ%% téedrhlﬁ g gluﬁéetgtﬁgtﬁrg%}?%gu?%%ﬁﬂ%ﬁ @‘{o{%(g%ﬁec%h%%g\gnpi tate
concent r at i profiye of a Wefef fabnicathé by epothenmohsieionalmethod, hwldich satisclesed &@gi on of a

sem congduct gr deyjc e r he .bottaom surface of the silicon
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a Denuded Zone (DZ) is included between the top surfacg of the 30 wafer and

the first peeskltiagdropes vpidhthermalponeadimg processom ovafeh eawad ent iarchitrbgens econd
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regi on between ‘
be seen from Figure 3, neither the DZ near the surface of the wafer nor sufficient

20 oxygen precipitates in the bulk region may be obtained by this conventional method.

Summary of the Invention

Embodiments of the present invention provide a silicon wafer having a

controlled vertical distribution of oxygen precipitates which can act as intrinsic

25  gettering sites. In particular, the oxygen precipitate concentration profile from the top
surface, in which an active region of a semiconductor device may be formed, to the
bottom surface of the silicon wafer, comprises first and second peaks at first and
second predetermined depths from the top and bottom surfaces of the wafer,
respectively. Also, a Denuded Zone (DZ) is included between the top surface of the

30  wafer and the first peak and between the bottom surface of the wafer and the second
peak. The oxygen precipitate concentration profile also has a concave region between

the first and second peaks, which can correspond to a bulk region of the wafer.




the first and second peaks, which can correspond to a bulk region of the
wafer. 4 |In enbodinents of the invention, the oxygen precipitate
concentration profile is symetrical with respect to a central surface of
the silicon wafer that is centrally |ocated between the top and bottom
surfaces. Thus, for exanple, the first and second predeterm ned depths are
the sane. However, in other enbodi nents, "the profile need 5 not be
symetrical, suck ¢Raedimesis of thenipyentiog; the exEgAn rIeppike pepcenEationgveided f or

the first i j - i tion,
t he depth owﬁggaﬁggniﬁ@e c?r?gsoséjcsenlhgl e ?anggg{cl)lg&g%%tfje?f&i%%ecteg&éggut 40m
from each slucheddetiechltiee topiahd bottomabiefaces.s This, fdraixapk, detfirvteandagéond of t he

sem conduct or device.i.s formed to a__sufficient depth. In other
embodi ment s PregdpigEpined fiﬁ@L%i%fFé ¢ same | Heweygr g 0@%@93@ 0<§81eﬁt§t the grofile ¢ed: 1\ ¢ he
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wel | as the oxygén precipitates, nmay be fur resent in the 'k region
of the waf efirstand secon@gesksr dilsve th somcenbediments of the invenéonghbdetitivefithe of t he

i nvention, the 0 en.precipitate concentratjon at.the first and,second
peaks are aflel?uéiﬁé%g[éeﬁdgp t%(%d’jge ‘?;D‘{tﬁﬁw?} t%ﬁ%{éﬁ%?’efe?fﬁie ol ur Seopthe_
concentrat i gilicomwifte, sath that 8@iRAvORLIMET thdRnfitdtiticBPdei@eR TGRS 1S at
| east about 1x10[err]cnferr]. Silicon wafers according to other
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conprises first and second peaks at first and second predeterm ned depths

fromthe t B8R MRECIHRIPHTANGERERIOL. of the wafer, respectively. Also, the
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| ower than a critical concentration to neke ween the top
surface of tithe fiedt end sevdnd heakhiaresdt I@aaiboan tik 128 che’l wekoxyider pheigitara sur f ace

of the wafer and the .secaqn eak.. Final |y, the vacancy  concentration
prof i | e'*has “ P EFRIARIN %53?‘%?9%‘{%?{3?% € first apd sgeand peaksds Hdgastabout
Symetrical 1Qrodagydmetrical profiles may be provided. According to nethod

enbodi ments of the present invention, Rapid Thernmal Annealing (RTA) is
performed on a sBiliconwafwas accordingtv etherompivdineerts ofthg asesentinveméon 30
;ﬁrrpr I'sing AR a%h&&le%acﬁst?ibgt?gnagfc (%(ylggﬂ gr%}:iip%]te %Bglggtgonac%gte?s, %irsex%lpﬁh has
vacancies, which can produce oxygen precipitate concentration profiles described
20  above through subsequent thermal treatment. The vacancy concentration profile
comprises first and second peaks at first and second predetermined depths from the
top and bottom surfaces of the wafer, respectively. Also, the vacancy concentration
remains at a predetermined concentration, which is lower than a critical concentration
to make the DZ region, between the top surface of the wafer and the first peak and
25  between the bottom surface of the wafer and the second peak. Finally, the vacancy
concentration profile has a concave region between the first and second peaks.
Symmetrical or asymmetrical profiles may be provided.
According to method embodiments of the present invention, Rapid Thermal
Annealing (RTA) is performed on a silicon wafer in an atmosphere of a gas mixture
30 comprising a gas which has a vacancy injection effect and a gas which has an
interstitial silicon injection effect on the top and bottom surfaces of the silicon wafer,

to generate nucleation centers, which act as oxygen precipitate growth sites during

subsequent heat treatment, such that the nucleation center concentration profile from



interstitial silicon injection effect on the top and bottom surfaces of the
silicon wafer, to generate nucleation centers, which act as oxygen
precipitate gromh sites during subsequent heat treatnent, such that the
nucl eation center concentration profile from5 the top surface to the
bottom surface of the wafer conprises figrst and second peaks at first and
second predeterm ned depths fromthe to Sand bottom surfaces of the wafer,

respect i vel ¢ 1P sefacere the Rttt fustace _@fﬁhg wadgcoamises fsrandaneandocaks &
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to make the DZ region etween the top surface o er and the first
peak and betaspestivelye Alst,ttbemudeativacesendonttrgratiah eemainslat dy@redetararinkdoeak.

Finally, the nuc]eation.center profile has a concave regi bet ween t he
1ot ahd o CBRBTHEN S RqHF s opPesBifaLoargen g & TRk D& He v or
Symret ri gal b@kyeds WETBH bingale dBHRS WARSadiBi¥e Bitst BEAVALRSLtwAGGRE Hotign t © Ot her
nmet hod enbodi nents, heat treatnent is perforimed after the 10 RTAto

produce an owyagenopthesvatértant] dhassnomhpaakt Fonllyy the nheledtiommentee profite kasraf ace t o
the bottom surface of .the er.. which ¢ rises. first and second peaks at
first and 2%1&08}4%“}%}0&%?‘8??\%%8@%85‘? ﬁeé’opﬁ?g?ﬁ]?h%ﬁ'f%ﬁog?ﬁ?oﬁ‘gﬁt?&% rfaces of
the wafer, rgsnesitthyQafer. SykhdagdalBeisyiiitettion phdilEamep bobrdviRdwaf er and the
first peak and between the bottom surface of the wafer and the second

peak, and a concégeordig tewther methadgaehodiments, iheafttreafidens cpmtbriped kEer the
Symet rgal r rofi. - DI Vi LN her. enbodi nent s
of the mveﬁ[qTAoﬁi%%%gagg&k%%ﬁ F %k@%t%p@&?cgggathl Pr‘%%%ﬁg"“(‘ klf)tgé)g%fazicﬁao ar gon
(Ar) gas, othertiottongmafa¢iNg] thamhfdrydhiol @ompisckdrsigmd . seBndPeaksnt figsthaadi ment s
of the invention, the oxygen precipitate concentrations in the first and 20
second peak $ecqRd PredeterBIngd gDt %g’PE‘rF?e tpcngbottpm syeipessofghe Waler.denuded zones

may be Con}ersgéétﬁ'glyp%( D'Zdlbéﬁ?f ¢l'@e Wp d8BSLs e Rhrel B é?ﬁr&%eﬁl@&ﬂcp’ the flow

rate of the g nrxture, e ranp-up rate, the annealing ‘tenperature, the
anneal i ng t beteream thethogtony sunfaeclofithe mafe andl tHehsecdtiApgak cmduscontaveaagioni ment s

of the ipnvention, .a silicon wafer that is subject to an RTA 25 process
accor di Lg tgetg’ﬁ%meréﬁttaél SFC‘%&%GP%IF% Him‘?tﬁ(“/ér#(’ ASHmEICAlPrAtlss ¥ P§red  from
an ingot whpgRided, pulled fromnolten silicon in a hot zone furnace

according to an_ingot pulling rate profile where the pulling rate of the
ingot is high enbm}iglelsmnbdfhmentﬁ of thetinvention, theygasnsixire abmpgsds mitergahes i s

prevented, Ryl oL oW LRRSIPAS Fal R hitlQEN RN ARd hydrogen (Hy) gas. Also, in
embodiments of the invention, the oxygen precipitate concentrations in the first and
20  second peaks and in the bulk region, and/or the depths of the denuded zones may be
controlled by adjusting at least one of the mixing ratio, the flow rate of the gas
mixture, the ramp-up rate, the annealing temperature, the annealing time and the
ramp-down rate of the RTA process.
In embodiments of the invention, a silicon wafer that is subject to an RTA
25 process according to embodiments of the present invention may be manufactured
from an ingot which is pulled 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 limited to within a vacancy-rich region around the central
30  axis of the ingot.
In 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 molten silicon in a hot zone furnace



of vacancy agglonmerates is |limted to within a vacancy-rich regi on around
the central 30 axis of the ingot. In other enbodinents of the invention, a
silicon wafer that is subject to an RTA process according to enbodi nents
of the present invention may be nmanufactured froman ingot which is pulled
fromnmolten silicon in a hot zone furnace 6 according to an ingot pulling

rate profile where the pulling rate of the ingot.is hi .enouygh, so that
formation ofCCPFHRE Oraninget pYYyIEIAE IR W@rﬁ)ﬂls@@htr@d?tewgﬂlq lawtéfn@agh S0
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of vacancy agglonerates Is prevented. n sti er enbodi nents of the
i nvention, thasforineen efihterstitiabagglemaratep esqire vamtein and¥ha fpmedties of samoeydi ng t o
enbodi nents of the present .invention may be manufactured from an ingot

which is puldELPPRAEHISPITEh silicon in a hot zone furnace according to

an ingots pul I'i ngry @fiRotREQIHRImMMIES Btht iR eRNb, iaRllidoR R thdthesubj@eto &S hi gh
enough so that vacancy agglonerates are forned through the dianeter of the

10 i ngot wi REduro¢ess atqeyding tacersbadiments afj theqmesent issentidoauaydieng t o ot her

enbodi nent s_of e invention, a,Czochralski pul l.er for .growng a
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t he chanber figfk @8¢br&inghéhn hgbtisulling tRNpDifilld, G@Rre the ekl Rt dethelifgdt e
chanmber encl osure adjacent the crucible to hold a seed crystal, and a

heater in thigheneushero tha vapEcy sgglemstatessun firmgd ihreugh theidianeeterpfthtg- shaped

heat shjel d. | Eg ' - OV [ he chanber encl osure including
i nner aind; oﬁggﬁh@%{t%é i eé glt%rg%tgaﬁﬁgg\%%ﬁeﬁéé& that are separated from each
other, and a heaAcsdrdimigdo bthesémbodimpniand tie ineaitios)d €kethrdiski puldg foot t om

whi ch connect the inner ang outer heat, shield housing walls, the heat
shiel d housgwwgﬁan@mew%ﬂ B WRICHR IgPbiRctudes 3 ARAMDER SBRIOKET. & FUHRIELR ng wal |

to the 20 Oﬂlte%ﬁaxggﬁve\él?g}gﬁje%ﬁ %Hﬁih REh R s licoRsek iﬁo{aglaiﬁl R binthepousi ng

bott om sl opi ng fromthe 1 nner heat shie ousing wall to the
out er heat eivlesuct difarshntye waicible # haddip peadt crystatband sheapwin thetchemherat shi el d

of T he 1 e S UBtRE T EecIE Eod: FBF SEHPT FEThSRG EHIERA® o or ow  he
mol ten siliGeRideRitHetBamBld didloserRlinddwdifi® RREF ¥t @ltbd o8t $Hidld Gofkind@alls whi ch
grows along and around its central axis in a cylindrical shape and forns
an i ngot - nothatare separated fiont each ather,wnd k hetteshindd heusing top enha heat shield
housing bottom which connect the inner and outer heat shield housing walls, the heat
shield housing top sloping upwards from the inner heat shield housing wall to the
20  outer heat shield housing wall, and the heat shield housing bottom sloping downwards
from the inner heat shield housing wall to the outer heat shield housing wall. A
support member supports the heat shield housing within the crucible.
Czochralski pullers according to embodiments of the invention also pull the
seed holder from the crucible to grow the molten silicon into the cylindrical
25  monocrystalline silicon ingot, which grows along and around its central axis in a
cylindrical shape and forms an ingot-molten silicon interface with the molten silicon.
At least one of the lengths of the inner and outer heat shield housing walls of the heat
shield housing, the slope angles of the heat shield housing top and bottom, the
distance between the ingot and the inner heat shield housing wall, the distance
30  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




At | east one of the lengths of the inner and outer heat shield housing
wal |l s of the heat shield housing, the slope angles of the heat shield
housi ng top and bottom the distance between the ingot and the inner heat
shield housing wall, the distance 30 between the crucible and the outer
heat shield housing wall, the distance bgetween the nolten silicon and the
i nner heat shield houa{nﬁ%yall aanthe | gcation o theegeat shield plate
are sel ect elfHRFEHUERAfheREOtIRR F1liGRg dptetace s g Raeretfrmined PaPGRIUEE OFf east

1. 4[err] K myp jh@sted on the tenperature of the ingot at the center thereof,
fromthe 7 tenperature at the ingot-nolten silicon interface to a
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resulting in the profile of oxygen precipitate nucleation centers which has
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concentration profile 25 of another conventional wafer.
of the present invention, while voids remain in the bulk region of the wafer.

Brief Description of the Drawings

20 Figure 1 is a sectional view showing a structure of a conventional Metal Oxide
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
25  of another conventional wafer.
Figure 4 shows an oxygen precipitate concentration profile of a silicon wafer
according to embodiments of the present invention.
Figure 5 is a time chart for a Rapid Thermal Annealing (RTA) process
according to embodiments of the present invention.
30 Figure 6 shows a point defect concentration profile with respect to the depth of
a wafer, after an RTA process illustrated in Figure 5 is carried out in a nitrogen (N3)

gas atmosphere.
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Figure 12 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, gas atmosphere.

Figure 13 is a photograph showing oxygen precipitate distribution of a wafer

20  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
which has undergone a subsequent heat treatment after an RTA process according to
embodiments of the invention in the H, gas atmosphere.

25 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 16 is a photograph showing oxygen precipitate distribution of a wafer
which has undergone a subsequent heat treatment after an RTA process according to

30 embodiments of the invention in the N, gas and H; gas atmosphere.

Figure 17 is a photograph showing the depth of DZ formed near the surface of
a wafer which has undergone a subsequent heat treatment after an RTA process

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




25 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.
Figure 16 is a photograph showi ng oxygen precipitate distribution of a

waf er which has undergone a subsequent heat treatnent after an RTA process
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according to embodiments of the invention in the N, gas and Ar gas atmosphere.

Figure 24A is a photograph showing the shape of a COP in an as-grown state
20  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.
Figure 26 is a conceptual diagram illustrating a relationship between a relative
25  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.
Figure 28 is a schematic view of another conventional CZ puller according to
30  Application Serial Nos. 09/989,591 and 09/320,210.
Figure 29 is a schematic view illustrating CZ pullers according to
embodiments of the present invention.

Figure 30 is a diagram showing major parts of CZ pullers of Figure 29.



enbodi nents of the present invention. Figure 26 is a conceptual diagram
illustrating a relationship between a relative 25 point defect
distribution in a silicon ingot, and the V/VGratio (the pull rate of the
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Detail ed Degcription of Preferred Enhodi nents The present invention now
will be des ipsglasf}é]ﬁréher%ﬁﬁﬁ%?ﬁ&ﬁ%éﬁsmﬁtﬁa‘fa@ﬁ Pnepctbe pansaliae

acconpanyi ng thamags, in which preferred enbodi ments of the 20 invention
are shown. Thi's 1 nvention may, however, be enbodied in many different forns
and shoul d not bEiguon4 rsuegtaptsshioiving edtiation bf exyaeh paicipgtatescomeentfation bt her ei n;

15  peaks after the RTA of Figure 5 with respect to variation of ramp-down rate.

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
20  invention are shown. This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodiments set forth herein;
rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled in the art.
In the drawings, the thickness of layers and regions are exaggerated for clarity. Like
25  numbers refer to like elements throughout. It will be understood that when an
element such as a layer, region or substrate is referred to as being “on” another
element, it can be directly on the other element or intervening elements may also be
present. In contrast, when an element is referred to as being “directly on” another
element, there are no intervening elements present. Moreover, each embodiment
30  described and illustrated herein includes its complementary conductivity type
embodiment as well.
Figure 4 schematically shows an oxygen precipitate concentration profile of a

silicon wafer according to embodiments of the present invention. Comparing this
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distribution of the oxygen precipitate nucleation centers can be controlled, and voids
20 or Crystal Originated Precipitates (COPs), which are present near the surface of the
wafer, can be dissolved, as will be described later with reference to Figure 11.

The processing temperature range of Figure 5 is merely illustrative. However,
in RTA according to embodiments of the present invention, the kinds of ambient
gases, flow rates of ambient gases, mixing ratio of ambient gases, ramp-up rate,

25  annealing temperature, annealing time and/or ramp-down rate (i.e., cooling rate) all
may contribute to attaining a profile according to Figure 4, as will be described below.
The RTA is carried out at at least about 1150°C for at least about 5 seconds. For
example, the RTA is performed at 1150°C for at least 30 seconds, or at 1250°C for at
least 5 to 10 seconds. Also, the wafer is cooled rapidly at a rate of at least 30°C/sec.

30 A gas mixture containing a gas which provides a vacancy injection effect to
the surface of the wafer, and a gas which provides an interstitial silicon injection
effect, is used as a gas for the RTA according to embodiments of the present

invention. In some embodiments, nitrogen (N>) gas is used as the gas which has the



20 or Crystal Originated Precipitates (COPs), which are present near the

surface of the wafer, can be dissolved, as will be described later with
reference to Figure 11. The processing tenperature range of Figure 5 is
merely illustrative. However, in RTA according to enbodi nents of the

present invention, the kinds of anbient ases, flow rates of anbient
gases, m Xi ng rati o of a?tgigent gase ranp-up, rate, 25 anneal in
I

g
t enper at ur e YASERRE JYTHGn £fiReh aptprgen sy dragen (Ho) gas 1s yssdias Hf §3dt ) al |

may contri bulieer 10 i BteMRRI &1iBSPhidcBoRERQEdI Ng to Figure 4, as will be
descri bed below. The RTA is carri egf out at at least about | | 50'C for at

| east about 5 sefiguts.6 thooughdxifinytade thelpeinRiéfectscopeerftation gradtlesldf50' C f or at
| east 30 seconds, ,or at 12500C. for. at east 5 to 10 seconds.. Alsq, the
wafer is codraicy e gndiertia Slishh defer's B rerper pyes Gt ot RofEss

m xture $OnGALMhERTA WaSAEd HIFiPARY id8Rridd YRCANEY Ak BhEFh afflosphéegt to the
surface of the wafer, and a gas which provides an interstitial silicon
injection &speativelyi dn fsggesesthaoughsd, therplote) RPrserds thediananey poardoldctnent s of

th t iaon, nbodi t i trogen, (,N as, | ed a
the bas whi BNt R e RT AR BT P R LR SRR GBRR F ) “ana o
hydrogen ( lispresgiisthé Sadagefa@bintddgtitRi@Bointifedt chbaentriiorl profiles!retpedtively,! i con

injection effect. Figures 6 through 8 illustrate the point defect
concent r at i 8ergheRilAca thy corjaspening gastaimesphaisd i nterstitial silicon defects

with regpect to f . elom: il l.ust in
Fi gure g@i s carr ?Aggh%ﬁ’gﬁ@r}fg ﬁﬂ{bla ﬁ%&]scf; fﬁégtgg sfré{sl%{’fghg’ ,tﬁgrrgéscﬁiéééltﬁ Oérétl%ffe%f n
Figures 6 tbmmgﬂne;tﬁ)l,n (t:dn?/emIcotve(iﬂdicz{ted)byeE@ﬁiﬁerftll&eRTAdﬁIﬂﬁayina@kgﬁﬁ dde}c ect ()
concentration profile ter RTAin an inert gas atnosphere, and plots

and (c) re ?‘éﬁ@bﬁref"ﬁ‘é?%&faﬁ%i‘ﬁ%@ hoﬁf)@r%‘féffisﬁftltﬂ"ﬁﬁeﬂdéfl%@ highda g r ati on

profiles, r ! J i at nosphere.
10 As. Shown Tk ehgY B e e FUhi e Ehherdule F (ORI RSRARE, RoBR 2 "hor nt
def ect contwreaset todhe (coperatnre atithe poim (i) odFepird§ i the)inat gasrathbsphBEA i n t he
i nert t nosphere was | ow at .the t.0 ng bottom surfaces of the wafer,
and wag??sn g eieﬂu{f’ﬂé‘m‘b(iﬂnﬁel}n@&f”&ﬁfWcaPWéseOO&‘F‘g}?mW%HO‘E‘ﬁ@ef?gﬁﬁb&SW? > of the
RTA f ur naceiricfeabdPiSihok thé AOBRAF 8EvAcandifiis ﬁcﬁmﬁﬂheﬁau_rkeregfgnto%e%fe} iHe?) oOf

Figure 5 in the inert gas atnmosphere, 15 the equilibrfumconcentration of
vacanci es, Vafianey eoticentragion gernains thaves than themequilébrivan eoncenirationeiaskesbullSi nce t he

Concent 1 at i ST erti RSP R SR A daiet (ol Ur oot REHEPSE PHHE Mo bul &

so that the concentration of vacancies near the surface of the wafer reaches the

20  equilibrium concentration, rapidly. On the other hand, as the temperature of the RTA
furnace sharply increases, the equilibrium concentration of the interstitial silicon is
lowered, for example by Frenkel recombination between vacancy and interstitial
silicon, with the increase in the vacancy concentration. Also, since the mobility of the
interstitials present in the bulk region of the wafer is low, like the vacancies therein,

25  the interstitial concentration in the bulk region remains higher than the equilibrium
concentration. However, the interstitial concentration near the surface of the wafer
reaches the equilibrium concentration, as does the vacancy concentration near the
surface of the wafer.

When the wafer is held at the high temperature for a period of time up to the

30 point (b) of Figure 5, diffusion occurs such that both vacancies and interstitials reach
the equilibrium concentrations. After the wafer is rapidly cooled down to the
temperature of the point (c) of Figure 5, the interstitial point defects, which have a

large diffusion coefficient, reach a new equilibrium concentration at the reduced
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bul k regi onfdbsichiewed 8d.indybambspeps. the vacancy concentration increases
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is lowered throughout the wafer due to the interstitial silicon injection effect. In
20  particular, since a recombination of vacancy silicon and interstitial silicon rapidly
occurs near the surface of the wafer due to the interstitial silicon injection effect of the
gases used, the vacancy concentration can be maintained at a critical concentration,
which is the equilibrium concentration at a particular temperature.
In embodiments of the invention, the RTA of Figure 5 is performed in a gas
25  mixture atmosphere, for example, N, and Ar gases or N, and H, gases, and thus the
vacancy concentration profiles in the gas mixture atmospheres can be obtained by
combining those of Figures 6 and 7, and those of Figures 6 and 8. As shown in Figure
9, the vacancy concentration profiles of the wafers fabricated in the gas mixture
atmospheres show first and second peaks at a predetermined depth from the top and
30  bottom surfaces of the silicon wafer. Also, it can be noted that the vacancy
concentration from the top and bottom surfaces to the first and second peaks is lower

than the equilibrium concentration at a particular temperature. Also, in the bulk



fabricated in the inert atnosphere. In addition, when the RTA process of
Figure 5 is perforned in the Ar and H2 gas atnospheres as shown in Figures
7 and 8, respectively, the vacancy concentration is |owered throughout the
wafer due to the interstitial silicon injection effect. In 20 particular,
since a reconbi nation of vacancy sili conlgnd interstitial silicon rapidly
occurs near the I§urfac§1 (%I thg waf er &u?e othe interstitial _silicon
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mai nt ai ned 3h,3vELhdokCcal concentration, which is the equilibrium
concentration at a particular tenperature. In enbodi nents of the invention,
t he RTA of Fi gur &hg vasnpe cémmeneatianprafigad Figifse frican bie ebtaingd spdoediag tdf or
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in the gas silicpwingectign giispihe Compatingy using stlogaridhmiscsenld, the areangy sidicon
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waf er. Al so,%gﬁl%ﬁ@%ho ergﬁ]c?t%gm{g%dgfir&%l&%e ARG lcoéldpilggtﬁ?nr %t%cgwhtﬁ? ﬁ’ngf“he top
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regi on bet widerstitiad slices injegtionsdieshial Jreaith, gas Renaspberacilic vesraensitigen on
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RTA pr ocess tlefregiog tiroen theitsp et batone shrfacedoft the wgtes toh piaderrmined dgjtkr e
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effect in the N2 gas atnosphere,” to the interstitia I con concentration
profil es obtegiored Huspimthhdenudee et neanthe sop amcichotionj |ufacenofahé eaferd, theAr or

R O RS AR OB o BRE S G PhaBL O sl oo
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However, the vacancy silicon concentration profile becones steeper than the
i nterstiti arecombingtinn pathdbeintersiitial silicofds| Befomhthe dempled dene i vesdnayept h
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concentration value. Then, at a depth of the wafer where the difference between the
20  vacancy and interstitial silicon concentration values reaches a maximum value, i.c.,
where the vacancy silicon concentration profile becomes steeper than the interstitial
silicon concentration, peaks (first and second peaks) are formed. The vacancy silicon
concentration decreases beyond the peaks toward the bulk region, so that a concave
vacancy concentration profile is obtained between the first and second peaks.
25 According to other embodiments of the invention, the vacancy point defects of
the wafer generate oxygen precipitates via thermal process cycles in subsequent
semiconductor device manufacture. In other words, the vacancy point defects become
nucleation centers for oxygen precipitates formed by the subsequent thermal process
cycles. The higher the vacancy concentration, the higher the oxygen precipitate
30  concentration. Thus, the oxygen precipitate concentration profile can be inferred
from the vacancy concentration profile of the wafer.
The vacancy concentration and the oxygen precipitate concentration have the

following relationship:



15 vacancy silicon concentration is maintained at or below a critical
value, i.e., less than or equal to the equilibriumconcentration val ue at
a particular tenperature, by the reconbination with the interstitial
silicones. Beyond the denuded zone, the vacancy silicon concentration
sharply increases to be equal to and hlghgr than the equilibrium
concentration value. Then, at a depth of l#he wafer where the difference
bet ween the 20 vacancy and interstitial silicon concentration val ues

reaches a maxi mMuRg; vadhdde substhite) + YHer &yLhe vacancy silicon concentration
profil e becomes stg SPhan ghe |nt£Y§t|t|al silicon concentration, peaks

(first and second peaks) an 8idplorpgen prbeipiatepn Sl (iBidrdtiziodl sﬂibom}:emrati on
decreases beyond the peaks toward the bulk region, so that a concave
vacancy concentration profile is obtained between the first and second
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the vacancy; scao&gtﬁ%f ation, the higher the oxygen precipitate 30
concentration t he oxygen precipitate concentration profile can be

inferred from t heembodineytsofdeantemionpthe pkeddnl Redpitdid convaiitestion prefileacancy
concentration agd t he oxygen pre0|$ltate concentration have the follow ng

rel ati of$hi jvas gotaiged aftey $ seriusiheat eatment apcthe wafer whisly hadryndesgope thel
(oxygen pr e‘RTm RLES of F%\Ir@g r’ﬂ'he(doﬂﬁﬁiﬁﬁé f(;r'tltl@gub%(iukﬁtq{%t tredBbAtlwese Thi S

rel ati onal expr ssion says that as e vacancy silicon concentration (Vs;)
and the |nideﬁeahme&yajymgmurm:eoumahemmd(t'@n}ofﬂnerﬂmsmlplbbesscedmmon pr oceeds

to the righ t . the ox re(:| ate concentration i
the above ré‘?faltcwa‘ﬁlrﬁ?oré&wsw RGBS R Pier MBS IR ne.

invention, tha aab%ewpéea%%r&aéfer%m&ﬁomegmm @b 5! fhe stbsclificht Obt ai ned
after subsequent heat treatment on the wafer V\/mc had underdone t he

pr ocessldf Prcggsvses wereTaeriasond iat ahwES@QSE fohabositih beusend atwhwut t609SC fiemt wer e
det erm ned tﬁ tgghl nt @ _acgount the conditions of the thermal process cycles
in sem condUttar "8G A% AR &HF AGPEduri ng whi ch oxygen precipitates are

formed. For conpagd, sosrdeeloipeitiymé Heseffedf dfhe biemiXhire REQLIAIBe presdnit gure 5,
the subs equ?nrl}entlon a flow rate and mixing ratio of the gas mixture used during the RTA
process of Figure 5 were varied. Figure 9 shows the vacancy concentration profile
20  after the RTA of Figure 5 with respect to a variation of the mixing ratio of the gas
mixture containing N, gas and Ar gas. Figure 31 is a graph showing the variation in
oxygen precipitant concentration at the peaks with respect to a variation of the flow
rate of Ar/N, mixture gas.
In Figure 9, (a) represents the vacancy concentration profile when the mixing
25  ratio of N; and Ar is 70:30, (b) represents when the mixing ratio of N, and Ar is
50:50, and (c) represents when the mixing ratio of N and Ar is 30:70. It should be
noted that as the N, concentration increases, the peaks shift toward surfaces of the
wafer, and the vacancy concentration of the peaks increases. That is, the depths of the
DZs, where the oxygen precipitates due to the subsequent processes are not formed,
30  sharply decreases with the increase in the N, concentration.
The oxygen precipitate concentration of Figure 31 at the peaks was measured
after a further thermal treatment at about 800°C for about 4 hours and then at about
1600°C for about 16 hours in an N, atmosphere after the RTA of Figure 5 was




15 processes were carried out at about 800C for about 4 hours and at about
1600C for about 16 hours in an N2 gas atnosphere. Also, in order to
investigate the effect of the gas m xture 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
20 after the RTA of Figure 5 with respect®to a variation of the m xing
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the vacancy concentration profile, the vacancy concentration value at the peaks, the
vacancy concentration value at the bulk region, the size of denuded zone and/or the
20  like.

Figure 33 shows the variation of oxygen precipitate concentration at the peaks
after the RTA of Figure 5 with respect to a variation of the ramp-up rate. 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, the annealing temperature was set to

25 1250°C, 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 1.

30 TABLE 1

Ramp-up rate (°C/sec) Oxygen precipitate concentration at peaks
(ea/cm?)
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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.

TABLE 2

was set to 1250

Annealing Time

Oxygen precipitate concentration at peaks
(ea/cm?)

1

1.0x10°

5

5.0x10°

10

2.0x 10"

30

2.5x 10"

60

3.0x 10%

15

20

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’

or more 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




set to 33C/sec. A subsequent thermal treatnment was carried out for all of
the wafers 10 at 800C for 4 hours and then at 1600C for 16 hours in a N2

at nosphere, which was the sanme as in the previous neasurenents. The result
is shown in Table 2. TABLE 2 Anneal i ng Ti meOxygen precipitate concentration
at peaks (ea/cnB) 11.0 x 10 55.0 x 10 loﬁ 0 x 10 302.5 x 1010 603.0 x 1010
15 Figure 34 and Table 2 indicate_that t % oxygen precipitate concentration
at the peaR%HSF%lt,ilﬁmﬂareme@agwwtqﬁéb@ﬁﬁ@maa?r@Vf'c}swet,wéﬁeﬁ()fﬂ@r%ﬁé@lrﬁfﬁg shoul d
be_conti nuedsgf it to 34d)&RSths BnFERAR HneWas B 6 10REcblE, AXMAEPRL RIS €
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were keps 18 hidhORaltAEkamd afinthd PRvISu¥ hidGsur@héills. Ofhd\Rs @ sREWHAPESHIVES Set
to 50:50, the ranp-up rate was set to 50C/ sec, the annealing tine was set
to 10 seconds, and the ranp-down rate was set to 33C/sec. A subsequent

thermal treatnent was carried out for &th%f the wafers at 800C for 4
hours and then at 1600C for 16 hours I 2 atnosphere, 5 which was the

same as in|[the preawineMmo"RASMAGRNTS. TheokReH/predifitabd\@Mechtiatibalt feaks | TABLE
3 Anneal i ng Tenperat ureOxygen precipitatje concentrati onngt peaks (eal/ ¢nB)
12.502.0 x[10 10 12005.0 x 10 11501.0 x |10 11007.0 x(eaFmIp007.0 x 10
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1200 5.0x10°

1150 1.0x 10°

1100 7.0x 10

1000 7.0x 10

Figure 35 and Table 3 indicate that the oxygen precipitate concentration at the
10  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
concentration of at least 10°/cm® or more at the peaks. The annealing temperature and
time are closely associated with the oxygen precipitate concentration. Considering
the result of Figure 34, it can be noted that for a certain concentration of oxygen
15  precipitate, the annealing time can be reduced at a higher annealing temperature,
whereas the annealing time can be lengthened at a lower annealing temperature for a
certain concentration.
Figure 36 shows the variation of oxygen precipitate concentration at the peaks
after the RTA of F igure 5 with respect to a variation of the ramp-down rate. For
20  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, the ramp-up rate was set to
50°C/sec, the annealing temperature was set to 1250°C and the annealing time was set
to 10 seconds. 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

25  same as in the previous measurements. The result is shown in Table 4.



Figure 35 and Table 3 indicate that the oxygen precipitate concentration at
the 10 peaks is influenced by the annealing tenperature, and the annealing
tenperature should be high (at at |east about 1250C or nore) for the oxygen
precipitate concentration of at |east 109/cnB or nore at the peaks. The
anneal ing tenperature and tinme are cIosE y associated with the oxygen
preci pitate concentration. Considerin e result of Figure 34, it can be
noted that for a certain concentratio LEdkygen 15 precipitate, the
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Ar gases was set to 50:58, the ranp-up rjate was set to 0C/ sec, the

anneal i ng {enperature was0set to 1250C and the anne@.2rdot’i me was set | to
10 seconds /—A-subsequent—thermal—treatmept—was carvriedou—for—al—ofthe
wafers at |800C for 4 hodfs and then at [1600C for 16-h¥dPs in a N2
at nospher e/ Which Was tThgy25 same as 111 [[1Te previ ous; JEggur enents.— 1he
result is gshown in Table 4. 19 TABLE 4 Ranp-down rate sec) Oxygen
preci pitate concentration at peaks (ea/cnB) 108.0 x 109 302.0 x 10 502.2 x
10 703.0 x 1010 903.5_x 1010 Fi gure 36 and Table 4 indicate that the oxygen
precipitate concEHI¥:36 gl hable fandigate that the oxggen pie¢ipitate eoncgRiEalanAt E ¢ he
ranp- down r : ecipiLat i slightly

i ncreases mﬁ%ﬂm€ é&ﬁﬁg%gﬁéggfﬂﬁggﬁg?ﬁﬁﬂ gﬁggl%gig&&%n%gﬂgﬁ%&ga?he oxygen
preci pi tat eproipitetcoaténtmatipn slightlyinabasas mitt the mceaghintrivapsphstequent heat

treatnment after the rocess according . to enbodi nents qf .the present
vent on, wi th FESERL) SRS RRoRIERG O estPI R CuSBatgR P ey ained
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. InFigure 10, (a) represents the oxygen precipitate concentration profile of a
10 wafer fabricated in a N, gas atmosphere, (b) represents that of a wafer fabricated in a
N gas and Ar gas atmosphere, (c) represents that of a wafer fabricated in a N, gas and
H, gas atmosphere, (d) represents that of a wafer fabricated in an Ar gas atmosphere,
and (e) represents that of a wafer fabricated in a H, gas atmosphere.
For comparison, the RTA and the subsequent heat treatment were carried out
15  on all the wafers under the same processing conditions. That is, the RTA was
performed at 1250°C for 10 seconds, and the subsequent heat treatment were
performed twice, as described above, at 800°C for 4 hours and at 1600°C for 16 hours.

The results are shown in Table 5.

20 TABLE 5
Gas used peak oxygen Oxygen Depths of DZs COP
precipitate precipitate (pm) dissolution
concentration | concentration ability
(cm™) in bulk region
(cm™)




RTA. In Figure 10, (a) represents the oxygen precipitate concentration
profile of a 10 wafer fabricated in a N2 gas atnosphere, (b) represents
that of a wafer fabricated in a N2 gas and Ar gas atnosphere, (c)
represents that of a wafer fabricated in a N2 gas and H2 gas at nosphere,
(d) represents that of a wafer fabricat eg in an Ar gas atnosphere, and (e)

represents 4—hat——9$——a—uai-ef—i_a-bg6|_ca ere. For
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limt) N2 + A, XxAE05 k 1010Mdi um N2 s i1 X [105 Xx1dO0I5H|gh fegthe 11 is a
diagramil lustrating d anlln‘il%m of the (‘,(_339 ar the surflace of the
silicon wafer Mxstthe RTA ofxWgurel 5 iSxd@rried outlfn the Ar Highosphere.
I n general5—the—€OPs—which—areforned—durrmg—thetngot—growth—by—the" CZ
techni que 5 have a broken octahedral void shape, and a silicon oxide |ayer
22 is formed on Fhgre 1 NRES disgrd@ iDhstAtMP Uiscllfon 61 the COMERat B sitTReRFOCESS
is perforned in a Ar or H2 gas atnosphere, wherein the gases provide the
i nterstiti athesiliqoggyafergsdbe ﬁzm offRigwre Stipcarfied out in the Ar atmosphere. In

general, the COPs which are formed during the ingot growth by the CZ technique

5  have a broken octahedral void shape, and a silicon oxide layer 22 is formed on the
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.

10 Describing a dissolution mechanism of the COPs in detail, as the ingot, in
which oxygen is incorporated at the initial concentration O; during the crystal growth,
is cooled, the oxygen concentration of the ingot becomes supersaturated at the cooling
temperature. Thus, the initial oxygen concentration of the wafer formed from the
ingot is also supersaturated beyond the predetermined solubility of oxygen (indicated

15 by "S"in Figure 11). However, the initial oxygen concentration near the surface of
the wafer is equal to or less than the predetermined solubility "S" due to out-diffusion
of oxygen through the surface of the wafer. Meanwhile, in the bulk region of the
wafer, the supersaturated oxygen is supplied into the void 20a and is used to form the
silicon oxide layer 22 on the inside of the void 20a. Also, since the initial oxygen

20 concentration near the surface of the wafer (that is, a region between the surface and
dashed line "T" of Figure 11) is less than the predetermined solubility "S" of oxygen,
oxygen is dissolved out of the silicon oxide layer (not shown) formed in the void 20b
and simultaneously silicon is provided on the inside of the void 20b due to the
interstitial silicon injection effect of the gas which is provided during the RTA

25  process. As aresult, the size of the void 20b decreases and the void 22b finally

disappears.



surface of the wafer, the COPs, which are present near the surface of the
wafer, are dissolved. 10 Describing a dissolution nechanismof the COPs in
detail, as the ingot, in which oxygen is incorporated at the initial
concentration O during the crystal growth, is cooled, the oxygen
concentration of the ingot becomes supersaturated at the cooling
tenperature. Thus, the initial oxygen coRtentration of the wafer forned
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silicon injection effect of the gas wh I's providéd during the
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ki nds of watgieof ubing 3am Hpadabldso, he ﬁﬁmem@ueﬁswstth@fbpeﬂﬁsé ofmay be
enhanced using the H2 gas than using the Ar gas. Fi gures 12 through 16

are phot ogr Histi¥afen aod g right thszapd sho vy the ibpitemsarfags; Osftﬂiifi Wafet.ons of the wafers
whi ch have under %gﬁ?es 1hleth1$o'ﬁgﬁ? gf@;gohotgﬁ%gﬁsrsﬁgxgv fn_fl; %e trtl?gﬁlakt}en gnd have

t he oxygen preci pi e ‘conc parafl cul ar,

Figure 12 cdfersesfacneiithé Wafelﬂe vREEnObxeh Peecifita®s $xist ivdictehald vadérgesponds to
the case_of usi gg Ar ?ng gure 14 corresponds to the case of using H2
gas, g%r e thessubgequet §tﬁ€ﬁ§‘H§eftt@ fterfhe Relds agd havg thg okpgeaicwHpitaidses, and

e, 15 Coputapayd et e, . gl Rt e gt e o1
shows the buosihgiN, gas, fFagee ®8 repnesemftbef 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 N, and H; gases. As can be noted from Table
20 5, the DZ is barely formed in the N, atmosphere.
Figures 22A through 24B are photographs showing 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 performed in the
N; atmosphere, Figures 23A and 23B represent the cases where RTA is performed in
25  the Ny and Ar atmosphere, and Figures 24A and 24B represent the cases where the N,
and H, atmosphere. As shown in Table 5, the COPs are not substantially dissolved in
the N; atmosphere. Also, the dissolution of the COPs is smooth in a gas mixture
atmosphere where the N, gas is mixed with Ar or H, gas, and in particularly, the
COPs can be completely dissolved in the H, atmosphere. From this result, it can also
30  be inferred that reducing the sizes of COPs in the as-grown state can assist in
completely dissolving the COPs during the RTA process of Figure 5.

Embodiments of the present invention can control the distribution of the

oxygen precipitates formed via subsequent thermal process cycles, which are usually




Figures 17 through 21 are photographs showi ng the depth of DZ fornmed near
the surface of the wafers, where no oxygen precipitates exist, which have
undergone 15 the subsequent heat treatnent after the RTA, and have the
oxygen precipitate concentration profiles of Figure 10. In particular,
Figure 17 represents the case of using Eé gas, Figure 18 represents t he
case of using Figure 19 represen the case of using
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reference. Refer
performed in the donor killing step (S18). RTA according to other embodiments of

20  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
general, donor killing refers to a process of converting oxygen component contained
in the silicon ingot, which are present in the form of ions during subsequent
semiconductor device fabrication and act as a donor of electrons to implanted

25  impurity ions, into oxygen precipitates via heat treatment during the wafering process
in order to reduce the possibility of functioning as donor. This heat treatment is
carried out at about 700°C for about 30 seconds or more in an RTA furnace.

Figure 27 is a schematic view of a conventional CZ puller, in which the crystal

growth (S10) is performed. As shown in Figure 27, the CZ puller 100 includes a

30  furnace, a crystal pulling mechanism, an environment controller and a computer-
based control system. The CZ furnace is generally referred to as a hot zone furnace.

The hot zone furnace includes a heater 104, a crucible 106 which may be made of



waf eri ng process includes the crystal growh step (SIO of grow ng 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 ki I l'ing ep (S18) is 15 carried out, and

the top surfaces of the ers, e serconduct or, devi ces for rred
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cl eani ng Str@(ﬁteﬁ%&}tanmﬁr?mamﬁdﬁ&%ﬁPﬂtas"ﬁgﬁﬁs are packaged (S24). RTA of
Figure 5 according to enbodiments of the present invention is perfornmed in
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direction 112 as "shown. cool 1 ng jacfiret or port 132 I's cool ed by external
cool i ng neamst showh. é:élewamnterbesﬂdl cegtrolsykient mahbeistd 1d donten) ther lwalioe

ddi t i di but i A he s filled with a heat
stlor Iblo:%l wﬁ?g}eln thfli% IHJ Og%rc?éecgb“&? W%WS&‘W@&%%‘PE’H i Ist ri bu}[N: on. The
crystal pulling m@@ﬁ@f‘tosg’fbw%ﬂﬂ%‘iys%alﬁﬁé’éih@dn la tl iheGe& @ btallid iwhi ch may

rotate about the axis in a second direction opposite to the first
di recti on 1tontaeied tosthewvlteridicon §26 and plﬂradUﬁgy phikdtin thoaxislddiedéen a seed

hol der 120a (lﬂJWatr@s% %glntlé]gﬂc? é?)hdlﬁcatmn of the molten silicon 126 into monocrystalline

silicon occurs at the interface 131 between the ingot 128 and the molten silicon 126.

20  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
the present invention can be applied to a "perfect" wafer in which no defects such as

25  interstitial agglomerates and vacancy agglomerates exist; a "semi-perfect" wafer in
which vacancy agglomerates are present in only a vacancy-rich region within a
predetermined radius from the center of the wafer, and no vacancy agglomerates and
interstitial agglomerates are present outside the vacancy-rich region; and a wafer
which contains only vacancy agglomerates through the wafer, without interstitial

30  agglomerates. However, the present invention is not limited to the above wafers, and
includes all types of wafers to which the principle of the present invention can be
applied. As described above, embodiments of the present invention are directed to the

controlled oxygen precipitate concentration profile as shown in Figure 4, which can



10 The seed hol der 120a holds a seed crystal 124, which is pulled froma
nolten silicon 126 in the crucible 106 to forman ingot 128. The
envi ronnment control system nmay include a chanmber enclosure 130, the
cooling jacket 132, and other flow controllers and vacuum exhaust systens
that are not shown. The conput er - based I;E(F)ntrol system may be used to

u
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the bulk region of the wafer and not present in the DZs 1n order to

prevent t helrdebetial-gichbiregiph iscormedavéhils whenr¥/Gprtiet is @hbdvd the egti¢ajadtioons  have
Ee i del Nk e RaC SR el of the seed crystal and the T
t enper at ur e gr adirepdreicilar, FipRire 26 is a conceptual view illustrating the relationship
20  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 agglomerates are
formed, while for a V/G ratio where the interstitial concentration is above a critical
25  interstitial concentration Cr*, interstitial agglomerates are formed. Also, in Figure 26,
the width from (V/G)* to (V/G)s* represents a B-band, which is interstitial related
defects (small sized dislocations), and the width from (V/G)v* to (V/G)p* represents a
P-band which is an O.S.F. ring(large sized oxygen precipitates).
Embodiments of the present invention can be applied to a perfect wafer
30  without defects, which has a V/G ratio between the B-band and P-band during the
ingot growth, a semi-perfect wafer which has a V/G ratio including the P-band, and a

wafer where vacancy agglomerates are formed through the wafer due to the V/G ratio



hot zone structure should be controlled. The control of the pull rate (V)
of the ingot and the tenperature gradients (G of the ingot-nolten silicon
interface are described 10 in detail in "The Mechanismof Swirl Defects
Formation in Silicon" by Voronkov, Journal of Crystal Gowh, Vol. 59,
1982, pp. 625-643. Also, an application aé Vor onkov's Theory may be found
in a publication by .th esent inventor“et al. enftjt]ed "Effect of
Crystal Def aho® W briiel YO ERR av/oar %ewadllﬁ%é%ﬂftwgl;va&fﬂn%e Second

| nt er nat i ongbncayR@s & on Advanced Science and Technol ogy of Silicon 15
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Application No. 08/989,591 and 5 continuation-in-parts thereof, U S

Application Nos. Tbornz6! pulliog mechaydym deludss a critstal pullieg ehafh2M} whichtmey her ei n
by referencg;. ThHSue the 88§ i ch ?egogae 3iedciBh '29?, &p?)gsri?eot]:) e rlirlst (lﬁ?ection 212, as

shown. The crystal pulling shaft 220 includes a seed holder 220a at the end thereof.

20  The seed holder 220a holds a seed crystal 224 which is pulled from molten silicon in
the crucible 206 to form an ingot 228.

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

25  elements, the puller and other electrical and mechanical elements.

In order to grow a monocrystalline silicon ingot, the seed crystal 224 is
contacted to the molten silicon 226 and is gradually pulled in the axial direction
(upwards). Cooling and solidification of the molten silicon 226 into monocrystalline
silicon occurs at the interface 231 between the ingot 228 and the molten silicon 226.

30  Incontrast to the CZ puller of Figure 27, the CZ puller 200 of Figure 28 further
includes a heat shield housing 234 in the heat shield 214, which permits more

accurate control of the V/G ratio.



omtted. Figure 28 is a schematic view of a nodified CZ puller disclosed in
the continuation-in-part applications, in which a heat shield 214 is

nodi fied conpared to 10 the CZ puller shown in Figure 27. Briefly, as
shown in Figure 28, the nodified CZ puller 200 includes a furnace, a
crystal pulling nmechanism an envi ronrren%control |l er and a conputer-based

control system The hQf.zone furnace incfudes a heater 204, a «crucible
206, a succept orﬁﬁ%eg%éﬁaas smaﬁlqmwaﬁéfmodzﬁ@ﬂ% leracsordingdgout an axis in
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be described. AsThéewgshapelihgay shicl@Bowiig 30, miyhee AME@RE a heat absorbing
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
20 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.
The configuration of the CZ puller shown in Figures 29 and 30 can allow the
cooling rate of the ingot to increase. The size of voids, which are present in the pulled
25  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
the cooling rate of the ingot. As described with reference to Figure 11, as long as the
size of voids present in the ingot, which are formed during the crystal growth, is
smaller than a predetermined size, although the pulled ingot contains voids, the voids
30 can be dissolved from the DZ through the RTA process according to embodiments of
the present invention.
Thus, in order to reduce the size of voids in the ingot, which is desirable

according to embodiments of the present invention, the cooling rate of the ingot may




fromthe CZ puller of Figure 28 include the shape of a heat shield housing
300 and additional installation of a heat shield plate 360. The heat
shi el di ng housi ng 300, which has a 90[err]-rotated trapezoid shape, |ike a
ring, includes an inner heat shield housing wall 310 and an outer heat

shi el d housing wall 330, which preferably.,are 10 vertical, and a heat

shield housing to 4 nd a.heat shield %0u3| ng bottom 320 whi connect
the inner a_:}?ﬁg'%‘?dg?ghgﬁﬁleﬁm%r%?ﬁé‘ﬁ{:}l%}nF?a%%Oa tempere grpdient %  heat
shi el d housigGoeh@P 0B iSd ARRS iHEMRI ThRfef@d, iARR! B(Platid i ERRlahter ROr | zont al
from the inner heat shield housing wall 310 to the outer heat shield

housi ng wal Pra3gBrmigied defect distrihuien, $hd pullingwatesofithe ngot OM sBaalddieopes

downwar ds at C@&Sg(?gl e of V fromthe 15 horizontal fromthe inner heat
shield housilhg wal'l 310 to the outer heat shield housing wall 330, formng
the trapgzoi d shapeommgsbewbodibikits 6fMBe pRA&AE thREASN, N bRl tdiabRhRAhS00 My
be filled wth a heat absorbing material (not shown), and may be fornmed of
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be increasedari®s the cooling rate of the ingot increases, a tenperature
gradient Gc at the center of the ingot may increase. Therefore, if the V/G
rati o i s const anin the/CZpullsr o€l Eigura$ ede trethe bighdiosting tast ohthe pulled jngbt, i ng

rate of t hetﬁenﬁl?ﬁng(r\e{ee oﬁj%ﬁeufngop Sn 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
20 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.
In the drawings and specification, there have been disclosed typical preferred
embodiments of the invention and, although specific terms are employed, they are
used in a generic and descriptive sense only and not for purposes of limitation, the

25 scope of the invention being set forth in the following claims.




i ncreased. 5 According to enbodi nents of the present invention, in order to
increase the cooling rate of the ingot to at least 1.4K/ mn or nore based
on the tenperature of the ingot at the center thereof, to cool the ingot
fromthe tenperature at the ingot-nolten silicon interface to a

predeterm ned tenperature of the ingot, a8 |east one of the length a of

t he i nner h&dhatsikiChichddas:si ng wal |l 310, the Ilength ¢ of the outer heat
shield 10 housing wall 330, the angle 3 of the heat shield housing top 340,
the angle V of the heat shield housing bottom 320, the distance d between
the ingot 228 and the A pR&dy { ,,hﬁ)%J- i ke 3L i stance f
bet ween the cr uc?bl e éélog andal%lﬁgh%%?glreéghéa ﬁl'g ?Cﬁélhgﬁé?%ﬂ%g??’ 330, the
di stance e bempesngt he i nner and outer heat shield housing walls 310 and
330, the distance R bet ween the inner heat shield housing wall 15 310 and
the nolten silic8f¥% ?reélﬁﬁs‘frﬁe position of the heat shield plate 360 can
be varied. In tRBerfefblpW ihglchhbdrcdblo§urd that HHRLs hdlleh 8ilidbgh cooling rate of
the pulled ingot, the pulling rate of the ingot can be increased, for
exanpl e,5in the epaegsehaderon §@ chembemclosnienadjacenbthetaucihlpeo olddisesd vity of
t he i ngot cg&sj[apcrease. In addition, a processing 20 margin for perfect
wafers or sem -perfect wafers, which are manufactured by the CZ puller of
Figure 28, can be hpatervindBel chz@ibet Beclgu@dMstirrOindikethe RERIble;l N t he drawi ngs and
specification, there have been _disclosed typical preferred enbodinments of
the i nvention andringtshapaddicatiherld hpesinginthe ghambargndguwe, ingleding mmer ysed i n
a generic a LpLi: ur.no f_Lim.tation,
the 25 scont SfFhesP it RIRE A %l Y BkukR o G RE sl s Tpey
What i s1@l akhield Hossing Soplandfs KeanosHield Iheksing bbtkan whixh @nhawvdt fig: inberamdoateal | | ne
silicon ingots,. . conprjsing; hanber encl osure; a crucible in the chanber
encl osure tﬁ%ﬁt Sh‘@f‘i:l‘%"%lgt"@%ss%ls' Yryhiekl housmgdop slogiwg upiardsdranm Hiedaper

encl osure, AdiaGRN hdlfieGidlfothEnter 108 tifa$88sng Rl Skidlthe AediSRbRr {0 the

chanber encl osure, surr Ing the cruc ng- shaped heat shield
housi ng i n héowinghbottoer slepink dewnwards ficinu thierigner heatrshield housing wall to the

outer heat shield housing wall; and

15 a support member that supports the heat shield housing within the crucible.

2. The Czochralski puller of Claim 1, wherein the ring-shaped heat shield

housing is filled with a heat absorbing material.

3. The Czochralski puller of Claim 1, further comprising a cooling jacket
between the heat shield and the seed holder.

4. The Czochralski puller of Claim 3, further comprising a heat shield
plate which surrounds the ingot being pulled, between the heat shield housing and the

cooling jacket.

5. The Czochralski puller of Claim 4, wherein the puller further is
configured to pull the seed holder from the crucible to grow the molten silicon into
the cylindrical monocrystalline silicon ingot, which grows in a cylindrical shape and
forms an ingot-molten silicon interface with the molten silicon; at least one of the

5 lengths of the inner and outer heat shield housing walls of the heat shield housing, the



and outer heat shield housing walls that are separated from.one another,
and a heat 10 shield housing top and a heat shield housing bottom which
connect the inner and outer heat shield housing walls, the heat shield
housi ng top sl oping upwards fromthe inner heat shield housing wall to the
outer heat shield housing wall, and the pgat shield housing bottom sl oping
downwar ds f giage htggﬂeé STIRE h&le @ﬁleﬁmoﬁlslq I%i}’ﬁid%t%ﬁ{ khel Asthit® beRMdcRthd g&t shiel d
housi ng wal I'; a support nenber that supports the heat shield housing
within the endii threer hQat sIrio;l;l Igwsiigredlk ke Qisthioerbebfeealthé cnustgblevm]drtlsn putethe

ring-shaped h at. ng.is filled wth a h at a rb|n terlal
3 e coochvarbielt iring wAgk T tivee belED gl Qe e BPThET) acke
bet ween t heslhelathoﬁﬁhglvﬁll&ﬂd thdIecarRRb e KRt shidld pTdn@bé?ﬁéggélé@écs&tchmwtl er of
Claim3, further conpr|3|n%éa heat shield plate which surrounds the ingot

bei ng pif | ethe myledingat 1siseoled at a sai¢ of @tleﬂsu@bwgléd@mln@as@omthﬁg jacket. B5.
The Czochra (0} [

configured k%ﬁﬁﬁwetoﬁhesﬁe%‘g -(ﬁ%}fé‘ Le‘lint m%;é% #éélgr%begtg npgfaFL ¢ a{rtggvu%ér?e nol t en

si li con i nt moltthsilicyn inkeface & apmde&ﬁﬁméatdmmtﬁﬂeldf@mngagot , Which grows in
a cylindrical shape and fornms an ingot-nolten silicon interface with the
nolten silicon; at |least one of the 5 I engths of the inner and outer heat
shi el d housi ng l'ls : i i s of

t he heat shiel dwﬁoua %e ttggc}gﬁgaﬁ%pthgéﬁb. "ﬁd‘lpg%rg%gge%& &%‘é@qﬁ’ﬁgﬂ?nﬁot and
t he i nner héatmedbf edromfrmsieng wal |, the di stance between the crucible and
the outer heat shield housing wall, the distance between the nolten
silicon and the inner heat shield housing wall and the |ocation of the
heat shield plate being selected such that 10 the pulled ingot is cool ed at
a rate of at l|least about 1.4[err]K/mn based on the tenperature of the
ingot at the center thereof, fromthe tenperature at the ingot- nolten
silicon interface to a predeterm ned tenperature of the ingot. 6. The
Czochral ski puller of Caim1, wherein the heat shield housing is forned
of carbon ferrite.




