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15
Field of the Invention
This invention relates to microelectronic manufacturing methods and devices,
and more particularly to silicon ingot manufacturing methods and silicon ingots and
wafers manufactured thereby.
20

Background 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 series 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 variety of inpurities,
one of which is oxygen. At the nmelting 5 tenperature of silicon, the oxygen
pernmeates the crystal lattice until it reaches a predeterm ned
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(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
30  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



3 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 gptained by a conventional crystal
grow h and wafering 5 process, oxygen precipitates distribute through the
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diffusion of interstitial oxygen. In a semiconductor 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, Figure 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



precipitate concentration profile of a wafer with respect to the depth of
the wafer, resulting froma rapid thermal annealing process on a wafer
carried out in a nitrogen 4 atnosphere, and subjecting the wafer to
subsequent heat treatnment. However, as cary be seen from Figure 3, neither
the DZ near the surface of the wafer nor sufficient oxygen precipitates in
t he bul k regi emometocandibubjentig thy wakirso sdsvgrnt imatreatmeito dHoveevBuaseany of
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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 STT 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.
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,



and second predeterm ned depths are the same. However, in other

enbodi nents, the profile need not be symmetrical, such that, for exanple,
different depths may be provided for the first and second peaks. Al so, in
sonme enbodi nents of the invention, 5 the gepth of the denuded zones is in
t he range of about 5mto about 40m from each surface of the silicon wafer,
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Symmetrical or ? ymretrical profiles may be provided. According to nethod
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a gas which has a vacancy 1 njection effect and a gas as an
20  second peak includes therein 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 are 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 present 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



30 interstitial silicon injection effect on the top and bottom surfaces of
the silicon wafer, and between about 1100C and about 1200C, to generate
nucl eati on centers, which act as oxygen precipitate gromh sites during
subsequent heat treatnent, such that the gqucleation center concentration
profile fromthe top surface to the bottom surface of the wafer conprises
first and secdun pedisamt bdtonssurfaes cfebowdfeprrestettévety. ndldo.dbpnideagiont r om t he
top and bottom surfaces of the .wafer spectively. Also,.the nucleation
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the at mospher gliéch Wi¥eF R388RfRtured 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 process on a



about 50C per second, for exanple from about 800C to between about 1100C
and about 1150C. Moreover, after performng the RTA the heating may be
decreased by 30 between about 10C per second and about 70C per second, for
exanple to about 800C. In yet other enbodi nents, after decreasing the
heating, ammonia may be purged fromthe atnosphere. According to other
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are manuf act ur equent i al | erfornp ng . an A process on.a ., .Series
of “s1 Tt con vargiuche, BT koS B e R B BB ET STe S e 63 anc
anmoni a, and e REkOV AidRMREER bHfoetht RIA dRAHHes BARTARIdyWe fRifofhéd con

di oxide from the series of silicon wafers onto the RTA chanber. The RTA

may be perf or HBEET apy QEthe£apdigons thet wandpicribed akayat Inmether erekadimerss siseve. | n

ot her enbodli L h - e hal aF up to
oi x mont ha”or sy Thaaen b toP e 3Gk bl thobd RREGRSRAAAE P
Accordi ng to diciETArkihbet ofgibiooh diemide, heat treatnment is performed after
the RTA to produce an oxyge recipitate concentration profjle fromthe
top surface to th CBED St g}@@logm%ﬁglw%}ew;catmafewnwmﬁffjp%%d #iF ¥€ and
second peaks R4 lohaRbdy by SRGAN RACCTLERMINAGARPEER hE AT Lecd P and

bottom surfaces of ‘the wafer; espect| tween t top surfaces
of the wafer thedotthe suifast ofgbakvafendvhible toweprises iest bod sewond pedkaeeficsf artdhe

waf er and, t he_second .peak. d oncave region between.the f.irst and
second pebks. S&itBrAPERrns] Sl g iae Gp AT be orn SRR B St dea” 15 1n
ot her enbodi NeRp&tiOEly! NDZ BeREkn tRtopSuiFhdds ©P FheWRdfBr arldtBd fits$ p&aklingct to an
RTA process according to enbodi nents of the present invention may be

manuf act ured Petoieeratheibatiem sutfhestplite yafer antl the seaond pedn a8d k cernave Fegipnhot
one furnace i t i | 1ing.rat rofil.e I1in
zone 0r1ace, aGes gl Bk Mol R0 PG Lo BRI AU IRIR plgpot 1 o

rate of the ingot 1S enoug
aggl oner at es pvigdeévent ed, but | ow enough so 20 that formation of

interstitjal agglonerates is, prevented, and the formation, of vacancy
aggl oner aftigs i s prévahirembodiments of the inyentionsd siica Haker giat iswiblest 9l on, a

0 e R O A B PRSI iy b9, ST en
from a nol t enmgmifactoredifronaahigozwhieh 25mflied fimaematiewsiticorgintachcd monenfpatace
pulling rate g:rcgrfdgrllget’o amr?gro% phﬁi%g F%elxjtle lpiror}ge {N tm% t g p&lﬂgg irar’g 8% thie ?ngot is high
enough so that formation of interstitial agglomerates is prevented, but low enough so
20  that formation of interstitial agglomerates 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 silicon 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



hi gh enough so that vacancy aggl onerates are formed through the dianeter of
the ingot without formng interstitial agglonerates. According to other
enbodi mrents of the invention, a Czochral ski puller for growing a
nonocrystalline silicon ingot includes a chanber enclosure, a crucible in
30 the chanber enclosure that holds nolten silicon, a seed holder in the
chanber encl ohwueingdpaere mthicthenoeal thciheertand bofedheat skield hopsisg aalls, slmcheat

heater in the ¢h er. encl.osure surrqunding th rucihle.. A ring-shaped
heat shi ol d noleTNE sineOF YoPige GoR i HoRT b el Bl Sliobetw Bl IR G g
inner and out eyutdd®ait shidldEhdhsih@uedlNBn ke heat shRAT hAlsRig HORGMAIPEhd dowhveadh

other, and a heat shield housing top and a heat shield 8 housing bottom

whi ch connect framethedprar hagighisld kausingarvalisthitd ehterdiest shieldbousing vk hesat

shi el d housgi ng; i . o I hner ..h shi. S| wal |
to the out§ er gﬁgg@@%ﬁﬁ%‘%@@gﬁ%&éﬁ I?PC%E% &f%(g[ glg © sﬁti e|‘§€e%8§g%%nd§ [a%ot tom
sl opi ng downwaiutts shdet honsidgewalhaelthbaedt skibideodsing bsitrg. Weduppbdro nichbeout er
heat shi el d housin 1. qu 5 ning:gha ed heat shield housing al so

i ncl udes a noﬁEWW%éb%%t shie !J?OPWP%Y@ BtheFrueiPle he  outer sheet housing
wal I and the heat $Ri&lith8'¢#PEmBO gls, @eﬁgﬁglﬂ{%d ﬁﬁgﬂgrboﬁéﬁﬂﬁggg&e% al Pe

heat shield housing wthi'n the cruci ccor to ofher e I ments,
t he heat shi elfidstipottminragjaoenttttomnnerdieatigseld hofising walp trat slopesaldwasant frohe i nner

heat shie hgus.i n | 1. t slo do rd from 10 the .inne at shield
housi ng v "B h%%éhﬁ Bgus ~§5iw¥%&?em ﬁgﬁtxﬁéﬁld.hoﬁﬁ‘é‘gw@;h 158 hedl o
housi ng Dbot t oghigld3RubiAg bfi&H afo HRIQNA aREEI PR iR RFRBA thdSutetheaf sgat

shield housing wall that slopes downward fromthe outer heat shield

housi ng wal | howgrawelhthat slapesrdomastard fipwl the dwershiqatshielt houshrgwall &ivekd the
pul | ers accord] t 0 .emhodi ment s,of the invention also pull the 15 seed
hol der from tﬂdé'glg}rle&g?%gg%toé%ma% 3’\%}“'{ he nolten silicon into the cylindrical

nmonocrystal li ne si Ciedifalbld @atlers Wbdoeding tOWEbRIiDBALs 3P thedfiintien biss pakgEHer al
axis in a _cylindrical shape and forns an ingot-nolten silicon interface

with the hol t &sddiplderBam thagruciblesio gseiw th mekten sikienptinte the cylindricliner and
outer heat shj I . e | ] . 5| ope

angl es of thehﬁgg%&gﬁ?ggg‘ll}g@u@%{éup E)ng gélr;ll‘ggélf’rrl Fﬁ %%gu}g(g#%%%%b&[g%ﬁé ons, the
(Cjil st ance Bet V\egdindritr::ai shai;g:cgnlcjlldmdnid}dn%ﬁ%éltéh&ﬁlﬁco&hh@%fﬁce{kgmﬁth&gpml silliolbh.e ]

i stance bet t he crycible and the outer at shield housin , the
di st ance be}t,\%gGﬁStl"ﬁ‘éo elengils qr};t%wnarr?dldtq%er' ﬁﬁéﬁs"le%%ﬁ“%ﬂéﬂuﬁ%g\é\%sheﬁb wal |
and the | ocatyffd Bbusidd) e M1eS L iRl REAHIE SRS dnd HER ahdBoohd®

pul ' ed ingot is cooled at a rat
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.
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ature at the ingot-nolten silicon interface to a

predeterm ned tenperature of the ingot. Brief Description of the Draw ngs

Figure 1 is a sect

ional view showing a straucture of a conventional Metal

Oxi de 30 Sem conductor (M3S) transistor formed near the surface of a
silicon wafer. Figdiigurg4isbows an exjreamprdcinigtercaniantgation piefitredf Joiliconpyater e
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conventional wafer
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as at.nosphere. Figure 7 shows a point defect concentration
BOSPREC-t he depth of wafer, after an RTA process
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Figure 8 shows a

point defect concentration profile wt

respect to the

depth of waf evaferadfies an 21 ARpcessdlbestratedlin Higuras escharmedriug i an B2om (AR gased
out in a ?é{dr %%%PEHZ) gas at nosphere. Figure 9 shows a vacancy
|

concentration pr

Y& after an RTA process of 15 Figure 5 with respect to a

variation of the nFiufgs sladvsn pdinde@s concshdatRnGREf R vAtH@sP¥2t toghs déptitofAr

gas. Figure 10 shows an_oxygen precipitate concentration profiles obtained

through subs&gifemitonaaR Tk praeess dfusipied in Higurmaispeated oyt Hctbydpesy Ho)
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Figure 11 is a diagramillustrating dissolution of

Crystal Origi nat edFigree? slpivisat emarfdgdeagenmation plofilsaficr an R Tof ptokesssif| i con

.carried out in the Ar atnosphere.,

waf er as the RTA of Figure 5 is
H] E‘{;Is—gure g w1th%espect 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 the RTA.

20

Figure 11 is a diagram illustrating dissolution of Crystal Originated

Precipitates (COPs) near the surface of the silicon wafer as the RTA of Figure 5 is

carried

out in the Ar atmosphere.

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

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

embodi

ments 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 12 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 25 enbodinents of the invention in the N2 gas atnosphere.
Figure 13 is a photograph show ng oxygen ppecipitate distribution of a
waf er which has undergone a subsequent heat treatnent after an RTA process

according to embodiigmeals isaf pHotaraphv@diviodyded PrRcipitatg Asstuabutiog pliemaferFi gur e
14 is a photograph showi ng oxygen precipitate distribution of a wafer 30
whi ch has undé¥ghiasandemsersp dibscdnent hopt seaimanitafisr R TArPregess preardbagsto
according to i ; LERYeNY [ CE@E t nosphere. Figure
15 is a phot oéﬁggﬁg%eﬁ%vr&ﬁn%@@@g}g’# lgreci2p$ét§§%lg}%%§% Fﬂlﬁb |(§§ of a wafer

whi ch has under gon&igurs Ubseqphendgripdathotvirgahedeyith af DErfoanedRicAr hecudss of
according to emnhodi rrenhs of, the invention in the N2 f%?céingr gas at nosphere.

10 Fi gur e 16 &1 WHER Byyruidrreons aivRy cauen hsnt praimeps ¢ TAPPEGEi on of a

waf er whi ch hagcd/ide i OaRto Bmetl S EHeeNenERin the @@tgﬂ?éﬁno@ﬁﬁe%. an RTA process
according to enbodinments of the invention in the N2 gas and H2 gas

at nosphere. Fi gur eFignré §8 & apthotaggaripshowhmgtha dertih ef D& foimest nepth suitesd ofear
t he surface of g a}\lmalfhﬁr ich has underﬂgn a .subseguen eat treatment
after an RTA Procdsgich,ias qngrigang g Suhsadien gegjpep AV FR°FR the N2
gas at nospher gecordiggl tCerdbdiBedts PhkOdVealbn ENAYWARGad Rtrodetikh of DZ forned
near the surface of a wafer which has undergone a subsequent heat

treat ment l@&f ter anFigme Ptiscadstosarbonaving thodeibetPadatredoeat the SR | on
in the Ar gasa%{aﬁéﬁﬂﬂ% Ras ﬁg?ﬂébﬂé’é gxfb]squ\ﬁ%t P?EP?PE%J%% r SHRMA o%&? depth of
e sur a war er *Wwhl ¢ u

Dz formed near ace o as ‘undergone a sequent
heat treat mentcmtdirg toasmiSiAnpito6Lths invdatod i thg Hy gaeathodplieent s of the

invention in the H2 gas_at nosphere. Figure 20 is hot ogr aph _showi ng .t he
depth of Dz forrredFlrgé‘%?rquﬁépzlﬁ?ogé@é sapwing thedepth Q\ﬁﬁ)gﬁmﬁ%‘% rl?ﬁ’d@?é%‘%ﬁ@eé’f
subsequent he ﬁp&g ACHRS g L Qo8dgbodi ment s
of the invent ?B)Vr??%rﬁﬂ% e Nélﬁg% 6%%%51,1}% %éﬂ%??réog%ﬁgr e. flgzl:lggéeﬁgl Is a

phot ogr aphS shasorigng teeentedirherss ofifie irovenech inahe Nt hes andrAngss aphosphensaf er
whi ch has under gong. a bsequent heat treatnent r. an RTA process
according to _enbodf’ﬁﬁﬁ’t_ IBP%ﬂ@gfwséh?W%%ﬁﬁ?ﬂég@géﬁw ©gasace of
at mosphere. Fj gifed vhddh has uAdRBORCHH AR RAaNPedtiEntHRPEN RIT APpr6Edss i N an
as-grown state 20 and Figure 22B shows the shape of COP that has been

changed after a@ﬁrdiugotomrrd@égsents of the invention in the N; gas and H, gas atmosphere.
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.

Figure 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 embodiments 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.



according to enbodinents of the invention in the N2 gas atnosphere. Figure
23A i s a phot ograph showi ng the shape of a COP in an as-grown state and

Fi gure 23B shows the shape of COP that has been changed after an RTA
process according to enbodi ments of the ijpvention in the N2 gas and Ar gas
at nosphere. 25 Figure 24A is a photograph showi ng the shape of a COP in an
as-grown state andigirg8 & 24Bemhidnsictvivd asdthgrecoatenoRaltCapulleaacdoeding ®hanged

after an RTA process ccor di t nbodi of the invention in the N2
gas and H2 gaé%??%?ﬁh%“@&lﬁ'&gf%gé&iaggQ%E@?\}jS agramillustrating
preparation of waf %@r@gggradgcﬂana&vi@w@mﬁg BzPunbRGcREReR 1 nvention.

30 Figure 26 is a conceptual diagramillustrating a relationship between a
relative poi embddineents afitea prickant invantion.a silicon ingot, and the V/Gratio

(the pull rate of the ingot/.the t erature adient). Figure is a
schemat i ¢ éi ew ill E&W%W%ga a@mﬁﬁ{g’?r@ﬁﬁ?ﬁ@%{?ﬁ?%@e{sﬁg‘ﬁﬁ%’er. 11
Figure 28 is a schemié 81 16 LMasH s@m@%iaﬁ@ﬂwmdg@ﬂ?fec%aféldoh@émﬁﬁ@xoﬁtdI ng
to Application Serial Nos. 09/989, 591 and 09/320,2 10. Fi gure 29 is_a

schemati c vi ewhd perksatiestheyT a2l Figure p svidicetnedi tag vedatianmafche fewtrate 6f Ne he
present inventjon. thg'}%érse 30 is a diagram showi ng maj or parts of CZ

pul l ers of Figure . gure 31 is a graph show ng variation of oxygen
preci pi t at e concenFigukd %lis%graéllhﬂxone@(&ra?ibﬁbf &b)k}@giﬁi%cipﬁtaﬁicgnc@u’étiw dth
respect to a variation of the owrate of N2 and Ar m xture gas., Figure
32 is a g?%phﬂgems%%@gﬁe&&ﬁ R4 6 Figure,x yadiespegidp giverationqf {bemirng raig o4t 10
the peaks aftep ;hh@arRBidu@fodi gure S with respect to a variation of the
mxing ratio of N2 and Arom xture gas. Figure 33 is a graph show ng

vari ation of oxygehigoreld ipiatgaaph shomireariationof @tygen hecipitatesoaddngmtiothe RTA

2 ar aph Shov 1§ PoaRs BT B 105 A sLTsf pPBarpIEie " SONELR AT BRIV he
peaks after the RTAg@fe 34 igulgaph sholvihg RSRESH of yBeY BlebBlth@RoBEentBon at
annealing tinme. Figure 35 is a graph show ng variation of oxygen
preci pi tat® ctwdedlesradict the REA of Rigupsewith agspect to heaiitiancif tk} gunealirg tithe. h
respect to a varl aﬂg%r”e S%fis ta%(raap nsrpxg%gr{gn\%.riaﬁgnngfe gx%%gﬂ Sr'ecipitate 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-down 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 graphically 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.



Figure 36 is a graph show ng variation of oxygen precipitate concentration
at 20 peaks after the RTA of Figure 5 with respect to variation of

ranp-down rate. Figure 37 graphically illustrates a time-tenperature
profile for rapid thermal annealing accoksling to enbodi nents of the
present invention. Figure 38 graphically ilTlustrates tenperature dependence

of oxygen precipi Faturo# fephicapt Hlubhaedmak domanict@efedt (BMIDYdnd® @acor di ng
to enbodi nents of, 25 the present invention. Figure 39 graphjcally

i |l ustrates adfEHPRAHINGArEXRSpERBETTARTION aGRIIRMI0 ephedinsnis el tBtPE¥ b r di ng to
embodi ments of,f.hepPresent invention. Figure 40 graphically illustrates
dependence of oxygen precipitation on a ratio of argon-to-amonia fl ows
during rapid ther miiguandeglaphigalfcitlostetitesgslipdergtbadhareoitsn siBhcobdf & hafepr esent

e oa: on V0 DB P bR e e ERp R RE N, escn
invention. 12pdsé@yiRnden 9raphically illustrates peak bul k m cro-defect

(BMD) density as a_function of initial oxygen concentration according to
enbodi ments of t heFgueséhgraphipalbnilusirtesriliglengtht Grgpsapganctoranympnip gag jeHe es

slip length at the bottomsurface.of a wafer . 5 versus tenperature for
rapi d ther mal 2&8h %fénedno%{)gsgg?[&? ﬂgthF(B’reéﬁﬁgﬁY%ﬂ?'s of the present invention.
Fi gure 44 graphi caFlgyrd 49 gaphisdIBSillatidtes SHP Wrlptly & SfasctdirOs raip-demmantica gas

ratio according to enbodinments of the present invention. Figure 45
gr aphi cal 19 i p¢cgrdingtocnbadimentaalithp present ifvgalioRon of ranp-down rate 10

X Ty topoor aphy phBLBGr SaetoR o KoY RBhY B S e o

the present i awerdih®.enfodithéntsdf e ppRemahtention.l ustrates stress in a trench
after gap-filling film densification. 15 Figure 48A is a _Cross-sectional
view of field effetgueHnarriticallyddystes Sfrﬁ%?tlné‘éli’?ndbé‘q%ﬁﬁfgléﬁ Mn silicon
waf ers accor djfgifdQigbodi ments of the invention. Figure 48B graphically
illustrates a profile of oxygen precipitates in a wafer of Figure 48A
accordi ngld o enbodFigeret48Aois atchesspeetsmat viewwd fieldoaffect transistor devices that can

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

Figure 48B graphically illustrates a profile of oxygen 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 concentration 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



Figure 49 conceptually illustrates novenent of slip in shallow trench
isolation 20 devices as a result of trench dislocation pinning according
to enbodi nents of the present invention. Figure 50 graphically illustrates
a cunulative failure rate versus refresh {yme for a wafer which does not
have an M shaped oxygen precipitate concentration profile and for wafers
whi ch have anirvestapee sioowtg eThipieenttin B4 h@%@@mer@ﬁ&mednﬁ@ridnkyehﬂ&em
according to enbodi nents of the present invention, gure 51 |s

cross- sect i onHIrmgaagsheul Cbn%é"ﬁ\?@?ﬁtﬁuéﬁ as hm&s@ & thp éWhﬁ@Wﬁﬁéé‘l forg he@i}f’st em
Figure 52 is g43¢haMRhfholingWtLire frdi® r Sbgﬁ% %% Qfgélt)ﬁ{r? A% B8 HoRhioh And

enbodi ments of the present invent ustrates detalls of
nodi fi ed part som;ﬁleﬂehmd@ﬁllmlllj/ eonvel tlEl gupeoSfe inveetian toelbsPakitled muhelartof

Preferred Enb nts The present jnvention now wll be d

Furl s herat moRt bl Sihinge. FeRuERRRuok By anEReBnS 2 AEEt a RGlany L ch
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clarity. Like nunbers refer to |ike el enents throughout. It will be

under st ood t helemeietergrire 8o BisHening elimasts prasgyie Moreeysr.iaclh pmbodigerat e i s
referred to B%eﬂ%nd?lﬂfstr%ffthgl% n infl uﬁ@ﬁ corﬁp&lerﬁ%ﬁ?&%fﬂ&&%‘%ﬁ g’y @n the other
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el enent is reérmhsddﬁdertt(asmllbel ng "d| rectly on" another 10 el errent t here
are no intervening.el errenﬁs pre ent. Moreover, each enbodi nent g %I’I bed
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and bottom surfaces of the wafer, and the oxygen precipitate concentration forms
double peaks at the boundaries 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



and bottom surfaces of the wafer, and the oxygen precipitate concentration
forms doubl e peaks at the boundaries between each DZ and a bul k region.

Al so, in the bulk 20 region between the doubl e peaks, a |arge anount of
oxygen precipitates are present, which agg enough to produce a gettering
effect on netal contam nants. More particularly, with a conventional oxygen
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a standby peri 8%})’(%}1 e%&ﬁlve%é hﬁg?sﬁfla?élafeﬁ“fl{}nlereéﬁeg%eﬁm%@e is rapidly
increased, for examht frocédsing tédp&atdfe RARBUIGT ERGSHE nlctelRilhRiRBfea VRV  Of
about 1250C (IDpéTAThen t he ten(ger ature is maintained at 1250C for a

4

pr edet er mhedi dacasfingjtorambe@iments piphearesgpbinyentons de dings of pmpient and t he
tenmperature | Eas:e%qlo%rf‘tefs% Bfent ?as?%%&{ ngtgc&ea?ﬁbq &%%1?%) Iraﬂ’léeur{?{ @about

33C/sec up to era reo erio y, the
waf er i s unl oadedlidg t@mpbﬁamré, alﬁiﬂéhliﬁqgﬁm&d(d{)ramﬁ%oﬁrﬁbad i(nendosling rdtd)ellRTA
process illustrated En Fi gure 5, distribution of t

preci pi t at e ni&Y &gt Weé%ﬁ'faé?@g éé’ﬁofﬁ@ LIPS [q gurehgs ngb%é‘g/sg?g@%@%l
Originated Preg mqge l(e@sasa)ta l‘é’ggtqﬂo&rlqsg*tgﬁfﬁktleﬁ%o\ﬁ@%e&}HdE.aP& of the
waf er, can be di ssol as wl descri ter wmth reference to
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illustrative. RT, rd| n odi nent.s resent
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at 1250C Joor iavention. In some embodlments, nitrogen (N,) gas is used as the gas which has the

vacancy injection effect, and argon (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 Figure 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 5 in the inert gas atmosphere,



|l east 5 to 10 seconds. Also, the wafer is cooled rapidly at a rate of at

| east 30C/sec. A gas mxture 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$5used as a gas for the RTA
according to enbodi nents of the pr esent 20 invention. In sone enbodi nents,
ni t rogen (N2) thgasuilbriugecbnasnttatien gﬁsamtehwﬂm dxlisg as paoadetscts injteewiion

effect, and ar Ar / or d H2) . gas ed .as he WhICh
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after the RTAretgllctrus&I@\m\@u thmrrtawgmtré of vaaneias isiagtiveongaar the snfacemd thgwa

at nosphere tive res 6 t epresents
the vacancy péf TRC B H ot bt ieonehrbs Fbedpt BR Wb Bl 00,
at mosphere, asghilib@irs coientfitbr| ee)pldty thQﬁ@dStheﬁHbﬁd VaGEORhparture of teRTA i al
poi nt defect concentration profil respectively, after the Ain the
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through 8, th Y, t ndi cat ed
by (a3) af t er TR BAp R T rockRBERHLE Bl LRARY Rl and
bott om sur f acelicaf, vtlthtethwafceafase ante Vtmncty gmcemtrdnbﬂ Altagl, kinceeiye arobdity hithe

waf er. hete rature e RTA i i ncr sedtothe
t enper at uf(g nigrfiagprpgent 4yt 6?’“‘& ra%}P%Oéhl’Fr‘fV s f"h’\éﬁ‘ @?Vaﬁ%cg érd 15
the equilibri fh@lﬁt@ﬁﬁﬁﬁtdbﬁ&érﬁ@tl% thﬁ@Bﬁ‘l‘R'r%ﬁon YRGS 1GXhS thadSthOeduifibidghect s in

the wafer, increases. Since the nobil vacancies is lowin the bul k
regi on of thecoméxmatlonhélowwclaﬂwyntmnoelmwad:ntmnom sertithessurereef thhavafarhe

eqU|I|br|umcon atl lntheblk t of
vacancies is %?8? ih Wén %W?%Oatastcﬂgs %ﬁfvé?ancg cg%cepﬁgt{ontrhegrn%
concentrati onS@facyaf:ﬁtl@wa@@r near the surface of the wafer reaches the

equi | i brium concentration, rapidly. On the other hand, as the tenperature

of the RTR fur nac¥henshepvsf etﬁ@ﬁ@aﬁé@hlgm@nwmwrﬁﬁermr@érvé@merw%# of the
i nt titial Kk
et ween vacardyr RGO biRwect ARG deblns AR oql yacaBREEind BENHRRRAAD )

concentrati ontheéh@ﬁbnﬁnm@@cetnheumbIAﬁetytlekoafehs rdfidlyroeled dotvnab shepr esent i n
the bulk region of the wafer is low, |ike the vacancies thereln t he

interstitial fé’é‘ﬁ@@ﬁtr? af thewoin (Qrof Figwre 5 the inserstitiaknping defeeimathich haven e
equi | i brium Qﬁ'ﬂﬁ&@ LepciEIRVRYE] né»bg%ttlpt;@&ﬁfcbﬁdeﬁ&a&&%% fe@hden near

the surface o reaches t e e Ium concentration, as does
t he vacariy compemturat Howeneathe tvheancy 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 vacancy point defects immediately reaches a new equilibrium
25  concentration at the dropped temperature.
Thus, the vacancy concentration 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 5 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
(Si3Ny), 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 Ny gas. As a result, the vacancy concentration profile in the N;



surface of the wafer. 15 Wen the wafer is held at the high tenperature for
a period of tine up to the point (b) of Figure 5, diffusion occurs such
that both vacancies and interstitials reach the equilibrium
concentrations. After the wafer is rapidlygcooled down to the tenperature
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obt ai ned by 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



conbi ning 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 m xture 15 at nospheres show first and second peaks at a
predeterm ned depth fromthe top and botttdpm surfaces of the silicon wafer.
Al so, it can be noted that the vacancy concentration fromthe top and

bot t om sur f acéeconpingyienfwithsthe inersitied stigomrsaBsy o thederuded herre, thgevacancy
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profile is less steep than the interstitia I con concentration profile

in the region frodctérdingdp othed einbodiments of fledeventibnt the vevahey paint defects of
predet er m ned depth. 30 However., the vaca silicon cancentration profile
becones. of BapdlE EiitePrieit PREEH brckPia® SRR piskRRsiias PoneShafl & Fr om
t he predet er maigidofiRieton dbevehfntfcuRUITK otHe® Gloedy, thERMSanch Poinpdefderl betdehez one
near the top and bottom surfaces of the wafers, the vacancy silicon

concent r at i onnideaiigneentersddr exygen pissipdatea farniediby dhe subpemment thermal pyogesst han
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i ncr easesb#]o ge eﬂual to and higher than _the equilibrium concentration
val ue. Thbh, HPmdhernaRchHeoncrrrakian SFotipaf hetaderdi f f er ence bet ween t he
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st eeper than follewingretasiohsliiml silicon concentration, peaks (first and
second peaks) are forned. The vacancy silicon concentration decreases
beyond the peaks toward the bul k region, so that a concave vacancy

concentration profgil@ilicsn Sbsahipd xPetWegn the first and second peaks.
Accordi ng to ot her enbodi ments of the’invention, the vacancy point defects

of 10 thd wafer generate oxygién (prygen piccipites) viSy (interstitithl phicmgssPcycl es in
subsequent
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 Figure 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.



sem conduct or device manufacture. In other words, the vacancy point defects
becone nucleation centers for oxygen precipitates fornmed by the subsequent
thermal process cycles. The higher the vacancy concentration, the higher

t he oxygen precipitate concentration. Thug, the oxygen precipitate
concentration profile can be inferred 15 fromthe vacancy concentration
profile of the waf é¥so, Therdgniwanesstisun derefieat dfdhe gasdnixkiee pseddefheprasentpi t at e
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concentration :).and the initial oxygen concentration (O) increase,
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waf er whi ch had ugg?/{\]gone the RTA process of Figure 5. The conditions for
the subsequenfafg R SYKWERE3Swer e deternined taking into account the
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manuf acture, during which precipitat'es are For conparison
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processes re.Garri out at about 800C for ut hours, .a at out
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i nvestigate thete@tda€sd thefN,tddBcastion MtbhsesUBe Pedld shifetopafBbaiffacésbfeiRy | on, a
flow rate and mxipglg ratio of the gas m xture used during the RTA process

of Figure 5 wep&readiteeivacehgyigoacentekions! the pealagaeregsesoRed s tha degths ¥ 8k | e
fter the RT ' i hor. . ey ek t<ol i
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showi ng t he vsitarEly dedreases witkgeinceaecinphd Mpéomeomesiohr at i on at t he peaks
wWith respect to a variation of the flow rate of Ar/N2 m'x{(ure as.

I
Figure 9,3a) reprelep@ep peecipiaifopcinten et Biepsr [t dis peakuran” ERUTHH xi ng
ratio of N2 a&iféer%rfgh%g)%ﬂérﬁﬁl tré&?ﬂmeﬁtea?mﬁﬁaﬁ %R@d’%‘?ﬁb&ﬂ% Hout dtid tfli\fz?ltdt%b&ft N2 and

Ar is 10 50:50, an represents en the mxing ratio o and Ar is
30: 70. It shold(°®éor abotielb hdvat inam NembbherrufenthieaR TARf Fipreasas, t he
peaks shift tgovr\rl?prlgteg.uf-lfe?e?axse I?'I’A twgg 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 oxygen 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 Figure 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
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Figure 33 and Table 1 indicate that the oxygen precipitate concentration 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,

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.
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10 800C for 4 hours and then at 1600C for 16 hours in a N2 atnosphere,

whi ch was the sanme as in the previous neasurenents. The result is shown in
Table 1. TABLE 1 Ranp-up rate (C/ sec) Oxygen precipitate concentration at
peaks (ealcnB) 10 2.0 x 10 30 2.5 x 10 260 2.1 x 10 70 2.0 x 10 90 2.0
x 10 15 Figure 33 and Table 1 indicate that the oxygen precipitate
concentration at the peaks are not inflAiicéd greatly by the ranp- up. rate
Fi gure 34 shews—the—variat{-or—pf—oxygen—prectpi %‘ L he
peaks after|the RTA g LI8e i t h respZZ’iféF%p’ifC\Pét? ea?f)f“ber? tajor g geaks
annealing time. For an accurate conparisgn, the ot her(egp&gt)esm ng
conditions of _the RTA were kept constant, |20 j.e the m xi ng ratio of |N2
and Ar gases|was set to 50:150, the _ranp-ug rate was sétOXd)O 50C/ sec, tHe
anneal i ng t eppetrattre—was to—12560—€C—and—the—+anp- LUJ gatewas sgt to
33C/ sec. A subsequent ther nil treatnment was carried oét ?VZ)Q all of the

waf ers at 80D0C for 4 hourspgand then at 1600C for 16 how m'tn a N2
at nosphere, which was the sane as in the|previous maaqurpmnntc The rdsul t
is shown in Table 2. 25 203OTABLE 2 Anneal i | ng Ti me O(?éehlqar ecipitate
Concentl‘ati op—at pcar\o bullul J. J. Gl\ .u u u U X J.):’/O i..bl@'. U R J.U J 25
x 10 60 3.0|/x 10 Figure 3§ and Tabl e 2 indicate that’tHe oxygen
precipitate concentration at the peaksS is 1niluenced by the anneal i ng
time, and the annealing should be continued for 5 at |east 5 seconds or
nore for the oxygeRigpreekd pidtEebte T mdivetet thattthoexygkn atecipsatstconogitierion at the

peaks is influenced by the annealing time, and the annealing should be continued for

5  atleast 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

10 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 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
Annealing Temperature Oxygen precipitate concentration at peaks
(ea/cm3 )
12.50 2.0x 10"
1200 50x 10°
1150 1.0x10°
1100 7.0x 10’
1000 7.0 x 10

Figure 35 and Table 3 indicate that the oxygen precipitate concentration at the

peaks is influenced by the annealing temperature, and the annealing temperature



or nore 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 tenperature. For conparison, the other
processing conditions of the RTA were keppi10 constant, i.e., the m xing
ratio of N2 and Ar gases was set to 50:50, the ranp-up rate was set to
50C/ sec, the aheddlbe hight(pias lseasatwet 1250°0 0r meoydiersthe axigen peccimiafs- down rat e

was set to 33C/ sec S uent, t hermal treat nent..was carri.ed ar, al |
of the wat er SR Bl T TR Tl el 3 b RS RS OBRS Frob e EpR e A o
at nosphere, wWmcdre %Sel%ﬁ%o&i@tm vaigh the okPeenph@ipitsSciRastitiene Thasideting resul t
is shown in Table 3. 15 TABLE 3 Anneal i ng Tenperature Oxygen precipitate
concent r at i on tharepdbpisFigys A ciigyn bemotedthat for g cenain carmgoirgion of oxpeen|1 150 1. 0
x 10 1100<7. . . 10 Fi L ngdj t hat the
oxygen predi pri i s, AR ettt s p gl B featnt Mb B

anneal i ng t enpéieadas the, anacding hieneadunee!lénpthenedpier lpiver enralinglemipbatibe fdriagh ( at
at | east about 1250C or npre) for the oxygen precipitate concentration of
at |east 109/ CFHRIBFORFSPEALAN. t he peaks. The annealing tenperature and tine
are closely associ i 2 o]l i

Considering the rgisgﬁllgﬁ Wti)%ﬁblg?sgger ga&ga?iﬁﬂ io'? B%H (}a&%%ageg&?l ﬁé{}f(t{a]ﬁ gfrl Qt;‘th% gﬁkzsai n
concent r at i onafiér thx RgénofFigure i witlt ssprct tonrevariatiembf thg rampdowanmatbeForeduced at

a hi gher neal ing.tenperature, whereas the. an ling,tine can be
[ engt hened at CATPBRER TRADST PoetBsaPaPaRLot By RIA weF kaptroudRtehtr 4 i on.
Figure 36 ShOYiﬁxihgfli_atMﬁdﬂWden@% asEYVAaRt r RSP tHeahMpaPaRiidsati @n at the
peaks after the A of Flgure with respect to a variation of the

ranp- down r at 80°Césse, thoa ng fevaneraturkevagiseige 135 PEamdithgamsaldig itomgapsett he
RTA were kept.constant, J.6.. the, mxing ratio of . set
to 0. 50, ¢ nei T ENEbaRt: A afiealRlipedi Bl Bl Anioflde Mo RERALIAR ¢
was set to 12800CCab04 hbgrs andirhian0o00POEor@shoned in a N, atmosphere, which was the

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

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

(ea/cm?)
10 8.0x 10°
30 2.0x 10"
50 22x10"
70 3.0x 10"
90 3.5x10"°

Figure 36 and Table 4 indicate that the oxygen precipitate concentration at the
20 peaks is not influenced greatly by the ramp-down rate. However, the oxygen
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

25  RTA. InFigure 10, (a) represents the oxygen precipitate concentration profile of a

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



to 10 seconds. A subsequent thermal treatnent was carried out for all of
the wafers at 800C for 4 hours and then at 1600C for 16 hours in a N2

at nosphere, which was the 15 same as in the previous neasurenents. The
result is shown in Table 4. TABLE 4 Ranp,glown rate (C/ sec) Oxygen

preci pitate concentration at peaks (ea/c ) 10 8.0 x 10 30 2.0 x 10 50
2.2 x 1010 700,Faland ADgasHim3sphere, Id) répressns thdd ofnhalealfhiricdted mea Datges drdat
t he oxygen precipitate concentration_at the 20 peaks, is not influenced

greatly by thélEanpiunskere.dtreriascusy bt oftwafs&%g?@tedpmea&fﬁ geg fignosphere,
concentration [ up rate. Figure
10 shows the 8%5%Eéﬂggsgiéﬂlgg}iqa?g?g%vg#ﬁtggebr{%clra%tdlng%T%%%%%ssﬁlgcg?al ned through

t he subsequent heaffot cc&nqﬁamsm tlef REA enldehdSidsquuontdest tamomerd iwege ¢agried out

enbodi nents of t resent ention, with respect to th j-nds of gas used
during the’ 25 KFAT e fsdwéer &Sar@%ym%ﬂawgscgﬁf g""t‘%élt}@%?gglﬁ%gﬁn tate
concentrati Onp&rf&frdédeat Ph5RC fMYaf(%ec&?chM@%Hs%&nﬂ%a@&&tﬁ%ﬂ@ﬁ&@er e, (b)
represents that of a wafer fabricated in a as and as

at nospher e, 9rf¢mmdéwem & deheribedfabavayaf #10°€ dbir4 hmlr@@hd 7 18002 fgaéﬁ howds. H2
gas at rmspherj $ é g Esentsgw é of a wafer fabricated in an Ar gas
at mosphere,  ARGTCEYS FESPLLE Y3t of a wafer fabricated in a H2 gas
at nosphere. For conparison, the RTA and the subsequent heat treatnent were

carried out 5 on all the wafers under the same processing conditions. That
is, the RIA was performed at 1250C forTf’ll@)LEéconds and the subsequent heat

and at 16000 {0 B Rour b PTREHETu o B Sihonn TPHAZS| 10 SABLE 5 Gas
used peak oxygen Oxygen Depkdispittte D4s GRipifateecipi t aduen)pr eci pidissbhutibm)
di ssolution |concentrati ogog&gﬁgtri\énrat icc?r?cegt?;tlioint) (cms) in bulk I‘Fgll on
(em) in bulk region
(em™)
Ar 8x 10’ 8x 10’ 50 Medium
H, 6x10° 6x10° 60 High
N> 3x10° .1x10° 0 None
(detection
limit)
N, + Ar 2x10" 5x 10’ 10 Medium
N, + H, 1x 10" 5x10° 15 High

Figure 11 is a diagram illustrating dissolution of the COPs near the surface of
the silicon wafer as the RTA of Figure 5 is carried out in the Ar atmosphere. In
general, the COPs which are formed during the ingot growth by the CZ technique

15 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.

20 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,



(cm3) Ar 8 x 10 8 x 10 50 Medium H2 6 x 10 6 x 10 60 High N2 3x10 .1x105
0O None (detection limt) N2 + Ar 2 x 10 5 x 10 10 Medium N2 + H2 1 x
1010 5 x 10 15 High Figure 11 is a diagramillustrating dissolution of the
COPs near the surface of the silicon wafes as the RTA of Figure 5 is
carried out in the Ar atnosphere. In general, the COPs which are forned
during the i ngotootpdpthietpxpgent doacaratiec hiihg imegot Bedvanee sepepratietnd etcthe healingl

voi d shape, and a silicon i de.layer 22 is formed,on th i nner side of a
Vol d 20a A Smitrive ndtade st B Soptstralieg e valehorpied e

at mosphere, wigheishldohRpaasestddrRybsibiht PeedertbBined kéluBilitysdfl dx§8¢h (ijieasd on
effect to the surface of the wafer, the COPs, which are present near the
surface of théywafsrfigaedl) dileweveehe iral Dakeqn donerntation Beps thet UBACHRIchani sm

of the COPg i i, i ta.in i S 4 of: at
the initial cosoiiersenll L shral ne s hfig SEHERR, 'S ARPEREELE L
oxygen concenbf atsigen tlabughde kgt off dronEs:r. SMpaivdilelihahebulRredibreothel i ng

tenperature. Thys, the initial oxygen concentration of the wafer formed
fromthe i ng&’tagqrsthﬁﬁ‘&?r%a%@%Q?EX&eBtl%ﬂlPBB%WéP thg o Rasnd inyssd & %mga ity

of oxygen (i ndicat @ﬂﬁe piéer" ) orl ﬂﬂefﬂs I & iy id%é“.’e)ﬁslb’si{l&ethj: ﬂhﬁél%lxyé’éﬁy gen
concentration near the surface o the water |'s equal to or l'ess than the
pr edet er m nedcawkottiontngat't88 suteee o theuwafe fthal i, o megiaf bawygethe stnfangghd t he

surface of . th r.., vhi | in the bulk regian of .the wafer, the
super sat u{%t egasg%gﬁen ﬁgo}gd%‘ff?ﬁwsil‘?ﬁg’%“ﬁ e%pﬁgrfﬁﬁe‘g??&u]?lﬁtyuggﬁ?f)@'greg’r mt he
silicon oxideok@yshs @dsoMedioneof M kHigoRbxidB Eay¥Pindt dddvm) MraRd i tHeGRid 26b
initial oxygen  Tconcentration near the surface of the wafer (that is, a

regi on bet weetnd fimuliancbugdy sidinon BQroddédeon thenesiderof the vaiil glbdud tothes | ess

than the predeterm ned sol ubi.lity "S.  of ox n, . 0Ox n.i [ | ved out
of the i1 colaRtbmagai ot e fhest AT peRed Sl S o RER

si nul t aneousl yrosédsi @@M resulpHRsiZdA (1 vdil20h BedréiBePdndithevyidizdbdhlidue to the
interstitial silicon injection effect of the gas which is provided during

the RTA k?roc@%’l’e?@- a result, the size of the void 20b decreases and the
void 22b finally pye 6 the COP dissolution effect, the RTA process according to embodiments

of the present invention can be extended to many kinds of wafers. As shown in Table
5, such COP dissolution effect may be enhanced using the H, gas than using the Ar
gas.

20 Figures 12 through 16 are photographs showing the oxygen precipitate
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 corresponds 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

25  corresponds to the case of using N, and Ar gases, and Figure 16 corresponds to the
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

30  the subsequent heat treatment after the RTA, and have the oxygen precipitate
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



15 di sappears. Due to the COP dissolution effect, the RTA process according
to enbodi nents of the present invention can be extended to many ki nds of
waf ers. As shown in Table 5, such COP dissolution effect may be enhanced
using the H2 gas than using the Ar gas. 3@ Figures 12 through 16 are

phot ographs show ng the oxygen precipitate distributions of the wafers

whi ch have undégfigene rdpheesty igagseot ushieal, iifddal gmed. Af taarbe roheel fRMATaEnd have
t he oxygen precipitate concentration_ profiles of Figure 10. In particular,
Figure 12 cor rse%%ésqaéeli’ﬁem@%%théfNaﬁémﬂ@hﬂ? gas, Figure 13 corresponds to

the case of using Aiafasm, Fihiih 24 FOLAGSHARISHbRiddRe 4ADE Ofastisbwg H2

gas, Figure 15 25 c responds using \2 and Ar gases, and
Fi gure 16 cor 3soadbthbse ¢f@OPscthstchavé bem ahgngd'ﬂ afvet thiPRfasdFigusd §olnt he | ef t

of each figure shows t su e of t waf e f he thereof
Shove_the Dot PaTeor HeEerrs fil 3 B Rsprighs e S RO Boatbiplf in'h

phot ographs shgwtMgsphbe, Filgﬁlteg 29A oB4 2@9&9&%&%@ cadcB VB L PAEs ?efrfdrﬂl@d wafers,
where no oxygen preC|p|ta es exist, which have undergone 30 the subsequent

heat treat nenthedit ad AhgmRaphereannd RiguesstHa andyldBrrepresssi ietcases vdwre@AN2at i on
fil f Fi |
D ho 1o gas, 4 Hardrsphdtab AL shiivh H Tl Se 6P R ARl MEs RN el

represents t hehe Nagm00phetts | Ao, HEe GidSolutidrisitBe 0Pk e¥ngEiNinsa geimm&ase of
using N2 and Ar gases, and 24 Figure 21 represents the case of using N2

and H2 gab@s. ameosphsre Hderdhe i grommized énth@rozfllfbgezané Hb@ﬁrr‘éwalﬂsbrt%d in the
N2 h
at mospher e s%ﬁ i c@ﬁ@e{eﬁf &'s%g@%‘}ﬁgge[ﬁ%ﬁﬁx% %tﬁm%ﬂﬁ Q% kRen §1E@p§§A

of as-grown s, and ave ange after t
of Figure 5. baifferparthataudwing the gizeest QAPs antle Rﬁammaesemmhelncases wher e

RTA is perfornmed jn t t here, Figures 23A and 23B represent the
cases where R‘f‘ﬂnP]QteB’e&F%’lhﬁ%%I&i Fgﬁ%‘gﬂ tgﬁglﬁ&rma‘f%e P’@ﬁ and Fi gures 24A
and 24B represent £he.gaRe8 WIRS ﬁre§éﬁ?1Mnt1&f@n%gn@élm§@il§ﬁibﬁtloﬁ§f ghown in

Table 5, the COPs are not substantially dissolved in he N2 at nosphere.
Al so, thelTi sexigsnipeciptates H@’nemsa subsequoot theinmal gragass qypbets,uwleldl@reaﬁhdb’pher e

wh the N2 d rl
caﬁr ge cgnpl eg%r? I Sflgégq%%lg‘\éfml uftof h‘é“??z%fﬁ%&%h@?@erf%?ﬁr@ﬁﬁ@‘$ B?éﬁs Ol?l t can
al so be inf engafb 3 bk silisoGhRe. ER®o&InEes dfoveiaisvdfer pr ngr@ram 9B vitigh e can

assist in conpletely dissolving the COPs during the rocess of Figure
5. the RTA process according to the present 1nvent10n 1s carried out, and preparation of

wafers which are effective in applying the RTA, now will be described.

20 Figure 25 is a flow diagram illustrating preparation of wafers according to a
embodiments of the present invention, and particularly, illustrating a general wafering
process after crystal growth (S10). An overview of the general wafering technique 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

25  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

30  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 present invention is

performed in the donor killing step (S18). RTA according to other embodiments of



Enbodi ments of the present invention can control the distribution of the 15
oxygen precipitates forned via subsequent thernmal process cycles, which are
usually performed in sem conductor device fabrication, by performng the
RTA process of Figure 5 on a silicon waf2§. Enbodi nents of overall wafer
preparation during which the RTA process according to the present
invention is &wrnpwat Buentioasan pe eqtiedoiion agkpareiasieps Hatvewer, tirnéaYéFf ective in

applying the Ege'?éraﬁg\% r{hlrglbcﬁe ge Cﬁqltgg 801’5)%%111: %%&éf (5213%111 Vlg\/\’f {f%gt gr am

illustrating preparati s accor odi nen

present i nvengemengl, &mrbr Ralitg efdratol ayprotdsk b todeiting o&yg@rwhqﬂonmfcemamgd
process after crystl grow h, (S10). An overview of the general wafering
t echni que is B lﬁ%nigﬁt ohighease Presgtt in e fpam phigak durgyg ﬁ“@?ﬁﬁlu?? ocessing for

t he VLSI i Tauber,
1986, pp. 1- 3%6Yﬁ)iltc %@gfoigeﬁgﬁ%gﬁ%%gc&%% adonﬁ%?%ééﬂoﬁﬁ:%pp ralt\‘: gd her ei n by

r ef er ence. Refneptmm s oinfel auygen ﬁlﬁplpftb]tes gmrkeatatteatmaft dunm@thp vode SR prmﬁlsmdes

the crystal growth ste 10 ro, an ingot u ul.l er,

Sl ci g st ep TSI Brelit Biapsarut Fgoncici fert. TrnE BHFRTSE op (SL4)
of rounding ¢hfe®d@O BboRIGIPCSot BEURB0 BERENSE hbR i Hh RARCRInRIce S| | CES.
Then, after a first cleaning step (S16) of cleaning the surfaces of

slices, a donor kiFigieg7sis épd(egm)? viey 802 eerrventiahabGY pullerd int which g syfdlaces

of the wa t Qr devu: are pol i.shed (S20),
and the pli) |s%rom%§1 ?%rgaegtg dga E@% 2& t&? @Zﬁ?“#&r i(ﬁ}leglufl ). Then,
t he resul t ant funedcer Scratgl mﬁigagaﬂlaﬁﬁaﬂhn efifdn@fent @itiodetandecantiung- t 0
enbodi ments of the present invention is perforned in the donor killing

step (S18). MG%E%MW?@@I@ oTht Gérfumaprigiceaerely wierpes toppa hot L dumpsiyent i on
can be carri Eﬁ}b\é)ﬁﬁt zbﬂe fur a%@ﬂ{cafq%F ﬁthgﬁeti W?é%blé ioé‘%}hcﬁ ayprfe%gcfe l eto

performthe i n the donor I'ng s In V|ewo costs.
general , donoquakiz] 4 suzgeptef W8svlich mapibe aesls of fraphity@td 4 ngatiox\sgein llz(bthabnent
i in the silicon,ingo i e present in the formof ions

cont ai ne .. Which ar
during s&ésecfﬁ?ﬁ‘?s 0%‘&%8&%%&6&%@9%2%%%. on and act as a donor of
el ectrons to inplaniegin fg'e}H&&E bt Yort PIBis cb@lteﬁbg)émﬁﬁl 9&%&% aﬂ% Sch\s qvangat

treatment during the wafering process in orter tore e possibility
of functi oni myolsg.dArieat shikhd iléhmay ptavede adelitionabkthemaal distribusion. @t heabpack 700C

for about 30 congds, or e in RTA f.ur a schematic
vi ew of ua con@gﬂf ?gﬁ‘awlt&f”%ﬁﬁtl qlbé‘? g fm {léiﬂqgﬁ%pff’rvifgt ﬁmo%]' tg?%‘?ﬁ?h (SlOI) i's
per f or med. Asdlghglmbﬂ n Figure 27, the CZ puller 100 includes a furnace, a

crystal puI | ing nmechani sm an environment controller and a conputer-
The crystal pulling mechanism includes a crystal pulling shaft 120 which may

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

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.

25 The environment control system may include a chamber enclosure 130, the
cooling jacket 132, 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.

In order to grow a monocrystalline silicon ingot, the seed crystal 124 is

30  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
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.



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 quartz, a succeptor 108 which nay be nade of graphite and a
rotation shaft 110 that 15 rotates about ap axis in a first direction 112
as shown. A cooling jacket or port 132 is cool ed by external cooling neans
such as water coolA equtrolethestges preipitailcbnoentrapoopiofite @cdibwi dmBigutevecamal

oo b e R AR s D R R BT g 11
mechani sm i nclabgR@ind t¢ihE ptAbniddnitiog. s?&ﬁﬁcah OR MRIactbraRY to ERbaliReRoAt the

axis in a second direction 122, opposite to the first direction 112, as
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126. As shown in Figure 27, the interfa 1lis ncave relative to the
nmol t en sili coapplied. A3@lescAibednbavsl ¢rebodimyge of fregréspitiaventioo nueditectedito the
profile as shown i.n.Figure 4.can be ohtained fromat l.east thr types of
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i nvention. SpeCadhicRll by peffdrhiag 6@ RAANGob&s BFPREIBMEthe fubsefi@nPh&s ent
invention can be applied to a "perfect” wafer in which no defects such as 5

interstitial depimenteafatsdiconisrde akish the gresers iztteatorsdnshe applied efsopasr f ect ™
wafer in whi i J r s.are. present in..onl . C I ch
regi on wthi nﬁ)gtheg(?gg%%églr%%&r?gegﬁ Y aéfﬁ%gr%fer%%v’teﬂtéo%%ﬂ?lgF 43 af Hé%@\qg er(,)[)gnd no

vacancy aggl oarepedsest inogly the'belk sédibn of thagafanad abesestheinthePaRt out si de the
vacancy-rich region; and a wafer which _cgontains only vacancy aggl onerates
t hrough t he waf er , [nArdgidePravartdhe defesta pf sibcongwalsremaie practigalanpsptizatigns

present invent @ duSed 3 a biyHal SAWHR plodEssaBOY FighBhflSing80 For example, it is

20 widely known that the pull rate of the seed crystal and the temperature gradients in the

hot zone structure should be controlled. The control of the pull rate (V) of the ingot
and the temperature gradients (G) of the ingot-molten silicon interface are described
in detail in "The Mechanism of Swirl Defects Formation in Silicon" by Voronkov,
Journal of Crystal Growth, Vol. 59, 1982, pp. 625-643. Also, an application of

25 Voronkov's Theory may be found in a publication by the present inventor et al.
entitled "Effect of Crystal Defects on Device Characteristics”, Proceedings of the
Second International Symposium on Advanced Science and Technology of Silicon
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

30  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 relationship

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



includes all types of wafers to which the principle of the present

i nvention can be applied. As described above, enbodi nents of the present
invention are directed to the <controlled oxygen precipitate concentration
profile as shown in Figure 4, which can be achieved by perform ng an RTA
process of Figure 5 and the subsequent heat 15 treatnent of a silicon wafer
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interstitial wemdetirperhicdhefeid by toférence! IThusla REGledMesoripeisn deteof vilibe. Al so,
in Figure 26, 5 the width from(V/QIl* to (V/GB* represents a B-band,
which is int e?@ttﬁefii al related defects (snall sized dislocations), and t he
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be appli &9 t ccaatipeatiomein-pastfapplications, in which a heat shield 214 is modified compared to
the CZ puller 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
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
25  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.
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
30  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.
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



wi t hout defects, which has a VG ratio between the B-band and P-band during
the 10 ingot growh, a sem -perfect wafer which has a V/G ratio including
the P-band, and a wafer where vacancy aggl onerates are forned through the
wafer due to the V/Gratio above the criggcal V/Gratio (VIGv*
corresponding to the critical vacancy concentration C,,*. Perfect wafers
and sem - per f elcdwmeller mpmtairédasal @nappdyseabmey bousddeo psresétite hedting nvent i on,
are descri bed fﬁn detail jn U.S. Aploli,c tiqn . ,08/ 989, 591 and

conti nuation-f mﬁgﬁst@etpﬁh?reaf‘j‘fi,"ﬂl??g.ec% |30 ARGCHANIRB £1e58/5320, 210 and
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heat pack 202awonitaésisrohohtaty/ghsts.bi ng material 216 to provide additional
thermal djstributign. The crystal, pulling nmechani sm.includes a crystal
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nonocrystalline silicon occurs at the interface 231 between the ingot 228
and t he nol t dwusingivedl31P2md an outer heat shield housing wall 330, which preferably are
vertical, and a heat shield housing top 340 and a heat shield housing bottom 320
20 which connect the inner and outer heat shield housing walls 310 and 330. Here, the
heat shield housing top 340 slopes upwards at an angle of 3 from the horizontal from
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 V from the
horizontal from the inner heat shield housing wall 310 to the outer heat shield housing
25  wall 330, forming the trapezoid shape as shown.
The ring-shaped heat shield housing 300 may be filled with 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
support member 350. The heat shield plate 360 is disposed between the heat shield
30 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



In contrast to the CZ puller of Figure 27, the CZ puller 200 of Figure 28
further 1includes a heat shield housing 234 in the heat shield 214, which
permts nore accurate control of the VVGratio. 10 Figure 29 is a
schematic view of a nodified CZ puller acgording to enbodinents of the
present invention, and Figure 30 illustrates details of nodified parts of
the CZ pul | er HegotHk gemresalpopropertipnajiie s sagare nept 80thelinikiel veshioy enreenialifgy al s
used in Figur . 0.6 to_like elements. nd |
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material (not shown), and may be formed of carbon ferrite. Al so, the heat
shi el d housi ngredefgrmiged dedset digribyieon; the potlingiaterod the ipgeiK V2sloulgbea  support
member 350. The E%g@at shield plate 360 is di sposed between the heat shield
30 housing top 5 of the heat shield housing 300 and the cooling jacket
232, around the i Agairdingittgmpodihedts oflte: resehi @uedionh @llerttbéndtbsptiel er

shown in Figures 29 and 30 can allow the cooling rate of the ingot_ to
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20 heat shield housing bottom 320, the distance d between the ingot 228 and the inner
heat shield housing wall 310, the distance f between the crucible 206 and the outer
heat shield housing wall 330, the distance e between the inner and outer heat shield
housing walls 310 and 330, the distance b between the inner heat shield housing wall
310 and the molten silicon 226, and the position of the heat shield plate 360 can be
25  varied.
In the CZ puller of Figure 29, due to the high cooling rate of the pulled ingot,
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
30 puller of Figure 28, can be provided for the growth of the ingot.
Embodiments of the invention that were described above, can produce silicon

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



can be dissolved fromthe DZ through the RTA process according to

enbodi nents of the present invention. Thus, in order to reduce the size of
voids in the ingot, which is desirable according to enbodi nents of the
present invention, the cooling rate of theyingot nmay 10 be increased. As
the cooling rate of the ingot increases, a tenperature gradient Gc at the
center of theenvigoimami\silicoovedsethaThrepeddice] adcbrdifgetodhBodandnts thet waast ant
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for exanple, 1n the range of 0.50 to 1 mn, so that the productivity
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waf ers or semi,-perfect wafers Lch e manufactured by the CZ 30 puller
of Figure 28,C18 g ?rJSPIB%@ﬁ?%@ﬁK%BW#GBT the ingot. Enbodinents of
the invention that Ef«f@b@inﬁﬁ@@f&}k&ei@lv@fﬁ@mmag%ﬂ_e BlofriAFaliSdtloh 68 thewrTar s t hat
are well suited for fabrication of high density and/or high performance
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producti on 30 nvironnent, sijic wafers that are. pr c ing to
enbodi nents t 1rgfmwdlesregonrﬁed%esa§§,iabcigau(ge[)&ozgg? a@@lc?{g\%e {?ﬁg@sb%gg%eﬁslh %ﬁ%ﬁ&?devel s of
slip in the devbkEpdakgicanbe peiehediin ad Bendsbhdre bha phemieire @empeighgns may be
caused by sel f-weight-induced stress of the wafer on its support pins

and/ or suppordnpppig (i) #¢ aragn e Hathanthan A gasmixigresd ngypgen (N2) and argon

(Ar), as was described above. By using ammonia as a vacancy injection gas rather

20  than hydrogen, the RTA process may take place at a lower temperature, such as
between about 1100°C and about 1200°C, or between about 1100°C and about 1150°C
or between about 1100°C and about 1120°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

25  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
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

30  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
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



5 STl -densification-induced stress. These slips may inpact the reliability
and/or yield of integrated circuit devices that are manufactured fromthe
waf ers. Moreover, it also has been found that silicon wafers that are

fabricated as was described above, may cadlse undesirable silicon dioxide
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of producing the wafers can be decreased. Mre parti cul arl y, according to

enbodi ment s oRudlepsion gerien qoppentetiph prodilereves d@@lwbﬁge aHowgyegehpcause
preci pi tafﬂ on;y p?e aqt%"ﬁ H} grb‘@ séc?gcgﬁx 'bfﬁedﬁggcf desér& e%rll%ofl : S@Qihc eaks,

a denuded zone sur , and
bet ween the bmbmmsﬁmnﬁamr@éyEdmedu@ﬁe&eamdlawme second peak, and a concave
region between the first and second peaks, nmay be produced as was
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zone bet ween arpen armmpamsmohiader aifledastubonafier seaontst el between about 1100°C and
20 about 1200°C or between about 1100°C and about 1150°C or between about 1100°C
and 1120°C or at about 1120°C. In some embodiments, prior to performing the RTA,
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,
25  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
to be purged. After the RTA is performed, ammonia also may be purged from the
atmosphere.
RTA processes according to embodiments of the present invention may be
30 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
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



first peak is free of slip dislocation therein. Mre particularly, a
slip-free region having a thickness of between about 5m and about 40m from
the top surface of the 5 wafer can be produced, so that devices my be
fornmed therein with increased yield, pergprmance and/or reliability.
Moreover, a plurality of Shallow Trench Isolation (STl) regions may be
formed in the edanpldeehengrefohaingeRHA tikiag hpdrogerr drelcenmdnit betemperabresabdve he

first K, havi STI slip.th i d dtot STI
et one it nabaf o, ibesPedPlonsi toal Gx KA Embes HRL arode g aliRior
avay 10 fromdigedhhier é%}gfyoé?x %ﬂ(g)‘hﬁ{se TRMYp cdt@stSdthbs BRERRDL BHeSrdseme of STl

slip. Mreover, enbodi nent's of the invention al[ow the RTAto take place at
bet ween about invE00@ thatpeafoontR T2 @0ICWentenipetanmensuab esitenipeO0Tealeds Bbout 1150C

or between.ab ,1100C and about 1120C or at about 1120C, .t enerate the
nUcl eat§ on’ cont S CBMEARTEET Bt pRgRie Hd polHen it tount BRaVEEhBGeyor
because 15 | ogrupite AREhitHS &@SmbRY be used, slip may be reduced as described

above, and silicon__dioxide sublimation may be reduced or elimnated. In
particul ar, enbodi Figye3bgraphieallyilasitatess tae/tearmneraiere RTofilp frdekA agrording
silicon wafer | rface . ' ere
conpri si ng aFJ&%E%@%&ﬁ@%@?@%& 4 &\%8%5 ﬁ%g%ﬂuﬁ?@%@@g@gﬁgg nprg%%g%%tg ween
about 1100C aiiths28edboOEigurt30Qan @iodiet Weaama ddyhaptd Peila fist aabafat thatiSOC or

bet ween about . 1100C.  and 1120C or at about 1120C. In, so e di nent s,
prior to perfJHsiragd imdeme A, buisapgdaviredussd garistressmd/ ‘Pferggﬁmﬁggﬂ’éﬁ) OxHr e,

to reduce or pLEMeRb. N/Io%&/é},ie%olgﬁﬁé?ﬁseﬁ the PR eORIRHeeiMbell HEFRIFEIY day A

sensor may be used to sense that less than a predeterm ned concentration of
oxygen i s prebenintiasted mathambodpherteof RTAgro@sdsey tay weredestiiidtaboyseinat ur e nay
be mai ntai ned at at&Pr eﬁg{:erm?ed tenperature, for exanple at about 800C

for a predet ef tHHREP VIR B Er--exanpl e ten seconds, to allow the oxygen to

be purged. After tRefeffif dow RAiERMEIpridHBRcqaRh SAIBY |RBePitgaiRTAOM t he
at mosphere. RTA processes accordi ng to enbodi nents of the present invention

may be 30 petlfatherar Buerpeersuclahs y conventionat iuastzd T4 firhacsn thedemperaiue ¢fn  RTA

chanmber bel ow_a. . tenperature that. c ubl | i on.of; siki i,Qxi de
fromthe seri%@cgfm%l F{’ foorﬁxa% ef Ougﬁﬁ(g)atﬁ) alﬁ%@hﬁ%@#ﬁ gﬁ%%ﬁ% l&ér)de(s bel ow
about 1200C OgechfdsODad@ Whis tidikd Bafon Wowdik Ffé@érﬁ‘%iﬂﬁ)@ﬂfe R12Qkambyr. be used.
Accordingly, the need to clean and/or replace the chanber can be reduced

and may be el Morspxeie duripgthisime aeriodl; begwegrp times (a) and (b), an oxygen purge may
- take place to purge oxygen that may out-diffuse from the wafer and/or is otherwise

20 present in the RTA atmosphere. The oxygen purge may take place by maintaining the
RTA temperature at the standby temperature for a predetermined time period I, such
as ten 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.

25 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
rate of about 50°C per second, during a time interval II. Simultaneous with the ramp-
up, ammonia (NH3) 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

30 (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
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



exanpl e, when perform ng RTA using hydrogen and ammoni a at tenperatures
above about 1200C, it has been found that the RTA chanber may need to be
cl eaned and/or replaced after every six nonths. In sharp contrast,

enbodi ments of the present invention thag3perform RTA at | ower
tenperatures such as tenperatures |ess than 5 1150C using amoni a and
argon, nay nedgconds ard abent Bty weprdse AstrhorTAn Eigareb¥h thefpefAGBﬂtl%)tl@Fx nont hs
or nore. Figur ' ' t | TRLL erpasat ' for
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sanme M shaped profi l rrawafer that js 10_illustrated in Fi 4, but
can al | ow redéd ‘éﬁlb%’ltﬁb&g@r &l ¥etatpr smbpdigsagsa RIA lﬁé’éfrf(’lme@ﬂta@utgﬁ)q%pnati on.
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contrasted wth enbodinents o A processes at were descri bed above in
connecti on w phocBisinga about RESEC; amdywith witteo civguti@naBR T Approcassasosuch apaiga) , a

waf er is | oaded i.nto. A 1 er . or ce,, such as a conventi onal

quartz RTA fuffal ?é)Pha[Z'_St ?fﬁ‘étfgt#}?gggﬁndgﬁ?%%f@“ﬁ’é‘i’e‘g?%,ov?‘or exanpl e, about
800C, for a standbgiinesteR@hglto Fiied3 A%t BRRYAteHANTV, SRCERRPSrat i MO R s ti e,
an argon flowis present wwthin the RTA chanber. Moreover, during this tine

period |, bet Waaretis shasply dycraasdd (lompeddowry durexpmplgeatrrapte afdrevash abeutt o

purge oxygen t-dhdfuse fromt fe nd/ Pk ~}.S rwi se 20
pr esent igﬁt hggﬁ{%&%ﬁd soﬁjﬁgpé/sefh%nJ&%éﬁ%%g%{er@?/u&%kgsfﬁ’g‘%‘:gl%by

mai nt ai ni ng t kenpebitdre tof RRBEAUBY Berddd Vh @réftabighihe TRWNPET i 6@ia imaiatained
predetermned tine period |, such as ten seconds, and/or by providing a

sensor in theUriAhGenshafdhe rammndeampeiaddd . ehame (@n Howpyen aesaeniovsmayn

ithin th h . b : .m a01 & :

Fess than | ppoatiiEd diAGE SRAERoARAbehoRT U UEN] BERTARBMIN L SDERLY

end of the oxthgetangby periodférancaanrhonib perge egferablyualesiphact hfer Bladndlerr nace i s
reased, for.ex rate of about 5QC

rapidly i e at a er second, during a
e | ot el al Diatiag fhira e HE gy e AR NP T e A< R OF Lo ovied
through the chpnveferatly, ol {hegﬁnﬁ}gg%ﬁi&?g ﬁpﬁ&%&, thDGrafed t84 be fhloAdBIGRIng flow

may occur prior to the beginni -up, prior to tinme 30 (b), at
any stage durthagTimbirnzeept tipelidt ween tines (b) and (c), or once the RTA

preratur e has b, SIS B Sl Ll o RO, LS e O
conti nui ng W RTAtefIdesLFihlel MmO bdh@UkEpRaucd e sdfld\déstraBRI Mishhead
20 oxygen precipitate concentration curve of Figure 4, while allowing slip and/or oxygen
sublimation to be reduced significantly and/or eliminated.

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

25  annealing temperature, annealing time and/or ramp-down rate may contribute to
attaining a profile according to Figure 4, as will be described below.

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

30 (interval III 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
equal flow of argon and ammonia. Figure 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



during time interval 1l between tinme points (c) and (d), for between about
five 33 seconds and about thirty seconds. As shown in Figure 37, the RTA
during time interval 1Il preferably is between about 1100C and about
1200C, or between 1100C and 1150C. In otBg¢r enbodi nents, the RTA is

mai nt ai ned between about 1100C and about 1120C. In yet other enbodi nents,
RTA i s perf or reacaye balkgagion bomeen Sietirsisradmgynngd peded bels BMI) béhewweicast ed
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second, and acreasing temperature.

20 Figure 39 graphically illustrates annealing time dependence of oxygen

precipitation according to embodiments of the present invention. As shown in Figure
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

25  throughput, annealing times of ten seconds may be preferred.

Figure 40 graphically illustrates dependence of oxygen precipitation on the
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.

30 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
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.



equal flow of argon and anmoni a. Figure 38 graphically shows Bul k

M cro-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 |owest portion insghe 34 concave bul k region
between the first and second peaks (bul k BVD). The squares that are
associated with ea(ﬂngLBa/E)z pepbicakyrihustratadpai BidDtdnd bdkpBMDods atﬁuectdmmfd@d
zone of Fi gure BMD defects are indicated bn density R‘éa% a? % ey be
translated i Al QFY8ST GHACrasion iRy heias1ye Wiy siHgom BAot AR ACHY I8 i gur e
38, it can be ARRBn AR oftthe Ireb@llf'id?@%o@afﬁe t@f) (s%ﬁﬂﬁhr%l’lﬁ@@at@s do& BMDI Ng a
depth of about 23m a peak % about 1. 106 and a buﬁ BVMD of about
1.2 x 105 in ainnmynmbﬂhe&csvarf(deashqunamwlmt@srb)@leBm densitsnpeshewn.althpugho 20C.
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t enperature t he BVMD peak concentration and B ul k concentration
i ncrease w t hBMhaeané éw=ibudk Bdfiperat ure. 20 Figure 39 graphically illustrates

anneal ing tinme dependence .of Ci atian according to epbodi nents
of the present i nvgﬁlsil’&ﬁl.anﬁ% R %gi&% ﬁg dg‘ii‘?eettl’atsg"“ln%?n ﬁtﬁloéﬂ%%%f’?rﬁﬁnsmg
tenperature OfmbaQGandi @ﬂuﬁkhafpw\e@yg& PRt caRTARBh Profile of Figele 4 he
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rati o of argopretipitaivendctrbliVrofiCBar Hhyse élﬁalﬁ&bﬁﬁirg@ﬂérﬁi ifrogdheatpr esent
invention. As shown, the DZ depth, peak BMD and bul k BMD do not .appear to

be highly defsamgeiiresthat #e groptar shaprabarig9ORG suehesatd 2806 1angw ddll pange of
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shown how slip generation and SiO; sublimation may be reduced and preferably may
20  be eliminated by using embodiments of the present invention, including the
temperature ranges that were described above.

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

25  furnace 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 stress
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

30  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
differently, it may be desirable to provide a slip-free region to a depth of about 40um

from the top surface of the wafer. Thus, slip from the bottom surface will not enter



30 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 dependency of DZ depth, peak BMD or bul k BVD on ranp-down rate
over a wide range of rates from about 10@6to about 70C per second.

Accordi ngly, 33.3C.sec . my he used, .for re ns that wll be described in
detail bel ow. ’g%ge‘ﬁf%ﬁﬁgé’nﬁ}’g‘?%ﬁﬁ it ey by %ﬁ@&teg%&%gmﬁm k BMD
as a function efioh RiSink Bbhveatio RIpoedcaNt ration in the as-grown silicon
i ngot and wafers, according to enbodinents of the present invention. The

top (solid) |ine irdigwatégrapdidliBiistratensint lpngthatithe hettdorowarfaqeddsiveddr | i ne

i ndi cat es bul MD, densi.ty. hown,,. al t hough 5 t he peak BMD appears,to be
relatively i ndSpPend&r er%t?%tfﬂréﬁF%iefrfvg{éfm%g{ésg%f#ﬂ%B’ﬁé@ﬁfr}vgflﬁl%t%atdﬁfe %H@Pgst al
growt h, thé bulnin&i a@nReiRdrss. tIa I 8Rlib Yer@ePRH@Blre @B thidk Hodtionixkgen

concentration. Accordingly, the initial oxygen concentration can be used to
control the ratae ipficatpd ibakppeleftranandhese pasitipns comespendi thopefiti@sat an

initial ox i t na.
0 parti ool as THRIREERGE Bk ks 3 oERIN 0 it R Stbre bl 2l BRRHY BP0
exanpl e, to beaamdeiof p@RBA femacs wherecapthe vilde paditibrde@sdndBege ikt fiom the

magni tude (about.ten tines) difference between the peak BMD and the bul k
BWD. To sum‘rargia%’élﬁet'F'lAéﬁ?;%QWQ t ths righfiplligwrerdids theslip fepeiinmeashisaisnbfag an

conpri si ngp ammgyp' Aer@3la@0HARd nffd M shaped oxygen precipitate concentration
profile of Figure 4 15 1%gn benobtg%k ned at tenperatures of |less than 1200C,

| ess than 1150C, b&gfwang IigGeddatl1220°C, inanditmosphtreatfargon bh@ Bifyogehat i s
conparable to_the oxy reci,pitate concentration prafilege fhat may be
obtained in afy o%ngﬁd)qﬁﬁwgé%‘w I%t?m%%ﬁéétr%ﬂ’roé@ hihe & HE’@ e %han about
1200C, such agndtbept20Cn dharg@Otvkt! 4t rBficed RAYR I 8F | R0ACNENRUEYM R Si O2
sublimati on may be reduced and preferably may 20 be elim nated by using

embodi nent s ofhap Henppargarhe nraduead using afgenland amganireatmosphsesateardinganges
that were;gesgri .ar. to desqgribing reductjon.in slj
. 1 :
gencrac of - acenrafteASRY e rbisRliokfuREr X b S BRRELIAN 1 ot ol B oo
origins of slofxthewlakerlean prodvtdeslip-fise fegiontlk thekbpWtheGvaféh RSLddpaybMueki | |
in the art, dxrl ng, RTA, a wafer may be supported in an RTA 25 furnace usi ng
three suppor tpfHdinglys a ghip-8gg activesggiomof awaier praytheairpduesdippor ti ng t he
waf er at the suppogi,Rigas -afts : sel f-wei ght [ can
i nduce stress in tlge Wafgerfgéhlﬁlly éﬂ&lt@g‘%%yp li:éz;l thc%’lﬁ;sués\%géq%g% a%%’é&{s}% gé\ﬁfaﬁo,
general |y oriapcoalirestoamboldiandmnd ofahe present invention. As shown, an acceptable slip of
20  less than 1.5mm may be produced over a wide range of gas ratios.
Figure 45 graphically illustrates slip length as a function of ramp-down rate,
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.
25 Figures 46A and 46B are X-ray topography (XRT) photographs of wafer
bottoms which illustrate slip, and which correspond to RTA in an argon and nitrogen
atmosphere at 1250°C for ten seconds and RTA in an argon and ammonia gas
atmosphere at 1120°C for ten seconds, respectively. As shown in Figure 46A,
significant slip can be seen at the first position of the wafer, corresponding to position
30 #1 of Figures 43-45 and shown at the top of F igure 46A. In contrast, in Figure 46B,
the only defect is the pin mark itself at the three-pin positions on the wafer.
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



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 forned. In order to
reduce and preferably 30 elimnate the inpact of slip on active devices, it
may be desirable to provide a slip- free Bggion in the DZ between the first
peak and the fi rs.t,qgtop) surface. Stated differently, it may be desirable
to provide a $reppifateeonceriabianperie vetbishiliviendydigh deopity efraxedhire¢iBiieUr f ace
of the wafer. | 4 - . iy he
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positions in a Wwafer indicated in the upper left corner. These positions
correspond t oatthim $dsa trewahss farfetl e thedf erofsuspmocondpitorssubstradnard e 3r nace.
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at nospher e of aagidjeen aifrifleniDuedgérermal exphigion dififgreancestbegv@mihersilicanewpfebeisc ed

at positi 1.0n . waf er .. Lch may .be unacceptabl.e, ..Ln sh ontrast,
2t Feducells offaphlifintnGrigt yehe TRY SorBfSfRe LAY S RedNa B0y be
produced usi néntRJGEsH Ak A0 BetdbaDSB hehafarRictiokstigiel 0 15 enbodi ments of
the present invention. A slip length of |ess than 1.5mm at the boftom of
the wafer can proddbeamountolsiressdn thegresph isplatine region wey bpa fugstien of thg a
depth of 40m -di. pgl i n- ' L O be

or oduced. P giraeadis bEiienth Sl Bl URALRHL PortioBplE L B2

ar gon- t o- ammoiliuatrgasstreat distribudon ar diraghtfor irdeodifem M , Dfl 9tahé DA ewhert the

i nvention,,. As show, an accept abl lip of . 20 |less than 1.5
produced bver23eqfitalio ferrgsesdiony éi‘??‘?riﬂlég .Walf?rd%wetoi%”;r‘gﬁﬂhoc‘i"élq’b agﬁeléjg}ter at es

slip length Qﬁr&sfs!{ﬁgﬁéspfﬁ@erf@@pélgpi‘é@ov(lﬁttﬁrwaigp grding to embodi ments of
the present invention. As can be seen, the ranp-down rate can inpact slip

length. In order to provide a slip |engflhblef6 | ess than about 1.5nm a

r anp- down r age—of—at—teast—ahott—30€-—per—Ssecondrshout—be—rmintatned—2H
Fi gures 46A fand e X-r;];e‘flfﬁ)ographyD(t;RT) phot og’;fgphs DF waPel
bott onms whi chitéh! ustrate } and which correspond to RTA | n an argon @and
ni trogen
Temp. (°C) 1150 1150 1000
Densification - .
Time (min) 55 55 55
D, -4.57x 10° -6.5x 10° -8.27x 10°
Max Stress @,y -2.96 x 10° -1.78 x 10 -4.22 x 10°
@, -4.92 x 10° -7.17x 10° -6.25x 10°
Drotal 7.34 x 10 9.84 x 10 1.12x 10°

Figure 47 graphically illustrates stress in the trench after gap filling film
20 densification, for the wafers of Table 6. In Figure 47, the length of the line is
proportional to the amount of stress.
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

25  phenomena may take place. In particular, an oxygen precipitate concentration profile



at nosphere at 1250C for ten seconds and RTA in an argon and anmoni a gas

at nosphere at 1120C for ten seconds, respectively. As shown in Figure 46A,
significant slip can be seen at the first position of the wafer,
corresponding to position 30 #1 of Figuregg843-45 and shown at the top of
Figure 46A. In contrast, in Figure 46B, the only defect is the pin mark
itsel f at the acheldBggP smbedinmentred therpreseat inatwion, cahquoyidé agdexice sediberagidravi ng

slip-free acti . i . produced. Anot.her aspect of skip reduction
according to éﬁ%&%ﬁ%gﬁé}%&Pﬁgp&%‘%éﬁ Canim%lﬂ?ﬁgﬁry%g éﬁnﬂt}’ B%eo’g'gglgri bed.

I n particul ar prégpipitevih diengafanblvk siaed (a0 e region. MESH R [tAE acing
concentration profile with sufficiently high densi.éﬁ/_l of oxg@gen precipitates
beneat h t he DPEMenihs oxySRRPresinitries AaDY ey amplbnltdsthegrized vhat diesal so may be

reduced and Qﬁgxfagtre%@c)é ﬁaﬁﬁgx%@g a (ﬁggrﬂn%%rﬁgqn aifl‘%hei, &1%4&201‘}5 %@% ih Quhgse having

skill in the art, I e us to Iso e devic su as transistors,
from one anot lvenscimoemeatdi dido&atioagatahe aéndhnsd thhethe disedationsa mosedoestayat e.

As is well known to those havi ng skill in tcre art, in STl, a trench is
formed in the FORCHICSEVIEe SENCEAHBNRAG IS HHEET af HIe AUSHIFCIPIAES j | | ed with an

i nsul ating materi alpjg3&g8A 88, HASORLRAoRI WeGPb el BFsct (RN RS tHa &k
Density Plasnma (HDP). The trench also may be |ined wwth a different

i nsul at or, sudh fabaated|in siipomvafiescascorbing to embhéinmeats etipainse¢iondind ehiehces

corpr easi 10 androRt bl LR LS oy B B LR dobls [he Y ace
bet ween the t beneh REMpitdie (6 YRS I & Showhl) theal¥0iB e Héd, @§I§e§tp6ndiﬁ§td thench
i solation region_ may be a function of the aspect ratio of the trench

and/ or ot her poieéssengishiiit fremef oxpeen pireiniintes, biadhigh@lensity|aforyeanes stress
di stribution | : : . n v r he 15
aspect ratio F %8 étrg{seggsc P%‘ﬂnvxt/g? E@%Lf)%&? (%(%\%ae%égﬂelﬂgxlég’t%n%s@? &In%x\/g}%o@m%g in
Tabl e 6, the psdkriasise Msshapghgsfile. Figvat @8B RZdphtvatly filustrawe st M-shapad profill 7.
Table 6 §’i ce.D2I D19 D 17. Item Tenp. (4%2 1150 1150 100Q Densification
Time (minj° 5505885 P{egjpkales iy water of Figuty 48 Apgecqadipg tg embodipgnts St fhsss ¢ Xy
-2.96 X 10 - 1pd8enk ihRntidh.22 x 10
Figure 49 conceptually illustrates potential movement of slip in STI devices as
aresult 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
20  is a process-induced stress that may produced, for example, after the densification of
the gap filling material in the trench. F4 may be a maximum at the corner of the
trench, 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:

1 1 3E,
25 Ep = '2‘.'.013 'SO/PdV‘*'EJ-GO/P -€pdv, axt = Fine

where the quantities are indicated in Figure 49, where Yo and yp indicate strains, and

where v indicates volume. Dislocation movement, as illustrated in Figure 49, may be

produced as shown by:

Gb? _Gb
2R W M

30 where Frr 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

distance between oxygen precipitates decreases, the magnitude of the line tension Fyr



(Dri -4.92 x 10 -7.17 x 10 -6.25 x 10 OQotat 7.34 x 10 9.84 x 10 1.12 x 10
Figure 47 graphically illustrates stress in the trench after gap filling
film20 densification, for the wafers of Table 6. In Figure 47, the length
of the line is proportional to the ambunggof stress. Wthout wi shing to be
bound by any theory of operation, it is theorized that slip in the STI

devi ce can be inedasendThis cargcaase dixlpgatipnpnessinpint atthe dislocatirpinniag conslitism | e
according to enbodi nents of the invention, because an OXyggn pi nni ng 25

phenomena may wigeF pkae e+ Hf) sp afat hCahl eliilibéilmeyigion PF, £ Ci=pHt-at Ehus, when L
concentration profile 38 according to embodi nents of thelpresent
i nvention, can

id devi ti - egi that. i f
o ot pi Lot oo BHENERN prod U T FYTrGRE aeert YRbipe Sy B by &Y BRPat o
inth f bul k adj t th i i Qn. .t.h i
bet woen tho. o) QBT EE PEt el € aiehuisn g e Sl PRSP S P nat
these 5 charackekissling ¥ £RnérRaREsAthR BN F| NEF] eivstheby Bavkdishidhtion” €gi on,
which in turn can cause novenent of dislocations at the trench, so that

t he di sl ocati emmizg.e noved away fromthe device active regions and are

pi nned on the oxygen precipitates. Figur 8A I.s .a cross-sectional view of
field effect trans?tsrfl%f&ag’géi tstotottfﬁetmgg’ﬁl%c é’“fpé%‘PP%g‘f%%s&@i %ﬁ’s"YeIVFrCon waf er s
accordi ng to diediisepingingimdyse idOMETREIYRomPAEngUGEEs, sLoh BavESMB@Ynamieal ed

at 800C for four hours, and a 1000C at 16 hours, to cause oxygen

preci pi tates Rgndepmecas Meraowr, (DRAMYdepices having ge SAF szuctesr thaldidndi ng t o
the top , o e 0 reci pi . . i density
of oxygen%prg%?%%t?g%%glclﬁlggﬁ%upﬁgﬁ]ien Fﬁﬂ%g‘l Elgrhgég$(g‘%r%§18f§§;elﬁ st 6%’Qldevi ce,

cor r espondi ngntmbéded fhilgdtits vessak rdfresh tife Voishapadyvico hiveean Mishaped ok§Ben

graphically illustrates an Mshaped profile 15 of oxygen precipitates in a
waf er of Fi guPEcCpgae CQBWTGP%P@%?%%B@F%HP@W@W% Ofﬁ[’}"e%ﬁ‘ﬂthnﬁ&@}'ﬁri on.
Rl

Figure 49 con j r i . elin i .
devi ces as aeﬁ\[{gggﬂ:igg?é %dg ’g%{gh@écfi&g Idgéggltg?%én@dﬁlls{ngﬁlyn , ggcolrpgdia{neébo%l gbn%ylon

enbodi ment s oprafie(uppeseine ofi igwntSDpnAs WommantFigirs A0 nfgr & givee rdfashéinisy any
theory of . operation, in.Figure 49, FA 20 is a_ process-induced stress that
my b odubed, HEsPRBRnbileP s oy srabing e b o B NREBA T | ng
material in tE@c?[’c@t’ftﬁbproﬁé 48R0l 18 IS HIREm A thd\BvERIRAGTowRlr chfiR of t  ench,
as was shown by the sinulation results of Figures 47A-47C. Also, in Figure

49, Font is theumilcanprsd (¢ vetes whichdave 4 trnstantoxgigedpsicipdtatd on and oxygen

preci pi tates, 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

20 embodiments of the invention provides dislocation pinning in the active device area.
As is 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
create 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

25  profiles of oxygen precipitation concentration according to embodiments of the
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

30 system 510 including a quartz chamber 512 and an array of RTA heat sources 514. A
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.



and may be given by: 25 E. = f GDdv + 1 f 6 s dv agnt =Rm - 2 DQAP
2 OP Dax m where the quantities are indicated in Figure 49, where yo and
yD indicate strains, and where v indicates volune. D slocation novenent,

as illustrated in Figure 49, may be produged as shown by: Gb 2 G FLT =
2R' FLT =L 30 where FLT is the line tension vector, and is a function of
a material constantltigs kteﬁ@fomﬂ@@swh%mbmmgthEh@mmm@rm aboweah@en

di sl ocati on Ceplngics . tleeT%blﬁ%e ]pyé{a‘é gn{i/%? oth Il ltlcoglﬁae %ﬁe é\ig‘? i pﬁ%¥%22 &y I;ﬁ]rg{et at es

decr eases, the nagni I'ne i'S can
cause di sl ocatﬁrm thmvﬁaieaﬁd depoditen ﬂheslhmnaﬁfbepsrmmgs pmdmenm refofred ® FA <
FLT + F; : an equilibriumcondition, FLT = Lb . Thus, when
L decreases qﬁL Sflﬁ'(‘:'i“%%bs Whep the aiPais fenesited thﬁlﬂﬁh%méﬂl"f?élstlémﬁé bound

by any theary de@xfeaé?:pcﬁé @ﬁ?c% bf th@QHﬁﬁB% bﬁ@} 1R B0 %@ﬁ'lets%oét%% é?@,& caflXygen

pr eci p| tates causes L to b5 decrease an o Incre FLT
+ F; , to thiémeb‘ye thawskiscané/boperlfommncqomfrtm wgferdt may be difficult to

b di sl ocat t t b
obser Yfei o by o me B S aSk b 1 SRR g h e eI A e
Menory (DRAM) adgaliag s feafored aNes2 tharSAHoUE | 208E, M@E tlf’ah%bé'n?t fi3bdd, gpted to

include the profile of Figure 4. Figure 50 graphically lustrates a
nunber of f ai Ibetvashebouidd8Qf€ andfabewthl 1t20?6301fairabvlafléﬁ@"&\/ﬂlttbmrhlmﬁe()an Mshaped

oxygen prgci ncentrat i file acc rdl rrbod {IEnt S of
Trvent on 101 onubthicRIRSEI Bt delhgt t i PRE R B e R P P e
oxygen preci piftratpeto sneeiths at inore inph ®TA @ys(dmpspz waHbmehOheelditgUletn 80) . As
shown in Figure 50, for a given refresh tinme, 15 the nunber of failed bits

is |ower usi néeRlpeedbeschambenSHave an M shaped oxygen precipitation profile
according to enbodp\[%?%? ﬁfa stcﬂ&ﬁétﬁvxﬂ%nfgn@d%rcfgﬁﬁe?ag %rdﬁ gyre 50)

conpared to wafers ave a cons oxygen Econcentrati on
profile (uppeembodiventiof IﬂieghreﬂnBEl)/entht ﬁlﬁLllFlg\MeSSBI 1Il§stia®esbi%tabl@uﬁdloﬁmedny
t heory of ., ppera | al the M shaped profile ac ding to

|ofn b? i riz 3 fﬁlg r
20 enbodi ment 8 ithe rR‘/‘ﬁﬁrt‘? ﬁg‘HPg i Elgéﬁe§l58@§f1|58nmiﬁrﬁfﬁr‘ﬁ§elnﬁmﬂi‘% active
device area. ydgih ?1@%@45'28K3%rtt9 l]k@@l%ﬁleﬁt@\’dn'a%nf}kfhleldlffé}eﬂéég 0 the CZ

di sl ocations in the acti ve devi ce
puller of Figures 28-30 will be descrlbed below.

As shown in Figures 52 and 53, the heat shield housing bottom includes a first

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

20 from the inner heat shield housing wall 310 towards the outer 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 ( 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



can trap electrons therein, which can reduce the refresh tinme of the device
and/or create a greater nunber of bit failures at a given refresh tine.
Thus, Figure 50 appears to provide evidence that dislocation pinning is
produced using M shaped 25 profiles of oxyden precipitation concentration
according to e iments,of th invention.. As al so descr.i bed gbove,
silicon wafer stﬂ?%%togg?% /%%%F%SBEPéan%%fc‘B?r& i &%%m%ﬁ%%ﬁ% lmpf?‘ﬁg

i nvention can quatycs saidn pigiemapby pRivigiinate Si 02 sublimation on the RTA
chanmber. Figure 51 is a cross-sectional view of a conventional RTA 30
system 510 i ncl udi 8 the Gawings aeh apasificaBan tharethave been disclosedrypicHengiesedir ces
514. A wafer i I : er. 512 .and 1S su It

supporting feé%égfgﬁmﬁﬂﬁﬂﬂ%% géﬁgﬁﬁgggﬁFvggﬁthggfn?%%?ggﬁﬁge%g?gégeoxide

| ayer 520. 540 uskd inhegenbéeand dasodptifeaiensewh@nanieddt @sipugbsEH 4f 1ahitdtenpge at ur es
above about 1200C, tgs,native oxi de and/or other silicon dioxide that is
present may evApRSriRe nyeiontsmasst frthdp thedePeowing cimshe quartz chanber

512. This phenonena is referred to as "Si2 sublimtion”. Wen the SIQ2 is
deposited on the chanber walls, it may 5 decrease the efficiency of the
chanber and/or the reliability of the process, which can decrease the

yi el ds and/or performance of the wafers. In sharp contrast, according to
enbodi ments of the invention, when RTA annealing is perfornmed at |ess than
about 1200C, at |ess than about 1150C, at between about 1100C and about
1120C or at about 1120C, little or no SiOQ2 10 sublimtion may take pl ace.
In fact, it has been found that wafers may be processed for up to six
nonths or nore in an RTA system 512 without the need to clean or replace

t he chanber 512. Figure 52 is a schematic view of a nodified CZ puller
according to enbodinments of the present invention, and Figure 53
illustrates details of nodified 15 parts of the CZ puller of Figure 52. In
Figures 52 and 53, like reference nunerals used in Figures 28-30 refer to

| i ke el ements, and only the differences fromthe CZ puller of Figures
28-30 w Il be described bel ow. As shown in Figures 52 and 53, the heat

shi el d housing bottomincludes a first portion 320a adjacent the inner
heat shield housing wall 310 that slopes downward 20 fromthe inner heat
shield housing wall 310 towards the outer heat shield housing wall 330. A
second portion 320b also is included adjacent the outer heat shield housing



wal | 330 that slopes downward fromthe outer heat shield housing wall 330
towards the inner heat shield housing wall 320, for exanple at an angle (
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
wal | 330 and the heat shield housing bot#dm 320. CZ pullers of Figures 52
and 53 may prﬂi ﬁei ?ﬂg‘ or¥m,)re of the following benefits, according to
enbodi nents o T . First, the distance d between the ingot
surface 228 and the inner heat shield housing wall 310 can be reduced to
allow 30 nore unifermh I i 1 an. i i t, ver, the
velocity of the ar g'on gggketg?(f{)@éprgﬁecgﬂﬁggtsﬂg%%%’CQE{.}%E@ n be reduced,
whi ch can i ncr easePtrEefpiiea Barid ThernrabAnnealing fREAkprocass au @ sibicon wafer ngot  228.
Finally, the nalifda ©3RufRAUAE albeitbiHlsFER ih Bn Snospiiee %Mir%]atﬁ%orpﬁlda resul t
al i

of one or nore of t eseland40r ,gcisher factors, |nproved qu y of silicon
i ngots may be?PPOMRAIYEAL a5 3 sreonfsARA abketasrg 14PRG Mdk00dn, there have been

di scl osed typical preferred enbodinments of the invention and, although
sense only and not 2ror B EbRlata 2y ynertifnd PERGlin R RERT T, ot 1 on
bei ng set f or p¢rfarmingreRapd CbevmalAohealing (RBY) proveas on 8 silican waldr hayingla top\

met hod of manyfidfet tid NBotons drkdeOth Muﬂ{)ﬁph&%r&%gﬁ%@g %oﬂ%‘hfi AntHond £8r feapPi d

Thermal Anneal i ng (RTA) process on a silicon ving a top surface
and a bot t om kst Peeondp anghathemsspAEE Coanddd 5 1Gag argon and anmoni a for at
| east 5 seconds and at between 1100C and 1200C. 2. A nethod according to
claim1l wherein the perform ng conprises, E)erfoyrri ng a Rapid Ther nmal
Anneal i ng (RTA) prdcessAsethodacrording toelpiar | whoreithe perbprming ispsgsededrty a
bot t om sur f acgurgin @ﬂygénrmcﬁﬁhféra@m(é?meics Hsifl nand aRioAR @ for at | east
5 seconds and at t%et ween 1100C an 115018? S.Q%\%%et hod according to claim1
wherein the performng is preceded by purging oxygen fromthe atnosphere
conprising argon ahd amvawiid adcording®d tlaith 2ehercil the pérforfrligg alicZiswher ei n t he
perform ng al I in hat less than a.predetern ned
concentrati on_[§r gtﬁedgis}g‘%%gﬁg%%}tZésé%ﬁ}%g%ipﬁ&%e%m%%%q on of%xygen 18 presen?

in the atmosphere.

5. A method according to claim 1 wherein the performing is preceded by
increasing heating of the atmosphere comprising argon and ammonia to between
1100°C and 1150°C at 50°C/second.

6. A method according to claim 1 wherein the performing is preceded by
increasing heating of the atmosphere comprising argon and ammonia from 800°C to
between 1100°C and 1150°C at 50°C/second.

7. A method according to claim 6 wherein the increasing is preceded by
purging oxygen from the atmosphere comprising argon and ammonia.

8. A method according to claim 7 wherein the performing also is
preceded by sensing that less than a predetermined concentration of oxygen is present
in the atmosphere comprising argon and ammonia.



5. A nethod according to claim1l wherein the performng is preceded by

i ncreasi ng heating of the atnosphere conprising argon and ammonia to
between 1100C and 1150C at 50C/ second. 6. A nethod according to claim1l
wherein the performng is preceded by increasing heating of the atnosphere
conprising argon and ammonia from 800C to_ between 1100C and 1150C at

50C/ second. 7. A nethod according to cl ai*fh 6 wherein the increasi ng is
preceded by purging oxygen fromthe atnosphere conprising argon and
amonia. 8. A nmethqQd according to claim7 wherein the perfornming also is
preceded by sensing t hat* Nebed qosading tgclaad evheraiethe pedoraning ndplinvedibyoxygen

is prglsentt [ ﬂedr#@ix%thmﬁfghﬂ_ rﬂ&t ;ﬁﬁa@}ie fol OB pRLEG Ar lcglnaam{ynd b@.f{j(ﬂ@bet&e¢nA met hod
according to 0 L£in.the Sform [ 0 y decreasing
heating of thgh(zq %ggﬁ@sé%c%%W@Fﬁ%%%ﬁ%&ﬂioa&%ﬂﬁ from between 1100C
and 1150C at between 10C/ second and 70C/ second. 10. A nethod according to
claim1 wherein theyperf 1 I decr I h i t he

at nrosphere conpri s,?%géaﬁggér@%a(f Cgrrcri&%]r#)gl\ﬁ@gé&%ﬁreem\tg%ﬁgéﬁr%g%%gélkg%fg%c to
800C at bet weB¢frepsig eringf diechimomhswsomprising arganand hothoniedtmalbefyeano cl ai m
10 wherein t he1@ECRAA 5@ S 860D A\WeebY 100 W8bMihnd &ohd Om the

at nosphere conprising argon and amoni a. 12. A net hod according to claim1
wherein the perform ng conprises performng a Rapid Thernmal Annealing
(RTA) process on alkil i Aometh@f tordaigitoglain 1@ Wheditth@Rraabidg # fonbwansur f ace

at 11200 15, PRERECRRISEL A iR Ber SR Balonind AR or g

conprises performng a Rapid Thernmal Annealing (RTA) process on a silicon

varer having o 1001 K- AuBa OGS A0SR AIPIAIGIS.

conprising argon and ammoni a secon

bet ween 11000°%HEMiNez0RaPid Fhermal i rnrslin g dludiraegss en & biticon Gafahkavisigra tope
foll owi ng is aefatoimedbordat #eRBe i ANsIpRER IcBHpALH: ht¥en AR ABhidJor at

mai nt ai ni ng heati.ng of th here conprising argon and ammnia at 800C
for 10 secong| *.’Sttﬁggco d?‘r‘%‘f‘ﬁﬁgﬁg&%ﬁanuf acturing a plurality of silicon

waf ers, conpri sing:

13, A method according to claim 1 wherein the performing comprises
performing a Rapid Thermal Annealing (RTA) process on a silicon wafer having a top
surface and a bottom surface in an atmosphere comprising argon and ammonia for
between 5 seconds and 30 seconds at between 1100°C and 1150°C.

14. A method according to claim 6 wherein the following is performed
between the increasing and the performing:

maintaining heating of the atmosphere comprising argon and ammonia at
800°C for 10 seconds.

15. A method of manufacturing a plurality of silicon wafers, comprising;

sequentially performing a Rapid Thermal Annealing (RTA) process on a
series of silicon wafers in an RTA chamber in an atmosphere comprising argon and
ammonia and below a temperature that causes sublimation of silicon dioxide from the
series of silicon wafers onto the RTA chamber.

16. A method according to claim 15 wherein the sequentially performing



sequentially performng a Rapid Thermal Annealing (RTA) process on a
series of silicon wafers in an RTA chanber in an atnosphere conpri sing
argon and anmonia and bel ow a tenperature that causes sublinmation of
silicon dioxide fromthe series of silicon wafers onto the RTA chanber.
16. A nethod according to claim215 wherein the sequentially performng 44
conprises performing the RTA for at |east#5 seconds for each wafer at

petieen, 110Gl 300yl PRIyl U L3-plEL L 11

sequential l'y perform % CcO i'ses

seconds for eddW0hemdrl280°Ghet ween 1100C and 1150C. 18. A method according
to claim15 wherein the performng an RTA process for each of the wafers

i s preceded by purﬂ%ng g)c(%g[gn fromthe atnmosphere conprising argon and
amoni a. 19. A methéd a Pherepiing taiclaim d Swriered] the sequersially GeHOYNSN RTA
process for eaohpiides pidorah©the Rl Sforiasleitt §G&hRds R ea@NPdféttht blidked €SS than a

pr edet er m ned r.akhon of oxygen is present in the atnosphere
conpri si ng arégélbl&%r% IEMi a. 20. A method according to claim 17 wherein

the perform ng an RTA process for each of the wafers is preceded by

i ncreasing heatingof t Lk Sing. ha to
bet ween 1100C and 1150CR§?&E%@§0§§?({)@&9%% liw%%hn%Q%%%Acl aim 17
wherei n the pBIOCEBAPIRICh Al thy mafess isasepsdsdoby purging oy gendranafheragnosphereeceded

by i ncreasi ngchiepidingar®bn idandhsmaphere conprising argon and anmonia from
800C to between 1100C and 1150C at 50C/ second. 22. A nethod according to

claim 21 wherein the increasing is preceded by purging oxygen fromthe
at nosphere conpri sifg aAgmsh@iutcardingno alaing 38 wheldBi tho ferfsii@iginRTAO cl ai m 22

wherein the p I 7] A .prqgcess for each aof ers also is
preceded by s g&%ﬁ?ﬁg@gﬁt@gﬁeﬁ%ﬂs%s Pry& rﬁ?f‘ﬂgﬁ%@gﬁ\é\%h?‘?%ti on of oxygen
i s present i npregeteratippdohematimngfraxygemis preyent in drctraospbere @omprsindargenh hod
accordi ng to gl@ikhddawherein the performng an RTA 45

20. A method according to claim 17 wherein the performing an RTA
process for each of the wafers is preceded by increasing heating of the atmosphere
comprising argon and ammonia to between 1100°C and 1150°C at 50°C/second.

21. A method according to claim 17 wherein the performing an RTA
process for each of the wafers is preceded by increasing heating of the atmosphere

comprising argon and ammonia from 800°C to between 1100°C and 1150°C at
50°C/second.

22. A method according to claim 21 wherein the increasing is preceded by
purging oxygen from the atmosphere comprising argon and ammonia.

23. A method according to claim 22 wherein the performing an RTA
process for each of the wafers also is preceded by sensing that less than a

predetermined concentration of oxygen is present in the atmosphere comprising argon
and ammonia.

24. A method according to claim 17 wherein the performing an RTA



predeterm ned concentration of oxygen is present in the atnosphere
conprising argon and ammonia. 24. A method according to claim17 wherein
the perform ng an RTA process for each of the wafers is foll owed by
decreasi ng heating of the atnosphere conprising argon and anmonia from
bet ween 1100C and 1150C at between 10C/ second and 70C/ second. 25. A nethod
according to claim 17 wherein the perforrﬁSng an RTA process for each of

the vafers is pfQklepiBel BhcdRGASRSH %g@ﬁﬁtﬂ{&gggﬁ %g%ﬁg%%@@[gﬁsmgg@ﬁ' sing

argon and ammnl a frombetween 110
10C/ second and"9®MeBidond. 26. A method according to claim 25 wherein the
decreasing is foll ovved by purgi ng ammoni a from the atnosphere conpri sing

argon and anmoni a. cordl | ai m 21 where
sequential |y perfof ’g‘%ﬁr%‘fﬁcg%r "@etaﬁiéj‘ﬂ’f‘ltlzl‘ﬂ reHg‘}‘?B? ﬂ'«f‘f‘ﬁkgg silicon
wafers in t hepR)f:ﬁss_cfhaeabb of fhe waters islfelieredsiyxdeoreadig heatihg bbnhb ath@phérag t he
RTA chanber OEorﬁblliéir?é)ﬁggﬁ S Hnonia from between 1100°C and 1150°C at between

10°C/second and 70°C/second.

25. A method according to claim 17 wherein the performing an RTA
process for each of the wafers is followed by decreasing heating of the atmosphere
comprising argon and ammonia from between 1100°C and 1150°C to 800°C at
between 10°C/second and 70°C/second.

26. A method according to claim 25 wherein the decreasing is followed by
purging ammonia from the atmosphere comprising argon and ammonia.

27. A method according to claim 21 wherein the sequentially performing
comprises sequentially performing RTA on silicon wafers in the RTA chamber for at
least six months, without cleaning the RTA chamber of silicon dioxide.



