;e3ezz{t} Xd} H6~T_nPP~ v PCT/USO / S(19G8 wo oa/ 0s~si s 1 APPARATUS AND gV
PROCESS FOR THE PREPARA““RO\I SI NGLE CRYSTAL SI LI CON
SUBSTANTWALI2MSEREE OF AGHKIVERNTEINNNTR NSI C PO NT DEFECTIS BISKERESND OF

THE | NVENTI ON 5 The present kdgwention relates to a process and appar at us

for the preparation of single silicon crystals having a reduced | evel of
nmetallic contam nation. Mire specifically, the present invention relates to

a process and apparatus for the preparation of lowiron inpurity 10 single
silicon crystals whehRPHRATYHCANP aPREGEPBNEARSTHR PREP?}ME'EQN growt h
chanber of a CzoOFr AOWCIRON STNCLRIQRYRTAdp FhIAQHN RURSTANEEREEY
concentration of | FREE SFQGSIOMERATEDS IINTRINSH#CT GROINT tDEFECESt i ng

. material for nost processes for the fabrication of 15 sem conduct or

el ectroni c conponents is commonly prepared with the so-called Czochral ski
process. In this process, polycrystalline silicon ("polysilicon") is

. charged int %Ai‘ﬁ?é%ﬁ &F t‘lﬂ% pﬂ\lnyﬁm.f;&@n Is nelted, a seed crystal is

i mersed in single crystal 20 silicon ingot is
grown by sl ow extTrectpmerednt almlesit boh dialhetes . tAf & eprooeaat 888 of a neck
I's conplete, the dianeter qof the crystal isce d : r | he
pul l'i ng rat EERATBHY O%@?e t%l?%%?%(?%lr%n u%; i ?il?%ggdggly%g%ﬁo???g?g%%
di amet er i s Hepaighed ddiucad i TelvéTabf 2hetnal hi dodynoé&mihettogst aMowhi ch has

an approxi mately constant dianeter is then grown by controlling the pull
rate and thé thclt‘%?h]p]eY'at ® %‘??%ntbo%‘é?%‘g%?%gr?%?t?ﬁe'gae%rngf:ﬁﬁsfrelt
level . Near d:he Sashefcider@r ovnd prosesst boh ST Dow-ihencimpuiblieyi s
enptied of nolten 30 sjlicon, the crystal dianmeter nust be reduced,
graddd |y t IR ol BHERR ofeY SH§hP cCHPEYS IR net EnatebAe FE™PBPREGShy ™

i ncreasi ng tfige Gypd@dl RbwtRt Enaifehedt SUPRLERHaLOKk1 c¥YOrk2/ 05718

pulling apparatus have a reduced concentration of iron.
Single crystal silicon which is the starting

material for most processes for the fabrication of

15 semiconductor electronic components is commonly prepared
with the so-called Czochralski process. In this process,
polycrystalline silicon ("polysilicon") is charged into a
crucible, the polysilicon is melted, a seed crystal is
immersed into the molten silicon and a single crystal

20 silicon ingot is grown by slow extraction to a desired
diameter. After formation of a neck is complete, the
diameter of the crystal is enlarged by decreasing the
pulling rate and/or the melt temperature until the
desired or target diameter is reached. The cylindrical

25 main body of the crystal which has an approximately
constant diameter is then grown by controlling the pull
rate and the melt temperature while compensating for the
decreasing melt level. Near the end of the growth
process but before the crucible is emptied of molten

30 silicon, the crystal diameter must be reduced gradually
to form an end-cone. Typically, the end-cone is formed

by increasing the crystal pull rate and heat suppliéd to

TR
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2 PCT/ USOL/ ~11918 the crucible. Wen the dianeter beconmes small enough, the
crystal is then separated fromthe nelt. . During the crystal growth
process, wir@nsiasi ncorporated in the crystals through t heP@EIVYUIPEBal | i ne 5
silicon charge, the quartz crucible, and graphite hot zone structural
conponents such as the susceptor, heaters, thermal shields, or insulation
whi ch control the heat flow around the cPucible and the cooling rate of the

growing crystal. The iron inpurities in the 10 pol ycrystﬁ |l i ne charge and
cruci bl e di fohes enuwridighoutWheie the (AR HRBHRRECTFDNSEdINE e AP ons whi ch

do not Varyt@lqo{?;?:gi&%faldé alndi regtion of £hsningotmand/ or wafer. In

contrast, neta Impurities which evaporate out of graphite structural
. conponent s di ffudmirime the ISyzfron geewtlyspeaPcesdm thelpéfi phery. As a
result, the concentration of metalli.c Jopurlti Ln_0 1hHEN 0N
particul ar, Y HFERTHR ‘?‘id“rréﬂ‘r%e Ut VRF TS ﬁ%éﬁ@%ehg%n??g?agﬁgggo the edge
.of the crystdlyiddh additdon g aquiach al cxvaciblépnandihgraphdeat hati on of
iron within an 20 ingot varies axially. Typical lﬁ’ the iron concentration
in the main Zmuy sfrecturybt comeeRreRed SXFRI 7§ FRB8NPPRESBERY end to the
tail end. The axially, a2t on. LNgLron,.i €2l Dopagh it thackagt chat the
earlier groa}]e%ﬁlﬁbntsﬂ%f%g%e&?%%g?éérgrezﬁgge% t8 the?evaporat ed iron 25
for a | ongerneet i frbwfatourdt e tmteibyeoandpbhei saslanst Katen§ét thgeavy

metals strongly jnfluence the gl ectrical cacteristi of silicon
devi ces. Th@g’f%‘ﬁ?%l CJQ’%E?ircafh%f%E% %EBF%%@,E%%% ulc‘::f?l?on of energy levels
30 negf the genyEFy8falhenbanHgageohndi tiraenblEhdié fheecithnmaghact: as

reconbi nati on centers thus decreasing the mnority car Fé’isieiﬂ reconbi nati on
lifetine, a Haecreht PAfaREPEHCRNLEADSEPBARGNYIRAEPRENYELICH &0 Ftal WO

U USTS18 3 TSl 5B botROS,CRALACKEELALES BUC RIS hekadmapu ent

swi tching beh storage tinme in netal oxide sém conductor (MOS)
menori es. Likgpese, Checbakeast,t hethbiecnmidpatre térer ginilcdy giveporate
generation center may affect, and thui ﬁ 5 distort, ..t i deal

current - vol tage ehaPEBPBAESt FEEUGEUTRE FORPPHRELSoNI IS IH°EQ Rt iti es
frequeptly c .var| pesoRf that biese pthekect s asueh rassumet aldiec

pr eci ]ggt at esfgyéﬁé}égi %gyégégtg 8r di sl %qat Pgln_fg?fhat_ formin _the active
regi on on theosusharetdbnsilfi metald isubypuatiss esTHes gangtath s i tHen

surface have, a fatal iofluence on device .performn i n
particul ar, P PQrRﬁSWEthatmichﬁlsgﬁd rr?’glly%& nl?mrﬁacr“% lﬁiyn%gn&(;#} ?Ct@é carrier

lifetinmes incghtirganawakers, taedetoppet adk rirgkalalcan Ireatidic oxy gen
i nduced stacking faults in 15 the resulti nﬂ crystal._In order, to reduce the

risk of crysealradénilaverasitden e SMEATERTE Shich ThF BE-Fityd88ed by
graph%be parts |ocated ar %9{1%1tlﬁﬁ OrQMd NG 18Iy Stdle i ton ScemB®rd ion
e cor‘rfj(glﬁ e hot z

gr aph ents within e to be coated 20 with a protective
barrier |ayein Typi ealiny bdadye qff erediriges |dp@redsesiaxbohly afpp@etRcause

2 L PR A A L e
of graphite W RRLE in part to the fact that the earlier grown
portions of the ingot are exposed to the evaporated iron
25 for a longer period of time than later grown portions of
the ingot.

Heavy metals strongly influence the electrical
characteristics of silicon devices. The initial
electrical effect is the introduction of energy levels

30 near the center of the bandgap of silicon. These levels
may act as recombination centers thus decreasing the
minority carrier recombination lifetime, a material

parameter which strongly influences electrical



25 parts on radial inmpurity distribution in CZ grown single crystal
silicon,” J. Electrochem cal Society, Vol. 145, No. 2, (Feb. 1998), pp.
621- 628. wo d2ivseriscar bi de coatings provide a barrier to i nFUs41/S8¥8gassi ng
by sealing the graphite surface, thus requiring inpurities 30 to pass

t hrough the coating by grain boundary and bul k di ffusion nechani sns.

Al t hough graphite substrates coated with3a thin layer of silicon carbide
have been used to overcone this problemto a certain extent, the

i nt roduct i orehsfragiiesistrics \Woiglp/ @S 7THazkagPCTAUSEN / / SEOESRRBE zone
configuratiqn d_ L nc sl tringe Lfigatjzan ont ent
in silicon \%ﬁ%@ﬁ&%}%\/éﬁi@i&%ﬁ' %%eﬁgﬁfgsﬁ zrggg%jépﬁ?%ges%@? Fggg{slétggt ed :
.Withsilicon @ad)i destistdd sf aGiloeyis€) osied holezofiethBcanteyuedibbas have
been i nplenmented to reduce thedensit | omer at ed _i_nt rinsi

%/, of agg g EBI nt
defects (e. EReUSHIVRL, aF| JVIPAECTRF HOPefenter BaYe2ELFGE. 2D us

- I'ntegrd tyDefeg yshal ; §X4 9 \ geherefh et akobirgichat ed
Li ght %oi nt %e%%%ﬁg aﬁ%éi %‘%égtc?‘#g P?%%%L%%?%Pg%ati oﬁel oops) by

control | i ng,p-anojunot hen . t hilegal 1 he tophihgieat Erefluehslyr eaiAg silicon

[ t duri itical _t t . , t .
nasol | {1 GATAAA CHPRTaL OF o = Lo ABEHCE Ta0HCE ARanSRauT16500).

Typically, the.£00ltfgesat schekengt Eghlied, oknddpabtathynisnehadi fgrm
structural conponents such as upper,internedi ate and | ower heat shields
above the nelnstird agetiveereaign, oy, shepaurfpge 5f98313621 As aconpari son,
for ingot tenperatures fr abo lLidificatio t 0GC, bout a
1000é0qa cl o%%%%tfeﬁOne&]g]%g?gﬁéﬁggkga{)#yeﬁmg%lgi}tg%e% (lz%g% %g ftragtagL t oabout
0.8C/ M to abewtudnO& 81 BBeLeaspartorvanteonatioperldot Zene design cool s
t he ingot at about 1.4C/ nmtoabout 1.6C/ mnIn additi qn t o usi g%d%lc%sed hot

zone desi gnsP2BREEAVHRA. t hE 18r FEOWBNTtHRLad§PEneRs: 8P Yhesig

poi ntdef ect sp; shpot e chystal $ikbeQRekndal sidfeonl hewed st odwd lcopper
tenperature between the tenperature ofsolidification and a tenperature of
about 1050C 2@dapbakeboger afadpEef OX¥BEY 4POHEEG: SHssEnD & g35C,

f or 30p; peri ody of L L)1 At nheast,cpRgut 5 hours, preferably atleast about 10
hourgj?sand ngl}lg rpre eraBJny a SI east about 15 hours for 150 nm nom nal

di ameter silicon Enyerdes, tpi yedticeesbe Bkt oF KEYES 2 lp CAMERIRNAHCT east
about 10 . 02/ LL SQ, 968 howk £ LAploe at | east

. bout 20 ho\lﬁ\‘?%ggs%fs’%g‘r‘r‘ng%Fe@?%ﬁ %aglt %Ieeg}s&ttﬁgbsr% Zb?%_urpg%l and nost
preferably apareasloabbetl a@ohodr $£hieogr2e6 namoryrstal, ditariet €omia con
crystals, an i t. |l east about 20.' hQur s, Rr about
40 hours, mgggpgﬁ%‘gﬁéﬁﬁycﬁf“ppgggtttsal%&th%é]o%ﬁlgurhg% ngnogfe?rgésc%l%eclf er a%)c}y at
| east2about whthour prbaecsiilviec bareriyst dleyeravi Mypd asdnivhaltlth amet er greater
than 200 mm 1t is, to be noted, however, that. +h |.se tine, and

t enper at ur e PBOWFEHVTOEPR@% AGot® tivs ool S |lsdteal(:%ﬁlocre‘—’la‘ifgé[esionf't plaq% a function
of the conceptlatioelef highr pusiict ypoiditerdefade tssakiilel tyurdyet hefatpoi nt
defects which nmyst be diffused in orgjerﬁtig revenJLC spltjl%glrosaturlv?ti Oand
aggl oner at | oﬁeﬁﬁﬁﬁﬁ%@urrisﬁ&,' and t'he rate _reWni *h _ gﬂ/’_en intrinsic
poi nt defectg diff-ufemkd aia & . Mikg divffesiivigactofoft herd ph it e shermodat

defects). Although closed hot zones effectively reduce aggl onerated
intriasic popartdebectradiel gmpusiingt eligtyritaitism igoC%roveii S8 bpen hot
zone design typically .has abqut. 1*103 .t it * 10" ct 0

wher eas si ngFé%‘&?é‘t 5’Illi§1clolndon g g]/\lnecitr& eaceﬂgﬁ%tf)iscedl %C%Er%g, t@éo]icg?ﬁ% has

| ess than abgut %103 <tef acts)cntpp . tdral 1w easwil semuntaxbids ruct ur al
graphite, the higher tenperatures, the closer proximty of structural
conmponent s t 6°BE NGEOWLRY i9fg St e RN t£° APHHERY o%‘b%?a%%l%r ion of the
.pulling procegs1Galy GO I upie e dllerd iy eaned aempuntind imonritféasi ng
into the grown crystal. For exanple, crystals grown in_a typical en hot
zone @8ual | y teapésan drausie Ghe m@ndish ! atI ot o PAMRRTY | g“‘gzaik?‘t‘ﬁger

Arillion atog,;G t3) ahd,an sdoge 30 iron concentration of about 1.0 to
about 1.5 ppta, ereas crystals grown in a typical closed hot zone usually
have an average i Adrlcorgtergraphidre ofuladiorates tepated with a thin

layer of silicon carbide have been used to overcome this

problem to a certain extent, the introduction of “closed”



WO 02/057s18 PCT/ US(11/~09(8 6 about 10 ppta and an edge iron concentration
as high as 100 ppta. . U S. Patent Nunmber 5,919,302, along with

PCT/ US98{\/@y/3@5751PCT/ US/ 07365, and PCT/ US99/ 14285 provi de PCBUSUIONSEr
details for growing single crystal silicon which is substantially free of
aggl onerated defects. Al matter disclosed in the foregoing patent and
applications is hereby incorporated heretn for all purposes. Therefore, a
need exists in the sem conductor 10 industry for a nethod which wll

further redice tdend evwlifiguratiang ErbrtRelerRFtRI Bt 2FFHEIERe silicon

S nctural COMSONGHTA TR HE Tt SRRy Thes bryevar Vet T e ri cop:

structural ot zone e crystal pulling apparatus.
15 BRI EF SUMMRE Y Titte |SMENTHIN Sienstiial d ysubdierpresendatadenithn is
directed to a crystal pulling apparatus for produc'ng?a silicon single

[

gr ystal gr o Fame ezl ainiadt pHRrery Mor et QPR tafPY® the appar at us
. conprises a ; . par
e " AP R s, S oS vponeaiod ppered 11

the grow _ co nent conprises a substrate and a
protective |dateritopvef i agyldeesarédcntofindiec spbsnt adefeqns i(e.gxpoBed to

t he atnosphere of the growth chanmber_ The substrate.co i raphite and

has a 25 cor@?eﬁﬁcitacid oﬁ"f‘b“l’\,\%?%e nt%?%%?%?’t Ahe a %ﬁ?glfgﬁie%%;tgtons/cm and

the protectiperday®l COpPEaSesrslihgoad crabt tlelanfebasta, comgsnaiation of

iron no greater than about 1 eaﬁrgsent i nvention
f

_ ] L . 0 H%Zaums/.%?. TQ
is further RPEEIRRLRS Bl FOL pPotRSsPE Foldntndl HERGEEha e ¥Phation of a
silicon siNHEsrdyst 8bn M odps) OBy dbbhfgol hengl oatbngf othersthiags,cryst al

The process conprises pulling the silicon . , .
the cooling rate of the growing silicon ingot during

critical temperature ranges (e.g., between about the
solidification temperature, i.e., about 1300°C, and about
1050°C) . 'Typically, the cooling rate is controlled, in
15 part, by including structural components such as upper,
intermediate and lower heat shields above the melt
surface. See, e.g., U.S. Pat. No. 5,942,302. As a
comparison, for ingot temperatures from about
golidification, about 1300°C, to about a 1000°C, a closed
20 hot zone design typically limits the cooling rate to
about 0.8°C/mm to about 1.0°C/mm whereas a conventional
open hot zone design cools the ingot at about 1.4°C/mm to
about 1.6°C/mm.
In addition to using closed hot zone designs to
25 avoid the formation of agglomerated intrinsic point
defects, single crystal silicon ingots are allowed to
dwell at a temperature between the temperature of
solidification and a temperature of about 1050°C to about
900°C, and preferably of about 1025°C to about 925°C, for
30 a period of (i) at least about 5 hours, preferably at
least about 10 hours, and more preferably at least about
15 hours for 150 mm nominal diameter silicon crystals,

(ii) at least about 5 hours, preferably at least about 10



WO 02/ 0S7s18 7 PCT/ USOLhO9(r8 single crystal froma pool of nolten silicon
within a growth chanber of a crystal pulling apparatus constructed with a
struct urwip eesFasent conprising a substrate and a prot ectRGEUSHEMI68Ccover i ng
the surface of the substrate ' 5 that is exposed to the atnosphere of the
growt h chanber. The substrate conpri sesngr aphite and has a concentration of
iron no greater than about 1.5*101z atomd/cnB. The protective |ayer

conprises silicon carbide and has a concentration of iron no greater than
about 1.0*1bbmrs0 momesmuefereiiar adbjleasy aRPUteat Urlkdues, 1 Hel bt esent

invention wl|l be i art, apparent ' t Lt reinafter.
BRI EF DRSO FFoR Gt SR 1aE R s bt %%n&dﬂ@“ﬁ?ﬂ@ 1is a
di agram of @rsiflehre®]ySiatglle ity sutpWd imguappsat 260 whgnodingla di agram

of an apparatus used to diffuse iron fromgraphite d silicon carbide
coat ed gr apHile@eseplsds igarb Y& Y3on av%‘t?e{“rlb o"i“blgfe?%t dRP R i %@ the 20

.iron %oncenthro%trison_ﬂxjégélea eddtd abFbuts 4 MARAs Wh&he shows t he

concentrati ons ~of iFron m?l ur tgljﬁ erent graphite sanples when uncoated and
coat ed wit hpradedidfifler extt Isiddtc arbaar i Wendayer sandhigesd prxefeyalbphi whi ch
shows the average edge iron 25 concentratj.on as a funciiso]g of axi al

position folt HEAEE MR plR IR dET tFr e T YT oh #hot9 z8ne

const ruct ed it onjentdnal g8t wiot Widdn CROPORENT STt the sanBehabtaape with
an extra 50nliters/rri n argon purge gas, and a hot zone constructed with | ow

i npurity 30 Istwenstmir aihabiponatecise Wine 240 7semgeBa pare Usen s dgks
DETAILED DESCRI PTI ON QF THE 1 NVENTI n_acco i rese

i nveri on, it hadIHer Hi SRV eﬁt%ti%@%u}{lgﬁggg ¥5\1 F?Q%Egglﬂngﬁee%?ystal
wWithin a crysirmleitdd 16h appai et HEnSOEPso S gdaf ge ot htbechanber, od cl osed
hot zone and high purity structural conponents, the concentration of iron
i npurities ippite dgfapteryiich Meskilhei ¢iEhnee§ 1BJDEERT to preven

supersaturation and agglomeration from occurring, and the
rate at which the given intrinsic point defects diffuse

15 (i.e., the diffusivity of the intrinsic point defects).

Although closed hot zones effectively reduce
agglomerated intrinsic point defects (e.g., single
crystal silicon grown in an open hot zone design
typically has about 1*10° to about 1*10’ defects/cm’,

20 whereas single crystal silicon grown in a closed hot zone
typically has less than about 1%10° defects/cm’), the
increased amount of structural graphite, the higher
temperatures, the closer proximity of structural
components to the growing ingot and melt, and the longer

25 duration of the pulling process can contribute to the
increased amount of iron diffusing into the grown
crystal. For example, crystals grown in a typical open
hot zone usually have an average iron concentration of
about 1.0 part per trillion atomic (ppta) and an edge

30 iron concentration of about 1.0 to about 1.5 ppta,
whereas crystals grown in a typical closed hot zone

usually have an average iron concentration of about 5 to



Referring nowto Fig. 1, there is shown a crystal pulling apparatus

i ndi cated generally at 2. The 10 apparatus conprises a crystal growh
chanmber waoandsasigrystal chanber 6. Contai ned within crystET/HBOvRPeSc hanber
4 is a silica crucible 8 which contains nolten polysilicon 26 for grow ng
the silicon single crystal. A pulling wire (not shown) attached to a wire
rotation 15 device (not shown) is used t8 slowy extract the grow ng
crystal during operation. A so contained within the crgstal rowt h chanber
4 are sever albostty d&t e @b AT RAINH EPP sTPRETRET 2 he R r ﬁﬁiIgII'g s@ith as a
suscept or lﬁifor %Iding the crucible in place, a nelt 20 heater 16 for
heating the sﬁI#’on melt, and a nelt heater shield 18 for retaining heat

. near the crucibl 7. A govdiic chaniber 5§ 9ho a3 ¢ psatlohgt wzbhe desi gn may al so

t ai t t I t h I h i t hat . i
o nner 1 oINS B TIE oReh/ Tal §aeey 33 ReLhuE R hetr brEY S er sa
. sandwiched ' I b4 ' 2 and

sandwche %@@&A%gtidéyfwsg%wﬁg,sﬂﬁsxeaagygaaersa_@ab@m @hscB2 an

33, reéspective hot zOne deSign Tmy al so conprise an
i nt er nedi at e sheatbsinret thBby &nele anf uppetonesabrdsArérgtss. Adlpreviously

stated, these structur .30, components are_ typi I 0

graphite an&@ﬁﬁﬁ?cﬁlﬁ Oﬁ%gtl?l a 8ﬁﬁ%o%ﬁ% %ngﬁ |én§n§5FE§%%§?§%§
cooling of the 1d+dispni SéoebErat¥atBbrels gbeouhlllbpurecegsi.zed by one
skilled in the art that other WO 02/ 1h7518 9 PCT/ US01/ 50968 structura
conponents such dEherefepperaheacdr eB¥stapper thes §PRECORGERErt 38, or
upper, § nsul afl @iy ek 33 FBYRaLSAnREnPLERar ed ik usedizeatser daved wi th
t he present Tnvention. Fig. 1 also depicts the irgon contanmi nation in
the grow ng of mypaklyst abntagbnanbswenheriss ERen&iildGory GAYStedet ur al
conponents wthin t g h_ch e el : i Led

i nt er medi at - Hedt s ﬁ%léggg?ngnggggggé ggt%? %?gﬁ%%%%f%h he S%Ition of

i ngot 10 whi £hoOsisustaded &2mppoents wikhdn thephesemone edgdhe ron
contam nation of a sili?on in otrggggn in a closed hot zone constructed
with conventFHRaFaSt Pt aPdl BBRASNERts. Edge iron is the comon
designation for iron contam nation around the circunference of an
ingot/wafer. 15 Typically the extent of edge iron contamnation is referred
to aslBedge BRBEBESHMMARY {OF o MHEINVENILONe average iron concentration for
the annular portionnglad13),! AN RO R RaCY fdaRdngbtced endi ng
radially i nward about % il'limeters fromthe circunferential edge. 20 The
extent of edgeyieteh pohfadmonapperadiuso falf @nosiuHaT # e lakiecqnt ohingle

concentration” which is the ayerage concentr.ati ir roughout an
entire siIicSﬁYﬁEPir96PWHa$H'%%ﬁy%%9€§¥%iﬁfﬁ.p é?é%%br aﬁ%g with the
present InVGB%E@Bfi&b&Q Uttle 2ppreammeneticpdiddy ed growtlyrawtbehanber
conprise a substrate and a protective layer. The suhstrate of t pr esent

i nvengPon compdi sestauapnived, oamEaaea] WiTROS{h AR i 2ITISTE  about
99. 9% pure graphite. a ' er { casipabost 9%999% eaanr e
pure graphitggggb%%urtﬁg$¥2%ﬁ%K5$%p]ite 6%3%%Iably£%ontains | ess than about
3 ppnw t ot al afEt al pretehtdsrd Netyemuoemgn tlvopperfaee of cide#, and nore
ggﬁIgL?ngaI%§§§%2%E€?%%%% Lo Bhmw 418, Gqncent el o of of 'oe ! drowth

chamber. The substrate comprises graphite and has a

25 concentration of iron no greater than about 1.5%10%
atoms/cm’ and the protective layer comprises silicon
carbide and has a concentration of iron no greater than
about 1.0*10% atoms/cm®.

The present invention is further directed to a

30 process for controlling the contamination of a silicon

single crystal with iron during the growth of the silicon

crystal. The process comprises pulling the silicon




WO U2/ US7s18 10 PCT/ USA h(1918 graphite ranges from about 2.8*1016
atons/cnB (1.0 ppmv) to about 1.4*1015 atons/cnB (0.05 ppmw). However, the
concent reioi@sTisi ron in a substrate used in accordance WEHUSHEMMSesent
invention is no nore than about 1.5*101z ' S atons/cnB, preferably no nore
than about 1.0*1 Az atons/cnB, nore preferably no nore than about 0.5*1 Az
atons/cnB, and still nore preferably no fore than about 0.1*101z atons/cnB.
The protective | ayer covering at |east the surface 10 of the substrate

whi ch is expoged e envetal nirdihet ©@tl tafe BeLUvRH ShhhdRR CHHPERsRs silicon

carbide, preferably.the protecti r g;ﬂ}gg's Ne@ROHE 8880 to
about 99. 99‘%rsci“1%|%c§r¥lacngor€grl cf%efa %r%f%%g%ff e %nﬁ?%ﬁg‘s% a(C:e of ‘flhee

. substrate i wicover et middutdle qumi@ednty ecdibipthyieng #reflesabbiye @hd@ 8ilicon
carbide protective coatjing contains |ess than_about nv tofal netals

b 2
such as i r oR¥aFSIGHdEhUrRY Lo et arg n?%?e?‘%r%%lenﬁet]gge?lé?ﬁ f9tfess than
-about £1.5 ppmye The SGNGENErad | 9k A thdSPhéPe C&ﬂVﬁﬁéigﬁé‘i’thO&haﬁB@rSi l'icon
car bi (?e coatings 20 ranges from about 0.8 to about 0.5 ppmw. In contrast,
t he concent riite cnibdtratom comphises oyezphiee caadi hgs usedonAcreEBFd8Ace Wit h

the present invention is no_nore than abou *301 o referably
no nore thar‘Pngrﬁﬁn d?%*qﬁit%?oﬁ%"?‘% %Lfti{Lo#ggndaﬁg?\%?grﬁéefera%?y no more
25 than aboyr&dtlOig phpeB/ €dpeisés 09ilToent backn@ssanl hhe protective
coating is generally at |least about 75 mcrometers, preferably,between
about 75 andCHBRALAPLLER cPHNEFER IO FHERBFRE E@%?ef“gg}”s} absut %100

m cranet ers. 5 AGROFdng to the process of the present invention, 30 the
average iron concentration and the edge iron concentration in a single
crystal silicon iQigmr eloiRctn and| beeEgunres 9BnEBhpsPFREGBEdIBYSPEPPECi ng at
| east one cqnvent,ion z oneRt . W t o] low WO

|12/ 0~7518 1 1%%§% hﬁ%@@gﬁ%ﬁgﬁp@%ﬁ?t ?chﬁggnggﬁﬁg%%ﬁg?ﬁct ed in view of
t he foregoi gefeingttetpper heater, upper heater shield internedi ate heat
shield, the inner reflector, the outer reflector and the insulation |ayer
of the lower heat ' 5 shield, internediate heat shield, upper insulation

support, an %%Eé‘éﬂ?&tg@ éy?' fhf) %E{)@ﬁﬁLSWEWE' 62l s DR&wirken
concentrati ge) In the singlre crystal silTicon is reduced
by usimig at | eastFioge 1lousi aodiagpami 0f st suttioeal s¢ogpenemysitala 10

| ocation in Whi%h t he con‘g’gnent will reach at |east about 950C for at |east
about 80 hof'$Hot"¥ h&PBPORH®pr ocess and is within about 3 cmto about 5 cm
fromsilicon el trog.theikngotiiakahastbeanapbsented tbad the dafduage and
edge iron concentrations decrease with increasj n% nurrber%l 15 of .such
| ow-iron strieelrBroBoEHBREAES ARENEALLRBNGFERPHICHERBEFS FIHGS, l%reef erably

more than ong, agn]{hee% E‘:‘?iiéeﬂewﬁﬁgi?oﬁﬁnbrh%rr epl acedrwitle aneow iron
conponent. For ‘exanple, it has been observea that silicon ingots/wafers

havi ngo an edieonrooncenteatiatli dn bbkowarPlalseut 5 ppta and an average iron
concentration bel ngg

3 is a graph which shows the concentrations of
iron in four different graphite samples when uncoated and
coated with two different silicon carbide layers.

Fig. 4 is a graph which shows the average edge iron

25 concentration as a function of axial position for three
ingots pulled under three conditions, a hot zone
constructed with conventional structural components, the
same hot zone with an extra 50 liters/min argon purge
gas, and a hot zone constructed with low impurity

30 stxuctural components.



about 3 ppta are produced by replacing at |east the foll ow ng six
conventional conponents with low iron inpurity conponents during the ingot
growt h pwoaessisig he upper heater, the upper heater shiel BCHHISHAEr medi at e
25 heat shield, and the inner reflector, the outer reflector and the
insulation layer of the | ower heat shield. Preferably, the edge iron
concentration is bel ow about 3 ppta and & he average iron concentration is
bel ow about 2 ppta, and nor e preferabl he ede iron concentration is 30
bel ow about DET hESERE PAY & THE -' t|on |s bel ow about 0.8
ppta. Preferabl y Q.g%lntcl omlthc%mo ‘i%ts%n%“i {tdhe, Upper

i nsul ation suppor 8 e upper 1 nsul t| on shie I\/bre preferably, all
WO 02/ US7518eé3 HG.?EbUSéfr&d/ $09¢8 byt pudtluney accsrmarmm siwkyleh qmeatttelat | east
about 950C for_ at |east about 80 hours of the growh rocess and_.are
within. aboWitBipnat 6ryE6aL ?u&Hﬂlﬂﬁoﬁpﬁ’ﬁ‘é’a&W% é’@i‘f‘Pﬁ’éH$ ‘&dii ngot are
-replaged Wi ERak s ¢ AN hERUY b G 3 TOTRANGH %txfaﬁéﬂdyau ons As
used ere| n, ol Fowi ng phrases or terns shall have the given neani ngs:
"aggl oner at edmpn»hjemwl C thei mon@emmiqmaﬁ defoec tisnmpatigeie g i )n Pyhe he
reaction in_which va anci es ag% orrer L,PI’ cgguce D defects, flow
pattern def 8¢CY¥™ 5’5 ELGxi d€ ISt eéﬁte stal originated particle

defects, crystal R@Ele@rri@ﬁge@hdw ahkt FRey. nt1 d&j‘rﬁaCxtes,lsamhcmrher @tiedtameancy
rel ated defects, or (ii) by the reacti on in which self-interstitials

aggl omer at epuéllslgpﬁm@@téﬁssll@@d{qa@@d &ﬂé@rﬁdynéttvxé’r ks, T%d ot her such

sel f - |nterst|t| I cts: 0 |4| fects
shal Ilorrean a&&ﬁo%&%lg"’t e %xﬁ%{eﬁsm c < ﬁ%l @'Iect S causedgb e react| on in
whi ch si | i cefryselsfl- idhaatetd td.al cairmmfmgglvmmrm e ry'sgdl og‘mamwnhed 20 vacancy

defects" shall nean aggl onerated vacancy point d fects cause t)%/‘ t he

reaction i nSWeMERIcAy IR ISdtldicee SrtERtlie S Fitial ly
free of agg t I ROt s | rbacﬁpépceptra;glon of
aggl oner at eé)%ggr g&?%d Pghrq"?igclde}?sﬁ 92? 25 the1 det escltl on limt of these

def ect s, mhpmﬂllmgcmmt(lrgotatﬂhﬂwrﬂm&mcel‘mélm Wiesli xetateems t he

di stance neasur.ed from central axis.to a.circunferenti e of waf er
or ingot. TREVHEEsMPS r‘?\Pé’r’Ffrl‘)or}Ei AR ol BUE AT %athbatlil e&@%w%n

oFf | owi ng

exanpl es V\h'cfz@ﬁfaq Rivelny fdferddia dnir pm%&fcdﬂdah&té@twmmdt@ée not to be
regarded as |limting the scope of the invention or manner in which it may
be practicedrystal growth chamber 4 are several structural

components which surround the crucible such as a
susceptor 14 for holding the crucible in place, a melt

20 heater 16 for heating the silicon melt, and a melt heater
shield 18 for retaining heat near the crucible. A growth
chamber with a closed hot zone design may also contain
structural components such as a lower heat shield 31 that
comprises an inner reflector 32, an outer reflector 33

25 and an insulation layer 34 sandwiched between coaxially
positioned inner and outer reflectorxrs 32 and 33,
respectively. A closed hot zone design may also comprise
an intermediate heat shield 35, and an upper heater
shield 36. As previously stated, these structural

30 components are typically constructed of graphite and
control the heat flow around the crucible and the rate of
cooling of the silicon single crystal. It should be

recognized by one skilled in the art that other



WO 021U57518 13 Exanple 1 PCTII1S01/509G8 Determ ni ng an Acceptabl e
Concentration of lron Inpurity in Cosed Hot Zone Structural Conponents 5 A
hori zont w0 f2unsnaee t ube was used to expose a nonitor waf ePCT/UB0IGAR68
diffusion to four sanples: 1) a standard graphite sanple w thout any
protective coating; 2) the standard graphite coated wth silicon carbide
fromsupplier A 3) the standard graphit% coated with silicon 10 carbide

fromsupplier B; and 4} the standard graphite coated with s'iicon car bi de
from suppl i strocthrels spareneitre Llp&™ HoutP %W » 28T n si ze.

A fused silica '{%%ﬁq‘é@ss&ﬂrﬁétw}ntz%} O &t & A e enbh osnyveigrabrasyeach

t est sanple}nﬁ%hr ol'es 1 e mask al d 15 the nonitor wafer to be
-exposed to gases menefaiackd rive tuee sarpecosdancal eitiRetberbrgsentrig. 2,
each test stack consisted of a nonitor wafer 50 for neasuring the anount of
iron transf e&WERSAR di ffusion, a fused silica mask 51 on top of the

-moniter wafer, a €afnhpibheimske For each
@ &q$ﬁszg¢§%ﬁé%§§ﬁbég)ﬁﬂg)£§oﬁ-@@h a ibhei e

run, one wafer was ckground sanple and did not have a mask or
sanpl es on idrowEanh sfnghe caypizb Weget t B8t et ol reRsENBNRESRIAEFPlsIi vi ty

to the nonitor wafer at three different 2 e raiu . 0 50C and
1100C. The SHptEIRRY CHEPP At Vbs ﬁ%r?%épgggggéeéﬁﬁwggghgﬁfafhe t Wo
hour heat tregidetea@nshfeBdeaM Dht&r0eNiges heaet theeldf8bs wad

mai nt ai ned. After each heat treatnent, the wafer was sliced_in guarter

to.3
sections; eawpsediearetontdéhingbt he TRONPArFLaBedtt LBFPEaLA %’g‘ﬁﬁ e. The
mnority caryier. lifet] t } hed 13 ect | and t he
backdﬁbund\&ﬁ(ﬁhaqﬂg %?ﬁ&ﬁ?fygg géglg?[i%gérgggﬂtga @Hgé Lh-en

carrier Ime was used to determ ne the
anount of i r@smpseseatibn dheasktiltoonwahgot g¥ewA2i0Sa5 8 os4dPEPLEU SA

Bor ghol 7 doSe?RacaPRL THELIQUIHER GPIABRFF B0 b or Les ot CHPEORESEay~ pp.

, . ; ., pp.
6764-6771. The &i NopitysCRRET BbmhbhelibaBgWas iBRAgWFed by i njecting carriers
$nto contamination around the circumference of an ingot/wafer.

15 Typically the extent of edge iron contamination is
referred to as “edge iron concentration” which is the
average iron concentration for the annular portion of a
silicon wafer or main body of an ingot extending radially
inward about 5 millimeters from the circumferential edge.

20 The extent of edge iron contamination also affects the
“average iron concentration” which is the average
concentration of iron throughout an entire silicon wafer
or main body of an ingot.

In accordance with the present invention, structural

25 components utilized in a growth chamber comprise a
substrate and a protective layer. The substrate of the
present invention comprises graphite, preferably the
substrate is at least about 99.9% pure graphite, and more
preferably at least about 99.99% or more pure graphite.

30 Further, the graphite preferably contains less than about
3 ppmw total metals such as iron, molybdenum, copper and
nickel, and more preferably less than about 1.5 ppmw.

The concentration of iron in conventional hot zone



5 the silicon wafer sanple by neans of |ight and observing their decay by
nmonitoring the change in the surface photovoltage effect. The surface

phot ovol wage/oseakni que is the nost sensitive nmethod of neRGUYSHERErri er
diffusion length and is an accurate nethod for the 10 quantitative

eval uation of iron in silicon wafers. The nmethod is based on the fact that,
in silicon, iron atons react with negatiMely charged boron acceptor atoms
to formFe-B pairs. Typical Ig/, the Fe-B pairs are generated by annealing
the sanpl es cxerdicw FOQEDrEmoEbSE 15 §f FIf edLoWEEAMhe bt e, PR™Bbr ti on of
the Fe-B pairs di sassocj atfs ate At i aksd Fgipe def ect s.
Al the Fe- I§op§%roslﬁd?ls'a4s€lo(gi :%g?rgﬁggvxrgvérgf b\%i f[é‘; E&H)I'un‘iHr%{eiq%r# 'u?iﬁneg a

- 250-Watt t ungstemhalogen danroSem ®. gubstratagossdi inPacEdstanae O

MIlic, W Henly, 20 M Dexter, J. Jastyezebski and A I\/h Hgf; A BLJ ed

Physi cs Let twirtdi ths Pasent gygyentlon sha QoA S ThRARoACEHET &t Pom "of i ron
.in sildcon i 1 n (yj@,ar d:he dafprdgontcar roerolzi feti ne val ues
at thethwo S acgrgéfd;@, %%re't%rfan théfopgf}lowi ng equation: 25 FeJd = (0. 7/'A
X (1016) X (alfdm2/d,oMorel preferaind i acamong dtan ket | @561 usi on

lengths in mcrons before and- after t i iati Fer B, Pabhsst
respecti vel ﬁt%{?ﬁf%i’s quzrlélc iméjr?eo;b%gié pailfsﬂ%)ir}gcg%%i ated during
thermal actiyat+pot? at¥@:W2h0OS7518 PCT/ USUI/ SO9G8 15 Table 1 5 10 15 Iron

Evol ved froma Structural Copponent as a Functi on 9f T%m%%r at ur
Tenper at ur e800CO5HEe 1PPetgctive layer covering at leas € surtace

StructyraCo ( ( I ¢8) £absBBACEHUnGRALehbephel@1 2 35% 10131
.51* claOdI4G apr%??@g% C,glgﬂ(;g?ég%%?ﬁb?g%l%g&*%om?. 45*1014gr apﬁi%':he - Suppl ier

ASi C Coatedltﬂ@*@fﬂﬂ@hB&héﬁbeB.éémpﬁlsgsaghﬂﬁgonsggmhyﬁe,Bgr@ferably
coated9. 711012~ 9. 71*10139, 37*| A aqgr aphi te, - =Y The, results in
isted Tabl -he | REPEGEEPRalSYRE SRBEACOSF Pﬁg o %b°§%%-9“% pec

evolve roma structural

conponent 20,j5G¢ €86€59%i kR1i BeheaskbBddkenperaferablit, presenttirdie maxi mum
tenperature that can be reached by this nmethod js 1100C; during a,\%ﬁ/pi cal
cl osed hot zewefgrewph pheceuybssrptet dFaFovEHsEnaHtd Cf RFRRIFHLO{R 1250C

for apout 80,hours. Besyllispho, dghe: SM9URLE! cddlifatf-ddicrmst of
coating contains less than about 2 ppmw total metals such
as iron, molybdenum, copper and nickel, and more
preferably less than about 1.5 ppmw. The concentration
of iron in conventional hot zone silicon carbide coatings
20 ranges from about 0.8 to about 0.5 ppmw. In contrast,
the concentration of iron in the protective coating used
in accordance with the present invention is no more than
about 1.0*10%? atoms/cm?, preferably no more than about
0.5*10'% atoms/cm® of iron, and more preferably no more
25 than about 0.1*10% atoms/cm® of iron. The thickness of
the protective coating is generally at least about 75
micrometers, preferably between about 75 and about 125
micrometers, and more preferably about 100 micrometers.
According to the process of the present invention,
30 the average iron concentration and the edge iron
concentration in a single crystal silicon ingot grown in
a closed hot zone is reduced by replacing at least one

conventional hot zone component with at least one low-



25 the iron present in the sanple coupons conme out in the formof vapor at
1100C. Thus, testing a sanple at 1100C in accordance with the foregoing
procedure® @avildes an accurate neasurenment of the total ROHESH{YSI on of
iron inpurity within the sanple. 30 Using the foregoing procedures, the
concentration of iron in the graphite of four suppliers was determ ned

wi thout a silicon carbide coating and witth two different coatings. The
results of the test, depicted in Fig. 3, WO 02/ 0S7518 PCT/ USOL/ a09G8 16
clearly i ndiigare iMEtr e reonEonsHhi GORAFEUGHRE ablt | Y§Yi ALt WB®concent rati on

of ironin't raphitge from iers S so, the
results i ndi%%te%otlﬁlg:{ Fen' ib’rredgcb:esltsa? é;%%‘?e%g %ﬁﬁ%ﬁt%ygggﬁéﬁgnti ally 5

i ncrease t harmyarmddicfte normtevel e ( Sdes  Otiagahi tef Bectoat | bige Xoahdr
graphite D, coating X). On the other hand, the cgati ng mag decrease the
amount of | FEF eI PENd dee g dEln L34ET ngt Yohgr apHFtete2teoating v:

+and gaphi t &, 6atng Moa e, nesul L eLed! | ypbadi cakg1a0ibhat the

silicon carbi coating designated X has a higher iron concentration than
the Y coati ryuppbuts, dmd compersinswl Gilomreheeld) , aMope 626, to

Si 1 con gr oPaGH g b h CHrHEr™ HAVTRER o aT bead | S8eHBRe og EARY -

concentrati an qfhd rPMmdTe the graphsieiand tHersahbe@nbganbifdg eeating nust
be controlled. Exanple 2 Pulling Single Crystal Silicon in a Gowth Chanber
cont ai ni ng Redhsdedne okow mpoeR t YpP@r SkY ugt brat utahpepeRPEeThelBoficent rati on

of ir inpurity in singl.e. crystal sili i S n o] ski
crystdl Ut g A bR oS, c b JRRY Srdp el el o Bt oaBbRt
convent i onalgsiauct oif adt CDEROD eabSuaso Chopas edft ehehgkroRbhaphbewsd usi ng

| ow-iron structural conponents. Specifically, three_i n%ot s.were Ruhl ed
under three athdi® i WHh1R HePUE oheCBoRRt RREREISWPRhEEBRY EALEERR MELFuct ur al

Conmanet S, SELAAIE.AN  TO0E WAAS, a8l LhSeLn sk et o7,
| ow i ron i npddd yisdm uconcaht catponendscusedei witheigroaekiobanbebewsr e t he
UppeHE?eateniftéﬁ%ﬁ*&%&—ngéeétEQéghgéltngpoxgh %ZQQZE%% %ﬁe growth
chamber. Thus, preferably more than one conventional hot
zone component is replaced with a low-iron component.
For example, it has been observea that silicon
ingots/wafers having an edge iron concentration below
20 about 5 ppta and an average iron concentration below
about 3 ppta are produced by replacing at least the
following six conventional components with low iron
impurity components during the ingot growth process: the
upper heater, the upper heater shield, the intermediate
25 heat shield, and the inner reflector, the outer reflector
and the insulation layer of the lower heat shield.
Preferably, the edge iron concentration is below about 3
ppta and the average iron concentration is below about 2
ppta, and more preferably the edge iron concentration is
30 below about 1 ppta and the average iron concentration is
below about 0.8 ppta. Preferably, two additional
components are replaced: the upper insulation support,

and the upper insulation shield. More preferably, all



PCT/ USOL/ sU918 i nternedi ate heat shield, the inner reflector, the outer
reflector and the insulation |ayer of the | ower heat shield, the upper

i nsul atiwip @wemast, and the upper insulation shield. The RGHGNIHESI on of
iron in the ' 5 carbon substrates was about 0.5 x 1012 atons/cnB. The
concentration of iron in the silicon carbide protective |ayer was about 0.1
x 1012 atons/cnB. Fig. 4 conpares the avérage edge iron of three crystals
produced using standard and high purity hot zone 10 parts as a function of
axi al posi t stmuckiugals admgmriepntsholsl dthaeatovithgleast RPer YA Cgrown in
chanmbers constructed w.th.low i i rdd Y% ot 2808, t he
edge iron c ﬁc?eﬁt%r i‘telaﬁﬁ:. albr? uftace{o?riqt%dg%gvéeér atg%o ge II’E%E (%’:%en%grc]ét%gﬁen in
_these cryst glisnias abaoab@utcnrb% |aert tshaom tiwdm ofhe rayst den pnebiucsd usi ng
conventional hot zone parts. In view of 't‘fg}e, above, it,wll, be seen that the
several obj SECYiEE EREItAIR i P B h o Y PN Yt HEPP AR 2ht ageous

.results atta] Lt qi %dﬁ&ﬁ that all 20 matter contained in the above
. . t@ﬁ t . . . . Lo
descrltsptlon%sha ellnte preted as illustrative and not in alimting
sense. WO 02/057518 is WHAT IS CLAIMED I S: PCT/U S(11 /091r8 1. A

crystal pul Li apparatus for producing a silicon single crystal grown by
t he Czochralgéwé%, the apparatus conprising: a growh chanber; and 5

a structural conpenemedipasead, wWidifolhavigigwiradesber , tétres sthatl ur al

conponent conprising a substrate and a protective, |ayer.covering the
surface of HIR&Ssfs rHren H“a%arfjsn%%bo@%%“?%t%‘? n%%’f)ﬁ%?%l%fp?%%tgr owt h

chamber, thgyereistdatge GO 1S HE @@k t ei angly hewé ngeactd fog o enhiahi on of
iron no greater than about 1.5*I O a atons/cnB (ltig%grote iILive | ayer
T

conprlifsi ng $MA9aEEH Qe ragHOBRER Ha i P PEOTHTR e FS of L+ PBNPRAbGF Bat er

than about 130 Ao/ Spfe 2 ndder Ly Sdéfepbl| | BByapRar gk Uginsteat
forth in claam1l1 erein the concentration of iron in the substrate is no

greater thapaaticinlel deferbs atGmss eaB. onloiprted yiight ppPirhgdepparat us as
set forth i i i t4 ir i(94% hgys trate is
Nufd A VgL b dioe ¢ ORCRIL LAt AOPOL | TOR 01} By ke

no greater cn8. 4. The crystal pulling apparatus
as set forthdartciea mi wihicki selheinorcehitbrlionasdlonenata E@e substrate

s n0159r eat eprrc;[c%"cpe acll)loé'foga’é'igg 1501% Oﬁécﬂétworks, and other such

self-interstitial related defects; "agglomerated
interstitial defects" shall mean agglomerated intrinsic
point defects caused by the reaction in which silicon
self-interstitial atoms agglomerate; "agglomerated

20 vacancy defects" shall mean agglomerated vacancy point
defects caused by the reaction in which crystal lattice
vacancies agglomerate; "substantially free of
agglomerated intrinsic point defects" shall mean a
concentration of agglomerated defects which is less than

25 the detection limit of these defects, which is currently
about 103 defects/cm?®; "radius" means the distance
measured from a central axis to a circumferential edge of
a wafer or ingot.

The present invention is further illustrated by the

30 following examples which are merely for the purpose of
illustration and are not to be regarded as limiting the
scope of the invention or manner in which it may be

practiced.



5. The crystal pulling apparatus as set forth in claim1 wherein the
concentration of iron in the protective layer is no greater than about

0. 5* 10lawat mros7918CnB . WO 02/ 0S7518 19 PCT/t1S01/50968 BCT/UHH/N968st al

pul l'ing apparatus as set forth in claim1 wherein the concentration of iron
in the protective layer is no greater than about 0.1*1012 atons/cnB of
iron. 7. The crystal pulling apparatus B3 set forth in claim1l wherein the
protective layer is about 75 to about 125 umthick. 8. The crystal pulling
appar at us dsxamgpléotth in claim 1l wherein the protective |ayer is about 100

um thick. 9. The crystal pullino,aPRasabusp?s E8hebAbLALiBAC! ai m 1 wher ei
the protective_|a e%% %ﬁé 2 P c tiBn erein
e bt Ly e e e s T

e structural
conponent reaches at | east about 950C for at |east about 80 hours and is

withip about 3 cing8.-8bgHEa? ¢MrAhckheupll weenusicdglte exyrisal or 5 a
.Silicon nelt during tﬁe gromh of the silicon single crystal. 11. The

ggﬁ;gal Fu!hbngfappwgﬁfusvas ges HoffHsierclta hore ¥t Hd € ructural
nent is selecte romthe_group ¢ LSt jwal :
heater, an GppBFreheafEAPEATE| éé%gﬁem’tlgr%?r%l | E‘tq’g’ %ﬁ%‘%@%&d,ﬁaa&mélpper

2) the standard graphite coated with gilicon carbide from
supplier A; 3) the standard graphite coated with silicon

10 carbide from supplier B; and 4) the standard graphite
coated with silicon carbide from supplier C. The samples
were coupons about 50mm X 50mm X 25mm in size. A fused
silica mask was utilized to separate the monitor wafer
from each test sample. Four holes in the mask allowed

15 the monitor wafer to be exposed to gases generated from
the sample materials. Referring to Fig. 2, each test
stack consisted of a monitor wafer 50 for measuring the
amount of iron transferred via diffusion, a fused silica
mask 51 on.top of the monitor wafer, and a sample 52 on

20 top of a hole 53 in the mask. For each run, one wafer
wag used as a background sample and did not have a mask
or samples on it.

Each of the samples were tested to measure iron

diffusivity to the monitor wafer at three different

25 temperatures: 800°C, 950°C and 1100°C. The samples were
held at atmospheric pressure throughout the two hour heat
treatment, and a stream of argon gas over the wafers was
maintained.

After each heat treatment, the wafer was sliced into

30 quarter sections; each section containing the iron
diffused from each sample. The minority carrier lifetime
was determined for each wafer section and the background
wafer. The minority carrier lifetime was used to

determine the amount of iron present in the silicon wafer



5 lower heat shield inner reflector, a |ower heat shield outer reflector, a
| ower heat shield insulation layer, an upper insulation support and an
upper i neg @osongshi el d. WO U2/ 057518 20 PCT/ USOL1s09C8PUIUSIMH®IGSr yst al
pul ling apparatus as set forth in claim1l1l conprising at |east six
structural conponents selected fromthe group. ' 13. The crystal pulling
apparatus as set forth in claim1l conprli%sing at |east eight structural
conmponents sel ected fromthe group. 14. The crystal pulling apparatus as
set forth i msdng role wherfsiqe aphotdroktaiet treintdnpoReviesOnAtchYdlri ng the

growth of the crystal reach .at. |east about 950 o] a s and

are within %ndﬁrwt gga%:%%](ﬁ %?ﬁ%?e h%éc%ét%?g%lr]gg %l%l 5@829#&

. conpri se themsubdtd ateyNtGt he(pivtectpye éayere71b. Arheomensrioy

controlling the contam nation of a silicon single crystal i ,got with iron
FPn

froma strustanziler drighsieite i wag T@@%/%‘E’éqidgbﬁm}‘hbe‘ébbﬁgafsﬁgrg gritRe
Sonst Fuct | ng A h M G ST bPDfCan2, bR BURERRRANORBELTIRG

constructin al ~'grow ng “apparat us ag chanber and a
structural comgieneldcdly Sppsash i ohlngt tiee gebanpe chanbbe, suliéager uct ur al

N Ot ovo it age SPELEL e e P BrRLEE! PHS oY TEaGRY BELRI LR
is the most sensitive method of measuring carrier .
diffusion length and is an accurate method for the

10 quantitative evaluation of iron in silicon wafers. The
method is based on the fact that, in silicon, iron atoms
react with negatively charged boron acceptor atoms to
form Fe-B pairs. Typically, the Fe-B pairs are generated
by annealing the samples at about 70°C for about 30

15 minutes. When heated, a portion of the Fe-B pairs
disassociate and generate interstitial iron (Fe;) defects.
All the Fe-B pairs disassociate, however, with
illumination using a 250-Watt tungsten-halogen lamp.

See, e.g., J. Lagowski, P. Edelman, O. Millic, W. Henly,

20 M. Dexter, J. Jastrezebski and A. M. Hoff, Applied
Physics Letters, vol. 63, (1993), pp. 3043-3045. The
concentration of iron in silicon is determined by
comparing the minority carrier lifetime values at the two

states set forth in the following equation:
25 [Fel=(0.7/A)x(10*) x(1/L,%-1/Ly?) (1) .

L, and L, are minority carrier diffusion lengths in
microns before and after the dissociation of Fe-B pairs,
respectively, and A is the fraction of Fe-B pairs

dissociated during thermal activation.



10 the substrate that is exposed to the atnosphere of the growth chanber,
the substrate conprising graphite and having a concentration of iron no
great er woan/oatmst 1.5*1012 atons/cnB, the protective | ayRECT/ESHHIPSI ng
silicon carbide and having a concentration of iron no 15 greater than about
1.0*1012 atons/cnB; and pulling the silicon single crystal ingot froma
pool of nolten silicon within the growtHXhanber. WD 02/11S7~18 21

PCT/ 11 S01/ s09G&8 16. The process as set forth in claim 15 wherein the
concentration of iron in the substrate is no greater than about 1 . 0 *
1012 atoms / cnB . - 17. The process agpsgt forth in claim15 wherein the
concentration of iron in the substrate& 15 no greater than about 0.5*101z
atons/cnB. 18. The prpesssvesvedt ffomt A BhrokaumalsComposiemtt he

concentration of iron in thg subminaiion ohagmategutdan about 0.1*101z
atons/cm 19. The process as set forth in claim15 wherein the

. concentrati gprof—Tromr T ttEe OtEeCtTVE tayelr 15 no greatgr than apout
0.5*1012 at ¢ns eNPEr AL rocessB@2°Get  forth 93P & ai m|15 W Er n tlhe
concentrati ¢n of | in the pfotective layeq is no greatdr than about
0.1*1%12 at oo wafalwgn. 21, The process as set forth ijn claim15
wherei n t he|px inte | a i b dhawms7octo dbdatohdFcam tlhiakomelccThe
process as g$et—trorth—t+rm—ctarnTi5 whclciulghc protective Tgyer s apguy 100
um t hi ck. 23 Urbeatprdbcess as set floRBHL0A cl i mt1B5HAérei 1 theebi ectli ve
| ayer cover § Guagpleritd re surfacp of the substrate.

SiC coated 9.37*%10" 3.52%10% 7.45%10%
10 graphite -
Supplier A
SiC coated 1.18*10% 9.87*%10% 8.98%10%
graphite -
Supplier B
15 SiC coated 9.71%10" 9.71*%10% 9.37*10%
graphite -
Supplier C

The results in listed Table 1 indicate that the

amount of iron evolved from a structural component

20 increases with increasing temperature. At present, the
maximum temperature that can be reached by this method is
1100°C; during a typical closed hot zone growth process
structural components can reach about 1250°C for about 80
hours. Results to date, however, indicate that most of

25 the iron present in the sample coupons come out in the
form of vapor at 1100°C. Thus, testing a sample at
1100°C in accordance with the foregoing procedures
provides an accurate measurement of the total
concentration of iron impurity within the sample.

30 Using the foregoing procedures, the concentration of
iron in the graphite of four suppliers was determined
without a silicon carbide coating and with two different

coatings. The results of the test, depicted in Fig. 3,



24. The process as set forth in claim15 wherein the structural conponent
reaches at | east about 950C for at |east about 80 hours and is w thin about
3 cmto wigo2tes7sIM0 02/ O57s18 22 PCT/U SO 1 /5119(r8 5 cm RAT/USM/E68i con
single crystal or the pool of nmolten silicon during the growh of the
silicon single crystal. 25. The process_as set forth in claim24 wherein
the structural conponent is selected fréMthe group consisting essentially
of an upper heater, an upper heater shield, an internediate hgﬁx shjeld, a

| over heat S1sRrdydimgh&eteefited dhere Msneii et Site POt ¥ I Bt or, a
| over heat sfiebdaasilaldon |y o LR il Ald ofeaipagst and an

upper insul on shi process as set forth in claim25
conprising scopplriects ndatheveorey Stemltegt owiMgappdratugsswitsd diealse six

structural conponents selected fromthe grqup. 27. Th [ ocess set forth
' ol ai m 25 EPGprRSFRE S GRATUAIIGS Ho ESU o SR At el wth at
- | east gei ght iﬁtc%'é%]fs'ér alh £ YMANANtSE St tab v thse Irorph 28 Fhe process

as set forth in claim15 conprising constructing the crystal grow n

appar at us sgchttimgt Xakhd fgranhridet i alcasrigesheht s Vi cH I UPFIRRE tRNGr owt h
o he crytal Teagh o Lorol abauic S0 Lor, e B0-bout 5 g or

w t hin abou crys asiricon nelt conprise

the substraigapid tidhe pradactiyer | ayiphid® Jhecquonegsy pasas@t forth in
claim 15 wherein the silicon single crystal ingot conprises a nmin body
that has angs@pditeo® corarinatYlon IE bl tHaA1lAT LY r SR ERER silicon

PLISL%, oSSl AL 05102 Bud Lo O cbaTRoka 808!t o0 under
higher iron concentration than the Y coating. Thus, in
contrast to Gilmore et al. at p. 626, to effectively
control the amount of iron contamination in single
crystal silicon grown in a growth chamber having a closed

15 hot zone the concentration of iron in the graphite and

the silicon carbide coating must be controlled.

Example 2

Pulling Single Crystal Silicon in a
Growth Chamber containing Reduced Iron Impurity
20 Structural Components

The concentration of iron impurity in single crystal
silicon ingots grown in a Czochralski crystal puller
having a closed hot zone design constructed with
conventional structural components was compared to that

25 achieved using low-iron structural components.
Specifically, three ingots were pulled under three
conditions, a hot zone constructed with conventional
structural components, the same hot zone with an extra 50
liters/min argon purge gas, and a hot zone constructed

30 with low impurity structural components. The low iron
impurity structural components used in the growth chamber

were the upper heater, the upper heater shield, the



WO 02/ U57518 PCT/ U SOL/5U9(8 23 having a reference structural conponent
with a concentration of iron greater than about 1.4*101s atons/cnB . ' ~
30. The pioe#sssias set forth in claim26 wherein the siliBOHUSHAYPE cryst al
i ngot conprises a main body that has an edge iron concentrati on bel ow about
5 ptta. 31. The process as set forth in _¢laim26 wherein the silicon single
crystal ingot conprises a nmain body t hatthas an edge iron concentration

bel ow about 3 ptta. 32. The process as set forth n claim 27 whergin the

silicon singnseamestiate higat G 1 #atChastEn 288t ron
concent rat | 9. del Quahout dPPLas, alomgy@fe@ﬁ 85c SEbuEr hlatn cl ai m 28
wherein the siTicon single cryst I ngot conprises a main body that has an

. edge iron cepgentd,atdian @eﬁv iabmuitatli uptsupport, and the upper
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the apparatus comprising:
a growth chamber; and
5 a structural component disposed within the growth
chamber, the structural component comprising a substrate
and a protective layer covering the surface of the
substrate that is exposed to the atmosphere of the growth
chamber, the substrate comprising graphite and having a
10 concentration of iron no greater than about 1.5%10%
atoms/cm®, the protective layer comprising silicon carbide

and having a concentration of iron no greater than about

1.0%10*? atoms/cm’.

2. The crystal pulling apparatus as set forth in
claim 1 wherein the concentration of iron in the

substrate is no greater than about 1.0%*10%? atoms/cm’.

3. The crystal pulling apparatus as set forth in
claim 1 wherein the concentration of iron in the

substrate is no greater than about 0.5*10% atoms/cm®.

4. The crystal pulling apparatus as set forth in
claim 1 wherein the concentration of iron in the

substrate is no greater than about 0.1*10** atoms/cm.

5. The crystal pulling apparatus as set forth in
claim 1 wherein the concentration of iron in the
protective layer is no greater than about 0.5%10%

atoms/cm?.
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10%8& 6+++e, f 9 N
~2! 100/(§3)7&(8)&' 5a1§§$1v5£5r%3r&%§£§}€%%%&§§‘ L):lyersgs 12?3/%ut&7g)to about
125 um thick.

8. The crystal pulling apparatus as set forth in
claim 1 wherein the protective layer is about 100 um

thick.

9. The crystal pulling apparatus as set forth in
claim 1 wherein the protective layer covers the entire

surface of the substrate.

10. The crystal pulling apparatus as set forth in
claim 1 wherein the structural component reaches at least
about 950°C for at least about 80 hours and is within
about 3 cm to about 5 cm of the silicon single crystal or

5 a silicon melt during the growth of the silicon single

crystal.

11. The crystal pulling apparatus as set forth in
claim 10 wherein the structural component is selected
from the group consisting essentially of an upper heater,
an upper heater shield, an intermediate heat shield, a

5 lower heat shield inner reflector, a lower heat shield
outer reflector, a lower heat shield insulation layer, an

upper insulation support and an upper insulation shield.
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structural component in a crystal growing apparatus
during the growth of the silicon single crystal ingot,

5 the process comprising:
constructing the crystal growing apparatus with a
growth chamber and a structural component disposed within
the growth chamber, the structural component comprising a
substrate and a protective layer covering the surface of
10 the substrate that is exposed to the atmosphere of the
growth chamber, the substrate comprising graphite and
having a concentration of iron no greater than about
1.5%10%2 atoms/cm®, the protective layer comprising
silicon carbide and having a concentration of iron no
15 greater than about 1.0%*10'2 atoms/cm’; and
pulling the silicon single crystal ingot from a pool

of molten silicon within the growth chamber.
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the concentration of iron in the substrate is no greater

than about 0.1%10*? atoms/cm.

19. The process as set forth in claim 15 wherein
the concentration of iron in the protective layer is no

greater than about 0.5%10% atoms/cm’.

20. The process as set forth in claim 15 whexrein
the concentration of iron in the protective layer is no

greater than about 0.1%*10* atoms/cm’ of iron.

21. The process as set forth in claim 15 wherein

the protective layer is about 75 to about 125 um thick.

22. The process as set forth in claim 15 wherein

the protective layer is about 100 um thick.

23. The process as set forth in claim 15 wherein
the protective layer covers the entire surface of the

substrate.

24. The process as set forth in claim 15 wherein
the structural component reaches at least about 950°C for

at least about 80 hours and is within about 3 cm to about



& ()-3 Y '10% $) & ()-3PrSrgryrrs#t|[:bU4j | : $10%$& ()-f $109%QR& ()-f
$1004& ()-f 1110%$& ()-( | 10%I$& ()- | 10%$&" () - #tt| uvvOmNQARW [ : - 4101 |
| 3Y10% &' )2/0sr2¥10%$& () - |- 10%d$&' () -3 |' F10%I$&' () - m( PCTUSLINHES () -G W
$10%6$&' () - f RaSwTwawdwt waxbA4101 | | |, 109%@ @ ()- |, GLOY@@ () -

|1 10%@@ ()- | 10%@@ ()- | 9910%@@ ()-101 101 xxxxyjyy|[:A410l | Iy
109@@ ()- |y310%@@ ()- |f: 10%@@ (Y2 | f F310%@@ ()- | SIFLO%@@ () -

| S@ 10%@ @& ()-yy8zzzz{{|[: A410l | 10 10%@@ ()-3 | Y. GLO%G@@E ()-
|Y+ﬂﬂ09@#@ﬁ5(bm|di'ﬂﬁﬁmﬂ®%3b¢ﬁ-510§55Jiﬁﬁ@wiﬂ(erthé,ﬁQQGQQﬁ@BpiFen

6 L0vign @ity SR PAOVT | % G35 | FHERTO PLrRtBR e O
Adyml0% & ()-1 Il 10% & ()- Y@10% & & ()- 1Y
25. The process as set forth in claim 24 wherein

the structural component is selected from the group

consisting essentially of an upper heater, an upper

heater shield, an intermediate heat shield, a lower heat
5 shield inner reflector, a lower heat shield outer

reflector, a lower heat shield insulation layer, an upper

insulation support and an upper insulation shield.

26. The process as set forth in claim 25 comprising
constructing the crystal growing apparatus with at least

gix structural components selected from the group.

27. The process as set forth in claim 25 comprising
constructing the crystal growing apparatus with at least

eight structural components selected from the group.

28. The process as set forth in claim 15 comprising
constructing the crystal growing apparatus such that all
the structural components which during the growth of the
crystal reach at least about 950°C for at least 80 hours

5 and are within about 3 cm to about 5 cm of the crystal or
a silicon melt comprise the substrate and the protective

layer.

29. The process as set forth in claim 15 wherein
the silicon single crystal ingot comprises a main body
that has an edge iron concentration less than that of a
reference silicon single crystal ingot pulled in a
5 reference growth chamber operated under identical

conditions and constructed of identical components except
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32. The process as set forth in claim 27 wherein
the silicon single crystal ingot comprises a main body

that has an edge iron concentration below about 1 ppta.

33. The process as set forth in claim 28 wherein

the silicon single crystal ingot comprises a main body

that has an edge iron concentration below about 1 ppta.



