3253/ 192W) Attorney Docket: 3253/192W METHOD FOR REDUCI NG THE RANGE I N
RESI STI VI TI ES OF SEM CONDUCTOR CRYSTALLI NE SHEETS GROMN I N A MULTI - LANE
FURNACE Twotmni2ah34fi el d [ 0001] The invention generalrius2edioatees to
crystalline sheet sem conductor fabrication and, nore particularly, the
invention relates to reducing the variation in properties of crystalline
sheets fabsisgabge in different |anes of a nulti-lane crystalline sheet
growt h furnace. Background Art [ 0002] Crystalline sheet sem conduct or
crystals can formthe basis of a variety of electronic devices. For

exanpl e, Evergreen Solar, Inc. of Mrlborough, Massachusetts fornms sol ar
cells fromcrystalline sheet seni conductor cr yst aA§0qung}etE‘g%3gf9§% Sol ar
desi gnat es STRI NG RI BBONTM cryst al s. [ 0003] Cont’i nuous growt h of
silicon sheets elimnates the need for slicing bul k produced silicon to
formwafers. For exanple, in one inplenentation, two filaments of high

tenperature naterial VARIAHFORIUARACING THEQMQ@GE@@R@@NWQ’ES@W uci bl e
whi ch includes a shal | owgkRyeHNBUCTOIR ERYSTALERNTE skppY as a "nelt." A seed
is lowered into the nelt, Q@mh@gMQLWEAN%@RNggEmS and then pulled

vertically upward fromthe melt. A meniscus forms af the interface between
the bottom end of the seed and the nelt, and the nolten silicon freezes
into a solid sheet just above the pelt. The filanments serve to stabilize
the edges of the growing sheet. U M 7,507,291, which is

i ncor porated her y.reference ts entir descrl bes a_pet hod for
growi ng mul ti p|l884111 |T§ fntgﬁla%qur?llyeraiaaeﬁ%ﬁ%ﬁt%lf?%shgﬁé@%%ﬂl%ﬁﬁsr FhResas y ina
singl e crugidhdre faafllashant 1nQéIQWﬁ rdlitePto ré@BRE thelvatiltonTHbiopertidner f ur nace.

The cost of fabricati n% wafers is thus reduced conpared to crystalline
sheet f abr fegtiiphshess &beraigl ia dl‘fcfﬁ‘i‘*élt fagpnef@enultiygye crystalline sheet growth

2012/ 071344RGEL US2011/ 061694 3253/ 192W) [0004] In a multi-Ilane
furnace, where the | anes are arranged such that the silicon feedstock is

i ntroduced adjacent to a first lane and flows past the first and then
successive lanes in a step-w se nmBikipro@dXrtof the crystalline sheets will
incorporate a different concentration of dopant el enents. This variance
occurs because [0602] hEys(ﬂil]ﬁﬂe&h%@ﬁniicdﬁhcﬁ@tbﬂhbétﬁlﬁ yanofbme&tefbaﬁp@faarmnbﬂy dofhe solid

i the chsaariens®haet A st i et At R e SPRESHER n ¢ e

melt, as rrﬁﬂe&léél@s@krcblycﬁylaelhﬁ@greengsaﬁﬁdaﬁdmwtﬁmlsemlcﬁ E{Iergﬂ@@n Pairt deSighaags dopant .
The segregatlon coeffigient for nost elements in Si is less than 1. The
segregat i on  ROYf RIRE@Nt §%%lhe ratio of the dopant concentration in the
solidified sheegpodap donBnaPaivicOMARDA biRbis @miratel bR nebdidt didhiasn@ Because
the segregation coefficient of dopant elenents is | ess than one, the anount
of each dopaftcet pilicopetodpyswafersi fer epwgle. inong paplemepidionnaofHynets ¢fhighhe

liquid frogpiaghe ibtefiQaBintrdubtl $8rREOHE9BLIRBF &%élﬁfe%lﬁ&tmélﬁ)([es @aCh
dopant |ess than one, the concentration of each dopant in the nelt wll

initially shaewdayer @sncéte@ﬁlﬂxlgwraknqwsgﬁmt 1 8 sesdip oveead lntpcslm méle rrel t.

Overti e, t I e ration
R L e S S R B T M
the ri bbonfarss edbrainterfoce eevemtherttottom edd phithe sedppd theeheiltnartdhbe mekadst ock. .

[ 0005] Fur glﬁ@on fre%?és%nt? Iast)l‘radr s%n ust Thov® h"é%ltlejhf tT)fle ??%%%e SQab"%lnz% tlllé qui d
phases causes a dopan concen atl on I'n i'nCreases with | ane
position fcdgem dthbe grovdmtsbedt. Uit padmﬂ;50h2®bMich iamcorheratad hereinl byws f romthe

mat eri al roduction r owt h ener al |
Tt Cal oot FEHEREALATRARY. Bt G RE o A S ubit s e BudFREHE N ¢ or
parti cul ar crgtapléing ﬂaeaaumaa@oﬁshy mrmingmrruablb OEadhfShé@gta&fshNht‘lylneﬁ’ﬁmﬂ@

crystalllne heet ced i i.fferen es o e furnace.

resistivi tﬁ?“ Y @‘P{}‘ i 02 Fﬁg’é‘fa“i“§w i"ﬁ%’ﬁ ¢ ﬁe NERYGES t‘b‘ﬁ?’srt‘i‘lg?e
concentratﬂ@ajm&mﬁm@ﬂﬁhsﬁ&&ﬂamiﬁnhaathe crystal. For exanple, boron and
phosphorous are typical dopant elenents used in silicon wafer processing.
When the net carrier concentration p-n >0, the wafer is p-type, where pis
the concentration of holes, and n is the concentration of electrons. Wen
p-n <0, the silicon wafer is n-type. For |ow concentrations of [B] and [P]
where [X] is the concentration of the element "X" in the wafer, it is
common to assune that all carriers are conpletely ionized and that p-n =
[B]-[P]. So, when [B]-[P] >0, the silicon wafer is p-type, while when
[B]-[P] <0, the silicon wafer is n-type. Because of the difference in
segregation coefficients, boron will be extracted fromthe nelt to the
crystalline sheet in higher anpunts than phosphorous. This neans that when
[P] MD 2012/071341PCT/U82011/061694 3253/192V® |s very snall for

o T T Y .:____‘.__l.



[ 0006] In an enbodi ment of the invention, crystalline sem conductor sheets
are grown in a nulti-lane furnace. The furnace includes a crucible

confi gur edowntn7a34mat eri al i ntroduction regi on and a crYSTAIS2gno6tehd r egi on
including a plurality of crystal sheet growth |anes. The crucible is
configured to produce a generally one directional flow of material fromthe
i ntroducti ¢asreghon toward the crystal sheet growmh |ane farthest fromthe
material introduction region. Silicon co-doped with a p-type dopant and an
n-type dopant is received at the material introduction region. The ratio of
t he concentr at i [6004hyn weiutthtanofurtdee whetestheladeypantranged dueh that thpeilidopant
exceeds 0 f]é'ed Iohcﬁ isdi(r)n[%g(gucesd all e tg QT 18 R Itlovlvsnpat th[ﬁe fils é:nldt%fleen s%‘gc% & type
crystalline Sheet's"are gro%m rom the fré P R Tedst Y one Ccrys a7 i ne
sheet gr owtaheslianetep-Basedognnag edchef thiclciysatlinaishidetsapp iaprposdtea igéfkeehs of t he

dopants can reduce t varjation_j.n resistivi ano t crystalline
Choars or oumer b RPTD G e otk S r i Re to bt i ARt erbodi ment
of the i nveyiviem of tdtR dppdnyPehdomaidrydtdliRohen) aadiquliemaitf pasesdapant i s

phosphorus and the ratiq.by weight of the concentration of phosphorus to
boron r ang%‘g’a’F‘rIBfﬂ%ﬁpﬁra{eg “it.gﬁl.e CF%@H’G@R@F atsaﬁé‘&of”i“é{l maﬁaﬂ@wﬁ) PE?F‘P“E l"Petﬂe

i nventi on, mbR&s PrehRQI BAR@tkrdosti QLM cR Ao MR paltitiAQIopaRaMke dere@ith@ni ¢ and
the ratio by melght of the concentration of arsenic to _boron ranges from
0.9 to 2. seoefficient for myptalemanisif st tdess 8B ddiTheprerenrtianrociisirant thsato of
crystal i ngc 36 ine QM EaR6N RNRELD IRLE SIBEOWI ddpaht Bhdehrdi@A6h fbTip@ge. The
furnace includes a crucible configured with a material introduction region
and a crysphse. B thesggregation spafacipn oadelant demenis ipfestihgis eng the gmenntgr owt h
| anes. The it ih e GCRRTAIIES Qe R WRSnAuBERSEAlduY 218 willchgct | onal
fl ow of na?%%?g%g%r5n1fﬁgﬁ%hggggﬁéﬁi%ﬁ regﬁbgﬁPowaréﬁfﬁéiéggggé? sheet
growt h | antrhar Witd she segrogatiohsogthicientifer cagindapaeidess ithon one dlicnence@irhtianon

co- doped wt - e i . . - | § M e

i or 2l 1 HET SRt PARF A b ARl b ARRAORE el R SERRUIR Bl o
t he p-typeOV@iR01t@d¢ S4LRATIUSROII0ELBAY wB2Ss Bicl@atdirakaparithctdopthién n- t ype
dopant exc%eds tgs' clo'nst%rtl.'te 8’ %ea(rjno%}ltlolf(agnan]: e inr{]i?lrEbHOQ isterc]leal(%g %Iar%lmemtand
n-type crysStaltine ShHeet's are growi fromthe freft in at feast™dhe

crystal | i nef ®peatugiiedinithé fendstocko- dopi ng the silicon with appropriate

| evel s of the an_ reduce the riation in.resistivity anong the
oryst al 11 ne sholBETRuf nh SEEShoh oshBh s Sor i 6 Gl AN poci 11 ¢
enbodi ment d&fant ddBcentiv@ntih €3, mdltBatPndrasp& veiiand posSiod &bohi thidfeadtbckhe n-type
dopant is phosphorus and the ratiq by weight of the conc%ptr tion of
galliumto nﬁﬁ@%%?%ﬁ g B!t fiPyiamghe el gniradhetipngore rajsBendh ¢

embodi ment g@fvt Bfe inAVRRErhIBNunildRectidnd] YRRiod O PANYiflcfen&dih st #8808 cdoRidhtd Y pe
dopant is arsenic and the ratio by weight of the concentration of gallium
to arseni cfof aptjedardopsptycagses @ fyrtheg variation in regigygg pmppe eyfieiiendecthr ef er r ed
embodi ment pQfiydel e diMIMILRY of ME Yhab! TREr-3MiGURd ¥akallin BRRE R dgfBd@kown in
a multi-lane furnace. The furnace includes a crucible configured with a
mat eri al i pit heaefcrirsheqnegitHomepiclopant elegrents iyihe gryhtak dwyir expmphs borgh aed a
plurality - [ [ [ dto
produce a éﬁ@%ﬁ 3kgﬁéaﬂﬁﬁgﬁfﬁ%ﬂgﬁ@ ga}%@ﬁﬁg%%%PaC%?F%h??ﬁ%t?ﬁ%foduction
r egi on t oweardertchecepiratonatn sh detwajeronp-typeaweeré pistthesmedntativon pidoteataadinal

i ntroducti ' - Si O+ d wi - A= .dopant. and an n-type
dopant is ﬁgg&%@gﬁﬁg#§tfgﬁ%@yérNﬁ%ﬁﬁﬁy%%ﬁﬁg®r§%Q¥§§ﬁgh&ﬁ Hgﬁé- ype dopant
and t he n-toppentdopanil [BladpPlesbet [Xhis theeohe@eatsionck therelagrean ™€t intthvawafty, ace
anounts. The doped .silico ns.a nmelt in the .cruci.bl e and grystalline
aheets ar el gr SRR G nebiE MLl O R b el B B p AL B o

| ane. Co- depém@]4Pe-(5 theisdioon whichisppppo philatvied B1€PB<®thetsiizonlopfnissi-can
reduce the varjation.in resistivity anon he crystalline sheets own in
e var | ouSPF ahgev gt i it atacitbe i Wetibges. iRyl R G R RGBT R o of
the i nvent mento ayryehllihbehcadin Upheestiuhi @ichn@RbHHOFBNT ThifBsaiksuhdtieen [FICl ude a
material renoval region in the crucible where not | ess than 0.5% of the
material introduced at the material infroduction region is renoved. Such
material renoval primarily reduces netallic inpurities in the crystalline
sheets. Brief Description of the Draw ngs [ 0010] The foregoing
features of the invention will be nore readily understood by reference to
the follow ng detail ed description, taken wth reference to the

acconpanyi ng draw ngs, in which: 3253/192W) [0011] Fig. 1
schematically shows a crystalline sheet growth furnace that can inpl enent
illustrative enbodi nents of the invention; [0012] Fig. 2

schematically shows a partially cut away view of the growth furnace shown

~NNaA M~



[0017] In preferred enbodi nents of the present invention, a nethod reduces
the variation in resistivity of sem conductor crystalline sheets produced
in a nul tWwolzar@7gi4owmt h furnace. A furnace for grow ng crPrgsitskenieelcsheets is
provided that includes a crucible with a material introduction region and a
crystal growmh region including a plurality of crystal sheet growth |anes.
The cruci bisgyiggweonfigured to produce a generally one directional flow of
material fromthe introduction region towards the crystalline sheet growh
| ane farthest fromthe material introduction region. Silicon doped with
both a p-typemdmpﬂnbramddamaﬂEMygemmdpamﬂmwmkgﬁe&Ubeﬂﬁhankmh@de amounts is
intrOducedmlrQ Octltorrl"emma‘EE% bﬁ il net I rt¥1 rc taln %le droSi Iiril %n forms a
mol ten subSFAREEYH RO J g @ daf Qﬁ STAIFT e °SREet'S are
formed at kacharthesofbin theateedstdaktrhe)dmtmstoamt gr"[dn‘a/fréa;umegpmﬁle fcodapapt ng t he

vari aci on riicrgerat Pyl PORHERG EafySrSifie BRdkte Sueda Sl | ane

The cruci blagesiaticRpilicaiad shyet iapteedseiite b ipRdtov@aie\alar sctigtadnffebiere nol ten
material is renn(&%g%rontthe cruci ble. The crystalllne sheet growt h | anes
are typi cafif§ioept FOBRT R Fies Ry 4o cafh Y8Foval regi on and the materi al
i ntroduction region. 3253/192W) [0018] Fig. 1 schematically shows a
crystalline sheet groy h furn?,e 10‘ TIA ;- mntqullustratlve
enmbodi ments of the i nPERT Simirciviimmns Heme- ot her things, a
(to provent  corbity i@ty §“h?5nvtf%t &%t%e eﬁ?ﬂ”&nﬁ‘w For S
concentrat@©aniaambthmrmgas¢'ﬂuﬂhmm&naﬂgmmacnmﬁma@mﬁbmaahmharmﬂmghsses
The housing_ interior cont ible. 14 and
other _conpaiefeget Bl 5 GRrkfbdre APt DR a s Pro bR ReRa

si mul taneouﬁésyTlgar@wﬂbig if ufigstd foposiucs y sénatally oae 611’&&61&1 B8aw oiﬁmeteﬁalyfml line
sheets 32 e vari of ¢ suc

it or ysPaaectol ot e elecBgept e bR e R g st ai 1 e or
sem - cryst akbiReon Agfoaedilicoh e-ddid iwithtahetypOdspaiitdind 2n i@ dpsmt & wRarRg f or
directing silicon feedstock to the interior crucible 14, while an optional
wi ndow 16 Hehengierial idppdpgtionregien. e it f thegronecaipinencight of the nrtyrer o7 | ¢

shoul d be agfafdo iRaLtyPé S6pdBSdx8ed9h.1SiThd &9Rd Giliyst Blhd MBcs HEBE SrudBlelagid
illustrative. For exanple, the crystals nay be fornmed froma material other

than sili cBRpesrysalvgbichars SAVBIOE; th Bek i deasiome cotRline Hipebgpyth langs

anot her exemabﬁn% frle SR 5K Rlth ¥ ﬁpreﬁtae%mfsh@r@)\éaﬁtptame&fae teXafiglonliie sheets.
Further, while iTlustrative enbodi nents of e invention are described with
respect t oreaisiityrianoag wWictchystadiine shectvarpwi aﬁbngovhlap%e)féht&tngcegéner ally
I A A S S i S
Wi t h r espeplosploreao tietriter bynmagigldiof fherconcentration o PRBphdFrgto bRros eéregpwafrimal | y
:Egﬁ ?np?{)htcﬁayby%a{fltoth%y\%gmﬁ%g%&{lrg%%f bl rax;eﬁltl %nhﬁl% —tr)]qg}et ogglétg\(’)\f\)/ge}o% dl nace 10
cruci bl e 1thp nwipecdophis issargp@rand dletramcalw wmglﬁrotf dre cphcahtfrsuromo? Arsemiid mblordnhe
housi ng 12_and has g sygstantially flat top surface. As shown in fig. 3A
the cruci biP82T4T LS 5721 ongat ed shape with a region for grow ng silicon
crystalline shamﬂ&n3Qamﬁmﬁeﬁbdﬁmhy@$Hﬂem&nﬁ@n@@mEMheahaagﬂhm&nmangﬁb Wi | e
illustrative enbodl ts,.of thﬁ} vent.i qn, are d cri xn F res t to
thi's exerpPAM I PHUEEMfPHoS 'ﬁtﬂ&%&lﬂc P @S Coppigires st a MHIEF o | y

pﬁ% a:jl el t mue?mﬁ@tdg% aha aryStaNGb@thl rbgten inglulbRE afpufrﬂﬂjl'i escril sh}&GgﬂMVEH’l ]
enbodi nents of _the inventign oy nore grow anes or. fewer growt

| anes and ©A®- GrspBEbl legion Bredhi p@?r@wf hesls S0 HiFecrienah ey of BRI her
may di ffer e introductiof Qldn t6RE8rdGRUG 1 8hkb gloSif RETRENSSE Q6 IEARNELL and
resistively heated to a tenperature capa%le of maintaining silicon above
its neltinGtedHcHen regivn; Rpicon eo-gencd Bt yRatomrriaH dn pte JoRat aeesivedi bl e,
the cruci blttefhel-tﬂatgﬁaﬁ nﬁrddﬁ&g)tﬂri'e &f“hﬁe%atM@heﬁ‘bﬁ@énﬁﬁﬂonW élﬁ) %Mthﬁ% its

wi dth. For exanple, the Iength of the crucible 14 may be three or nore
tinmes greater than its width. O coursg, in other instances, the crucible
14 is not elongated in this manner. For exanple, the crucible 14 may have a
somewhat square shape, or a nonrectangul ar shape. [ 0022] The crucible
14 may be considered as having three separate but contiguous regions;
nanmely, 1) an introduction region 22 for receiving silicon feedstock from
the housing feed inlet 18, 2) a crystal region 24 for grow ng four
crystalline sheets 32, and 3) a renoval region 26 for renoving a portion of
the nolten silicon contained by the crucible 14 (i.e., to performa dunping
operation). In the exenplary furnace shomn the reanaI reglon 26 has a

-, = o o . "




[ 0028] Consequently, to maintain a substantially constant nelt height, the
system adds new silicon feedstock as a function of the desired nelt height
in the crwiOi2bi2®713%1 To that end, anobng ot her ways, the ¢IUSa0ITAYIcHet ect
changes in the electrical resistance of the crucible 14, which is a
function of the nelt it contains. Accordingly, the system may add new
silicon feedstipal to the crucible 14, as necessary, based upon the

resi stance of the crucible 14 and nelt |l evel. For exanple, in sone

i npl enentations, the nelt height may be generally maintai ned by addi ng one
general ly &nhmnbdahls@éd@mmnsbﬁgshavﬂhgmmedmam@tbnnxdmeﬁﬁﬁémﬁﬁWﬁaabout a

fem/nrllrne ers apﬁ rY. gne $ecq for exan f @ ol I.ow ng
glne s c[e § afe rom t e mg lea t ong Crys 11né shee lane,
United Sta? atén 'SET OSUYes™s are |ncorpor erein,

their entrCembpsgﬂhyﬂmeﬂ@ﬁbmmﬁamﬁmuwémkhﬂmaﬂn@Musaﬁcmﬂméﬂmnmnakmhmng to the
addi tion of Si.l.j con fﬁﬁdst€@> g he crucggle 14landfq?Hﬂtenagce of a nelt
hei ght : US89 g2  STANY &S BTy 2Rt the Imacq GB39] The 1 ow
rﬁ_t e of thQ)le?iﬁbEﬁﬁocﬁmklthﬁ/Ehe\Ah\tehhdSh , te- t@}'péalﬁdpbhtﬁs éeﬂhﬁrﬂ@lﬁ(ﬁﬁh@h&yﬂe?dopﬂfﬂssed by
this gener continuous/intermttent additio of silicon to
and f?om ta?é’ |"‘Bflgiefﬁ“° WW?I%hté’ﬁflie(’ff"bcéfﬂéﬁm?r?ggﬁg %131%8@1” TS | ow f 1 ow
rates, thefg@anebnry.oamsafnRp§yeeffic eabbakent BN Rntibl) enci-H4pé Bbantdli¢ shoul d
cause the nolten silicon to flow toward the rempval region 26 by neans of a

gener al |y &Héunyppdibe pdypsidopans iy arsspicrad thsgetiahysv et of Bir concspeatign Pbct i onal

flow, the subst adridlc ARIOFbEY. @ BIe nolten silicon (substantially al
nolten silircon) flows directly toward the renoval region 26. FEEDSTOCK

CO- DOPI NG [0p@$d 302 firshes prefidreeid embpdimentof e ipyarEon gestallige sspigordystabce,
such as thecluLRAEEHRSGAIIR & THE bk 1 Q6KbleSobt e
procured M?F%Ho%%§£¥race v%1s o p éﬁg2gﬁdkﬁﬁgip§ﬁ§88§8t§ﬁﬂ¥ﬁgl%eedstock
i s convent neteailliytralopiec regivthansi a digstal grqyvth yegeondegheading ¢ Puehbati erystat shoet
crystallrn e f n LFine

sheet s. ]Dgﬁéﬁﬁée %S ﬁg%ﬁ Eﬁ%ﬁ{ “@gﬁ9£%9§8ﬁ%§ y?ﬁnéiyﬁ&?tgpe dopant
bor on, pr i nmatetld ﬁomt thedUmﬂuantretgmdmw@ndulnd dzrma,l slmt gewer lanefaphetsybem the

cryst al i nrena g e1ntr0du nregl SIFI Y 00 1§h gp Wd%hanrgorcgan - f’in (g]peanpiopant
type (i.e. ? not~ genera Py een p%}f " pecause: nmong ot her
reasons knﬁmnvahnﬂhemnﬂumnmﬁdmxmmﬁgdmpﬂhgpnﬂmumﬁmﬁdmimeﬂnﬁkcbpaﬁswconpared
to single dopant h 31], For a four e furnace with sil.i

f oedst ack PARAbUBEHC e it SRiFoRet e i ar e Eehdras f oridh Hhout o5
part per btﬂuhbl@mn@yrymelnlgériheets pmgsmpfrbrﬁ themély et ri@mﬂé Jry@glngedbstat i on of
about 0.1 arts er QE ion by wei (a trac %ﬂgu ,.and nmelt dunp
renoval rag@Vdh ~dopiy heesifsan .aeqp%rtﬂ% s ?@@P@fr%eégrealre sheet s

grown wit hvetrﬁﬁ&emﬁéﬂﬁ@ﬁﬁ? B Sn gAY ki s tifine shAEs 2054/ iR Tik3AARsTaldS3Phe A3RLE94

3253/ 192W LANE D LANE
[0009] In further embodiments of the invention, any of the above described

embodiments may further include a material removal region in the crucible where not less
than 0.5% of the material introduced at the material introduction region is removed. Such

material removal primarily reduces metallic impurities in the crystalline sheets.

Brief Description of the Drawings
[0010] The foregoing features of the invention will be more readily understood by
reference to the following detailed description, taken with reference to the accompanying

drawings, in which:



LANE B LANE A sheet resistivity in ohmcm2.16 2.04 1.85 1.46 Notes: |ane
Dis adjacent to the nmaterial introduction region while lane Ais farthest
from t he water@h34iint r oducti on regi on. The flow of nelt PCI/Useaioalchy
one-way fromlane Dto lane AL All results given in this specification for
resistivities of crystalline sheets are derived from sinulations rather

t han physi &3l 9a®asurenents. Note also that in this specification and any
appended cl ains, a "trace anount” of boron or phosphorus is any
concentration of these dopants in the feedstock |ess than 10 parts per
billion by wei gié11] Fig. 1sc}[eﬁ@ﬁ@illy'ﬁh@waa/@yﬂgéner@sétgtdwthtﬁyndoorthaccqnst alline
sheet s gromnlmnmﬁﬂﬁs ur mﬁ&fnwnm Eme1vm1ﬂ%C”] The resistivity decreases
for sheets'gtown ?% Faneg" p03| Ioh fromthe material introduction region
i ncr eases. ThisWdhnEﬁﬁsedwnmneﬂk$hmmydynmn@uu&uh@@ausa%hagowdmmﬁmtéation of
boron in t % increases fromlane Dto |ane A The increase in
concentrat? ﬁmd? "Bdron in the melt fromlane to | ane occurs because (1)
there is gener q0018] FiQBR-seRYnaticQW shbwietricibl@ohfignal B 40 widnBusha@rd (2) the
segregation coefficient, of boron is |ess than one (about 0.8). Thus, only a
portion ofm?ﬂﬁmBﬁF%ﬂ”ﬂhmYﬂgoﬁelt inalane is removed by growth of the
crystal line she@bi4) ¥id Batschedical HShéea BOEBIA coRMARBYIGAUIsRRon Shd Sewine! t
increases from]lane to |ane, the net difference in carrier concentration in
the cryst af Plupdtetfgststellinegiéetsopnd  ner eases accordingly. The increase in
[Bl-[P] causes [pps)Fgs u%ﬁawgwo&e@s S BRniAP O L tafind sRBTL LA Gk O Bus&RGRL  gr own
in lane Dto a sheet gromn in lane A The Silicon feedstock can be doped

wi th the berklimeyeefithe@yengorny net hod known in the art, such as

spi n-coating. A. Co-doping Yielding P-type Crystalline sheets with Reduced
Resi stivity Range 1. Boron and phos-horus dop ants, [0033] In a
preferred enbodi nent of Defailed, Des LUMUSu] s BeIBEK is doped with

D A O PR B EE ks 6 SR ST, e
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furnace. A furnace for growing crystalline sheets is provided that includes a crucible with a

material introduction region and a crystal growth region including a plurality of crystal sheet
growth lanes. The crucible is configured to produce a generally one directional flow of
material from the introduction region towards the crystalline sheet growth lane farthest from
the material introduction region. Silicon doped with both a p-type dopant and an n-type
dopant in greater than trace amounts is introduced into the material introduction region. The
doped silicon forms a molten substance in the crucible called a melt. Crystalline sheets are
formed at each growth lane in the crystal growth region. Co-doping the silicon feedstock
with appropriate levels of dopants can reduce the variation in resistivity among the
crystalline sheets formed at each lane. The crucible may optionally have a material removal
region where molten material is removed from the crucible. The crystalline sheet growth
lanes are typically situated between the material removal region and the material introduction

region.



boron (p-type dopant) concentration of about 115 ppb by weight, phosphorus
(n-type dopant) concentration of about 70 parts per billion by weight, and
mel t dunpwoesv@h3sate = 1% Thus, [P]/[B] = 0.61 in t heCraiSeelab1694

i ntroduction region. A sinulation indicated that the resistivity of sheets
grown with these parameters would be: LANE D LANE C LANE B LANE A sheet
resistivitysypehmcem 2.00 1.91 1.805 1.808 Wiile the average resistivity
for sheets grown in the four lanes is the same for these conditions as for
the prior sinmulation for the case without co-doping, the spread in
resistivities 0018 heetl sclpmavicallyshowea drguallihashes grevth édoeed0 that Bagbe ohm cm
a reduct | Olrllseg]ivitﬁzll%strative embodiments of the invention. The furnace 10 has, among other
things, a housing 12 forming a sealed interior that is substantially free of oxygen (to prevent
combustion). Instead of oxygen, the interior has some concentration of another gas, such as
argon, or a combination of gasses. The housing interior also contains, among other things, a
crucible 14 and other components (some of which are discussed below) for substantially
simultaneously growing four silicon crystalline sheets 32. The crystalline sheets 32 may be
any of a wide variety of crystal types, such as multi-crystalline, single crystalline,
polycrystalline, microcrystalline or semi-crystalline. A feed inlet 18 in the housing 12
provides a means for directing silicon feedstock to the interior crucible 14, while an optional
window 16 permits inspection of the interior components.

[0019] Tt should be noted that discussion of silicon crystalline sheets 32 is illustrative.
For example, the crystals may be formed from a material other than silicon, or a combination
of silicon and some other material. As another example, illustrative embodiments may form
non-crystalline sheets. Further, while illustrative embodiments of the invention are described
with respect to a furnace with four growth lanes with the sheets generally parallel to each
other in a single line, other embodiments may employ more growth lanes or fewer growth
lanes and the disposition of the growth lanes with respect to each other may differ.

[0020] Fig. 2 schematically shows a partially cut away view of the crystalline sheet
growth furnace 10 shown in fig. 1. This view shows, among other things, the above noted
crucible 14, which is supported on an interior platform 20 within the housing 12 and has a
substantially flat top surface. As shown in fig. 3A, the crucible 14 has an elongated shape
with a region for growing silicon crystalline sheets 32 in a side-by-side arrangement along its
length. While illustrative embodiments of the invention are described with respect to this
exemplary furnace with four growth lanes with the sheets generally parallel to each other in a
single line, other furnaces for use with embodiments of the invention may employ more
growth lanes or fewer growth lanes and the disposition of the growth lanes with respect to
each other may differ.

[0021] The crucible 14 is formed from graphite and resistively heated to a

temperature capable of maintaining silicon above its melting point. To improve

unidirectional liquid flow in the crucible, the crucible 14 has a length that is much greater



[ 0035] The presence of both the n-type dopant phosphorus and p-type dopant
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Accordingly, each sub-region has a pair of ridges 30 that forms its boundary, and a pair of
filament holes 28 for receiving filament. As shown in the fig. 3B, the middle crystal sub-
regions share ridges 30 with adjacent crystal sub-regions. Moreover, in addition to dividing
the crystal sub-regions, the ridges 30 also present some degree of fluid resistance to the flow
of the molten silicon, thus providing a means for controlling fluid flow along the crucible 14.

[0024] Fig. 3B schematically shows an example of a crucible 14 with shallow
perimeter walls 31. In addition, this fig. shows this embodiment of the crucible 14
containing liquid silicon and growing four silicon sheet crystals 32. As shown, the crystal
sub-region closest to the introduction region 22, referred to as a first sub-region, grows
“sheet D,” while a second sub-region grows “sheet C.” A third sub-region grows “sheet B,”
and a fourth sub-region, which is closest to the removal region 26, grows “sheet A.” As
known by those skilled in the art, continuous silicon crystalline sheet growth may be carried
out by introducing two filaments of high temperature material through filament holes 28 in
the crucible 14. The filaments stabilize the edges of the growing crystalline sheet 32 and, as

noted above, ultimately form the edge area of a growing crystalline sheet 32.



2.07 1.97 1.83 1.656 The average resistivity of the four |anes remains
1.88 ohmcom Wiile the range in resistivity is |less than the range in
resi stiviwg 20i2¢d1o34t co- dopi ng, the reduction is | ess pr@coase@dosisan w t h
[P]/[B] = 0.61. [0037] In a further exanple, for a four |ane furnace
silicon feedstock introduced with: boron (p-type dopant) concentration of
about 138 ppbibywowei ght, phosphorus (n-type dopant) concentration of about
138 parts per billion by weight, and nelt dunp renoval rate = 1% Thus,
[P]/[B] = 1.0 in the material introduction region. WO
2012/ 071341 PCT/ [UBX) K/s06406 0418 B3 tht O Allisomdrhwant pverdlyditegttedwitintie t he
resi stivi ty,of SNESkSd A WANihIESE BIFTEHEUR SPHIHCLE ne hANE D LANE C
silicon. It is at this location (referred to as the “interface”) that the solid crystalline sheet 32
typically rejects a portion of the impurities from its crystalline structure. Among other
things, such impurities may include iron, carbon, and tungsten. The impurities thus are
rejected back into the molten silicon, consequently increasing the impurity concentration
within the crystal region 24. During this process, each crystalline sheet 32 preferably is
drawn from the molten silicon at a very low rate. For example, each crystalline sheet 32 may
be pulled from the molten silicon at a rate of about one inch per minute.
[0026] The crucible 14 is configured to cause the molten silicon to flow at a very low
rate from the introduction region 22 toward the removal region 26. If this flow rate were too
high, the melt region underneath the growing ribbon would be subject to high mixing forces.
It is this low flow that causes a portion of the impurities within the molten silicon, including
those rejected by the growing crystals, to flow from the crystal region 24 toward the removal
region 26.
[0027] Several factors contribute to the flow rate of the molten silicon toward the
removal region 26. Each of these factors relates to adding or removing silicon to and from
the crucible 14. Specifically, a first of these factors simply is the removal of silicon caused
by the physical upward movement of the filaments through the melt. For example, removal
of four sheets crystals 32 at a rate of 1 inch per minute, where each sheet crystal 32 has a
width of about three inches and a thickness ranging between about 190 microns to about 300
microns, removes about three grams of molten silicon per minute. A second of these factors
affecting flow rate is the selective removal/dumping of molten silicon from the removal
region 26.
[0028] Consequently, to maintain a substantially constant melt height, the system
adds new silicon feedstock as a function of the desired melt height in the crucible 14. To that
end, among other ways, the system may detect changes in the electrical resistance of the
crucible 14, which is a function of the melt it contains. Accordingly, the system may add
new silicon feedstock to the crucible 14, as necessary, based upon the resistance of the

crucible 14 and melt level. For example, in some implementations, the melt height may be

generally maintained by adding one generally spherical silicon slug having a diameter of



LANE B LANE A sheet resistivity in ohmcm1.82 1.76 1.71 2.25 The average
of resistivity of sheets grown in the four lanes remains at 1.88 ohm com
In this csieep12vTid4e the range in resistivities is | ess PhAUSRIG/06BAHEe | n
resistivities without co-doping, the range reduction is also |ess
pronounced than with a [P]/[B] = 0.61. In fact, as the ratio of [P]/[B]

i ncreases beyon@goabout 1.1 the range of resistivities can increase conpared
to the case with no co-doping, as the increased concentration of phosphorus
in the silicon feedstock overconpensates for the | ower segregation
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FEEDSTOCK CO-DOPING

[0030] In a multi-lane crystalline sheet growth furnace, such as the furnace described
above, silicon feedstock is frequently procured with only trace levels of p-type and n-type
dopants. The feedstock is conventionally doped with either a p-type dopant to create p-type
crystalline sheets or an n-type dopant to produce n-type crystalline sheets. For example,
silicon feedstock can be doped with the p-type dopant boron, prior to introduction to the
crucible, to generate p-type crystalline sheets. Note that doping feedstock with more than
one dopant type (i.e. co-doping) has not generally been performed because, among other
reasons known to the inventors, co-doping incurs additional costs compared to single dopant
methods.

[0031] For a four lane furnace with silicon feedstock introduced with:

¢ boron (p-type dopant) concentration of about 95 part per billion by weight,

s phosphorus (n-type dopant) concentration of about 0.1 parts per billion by
weight (a trace amount), and

e melt dump removal rate = 1%,

a simulation indicated that the resistivity of sheets grown with these parameters would be:

9



melt dunp renoval rate = 0.5 % a sinulation indicated that the resistivity
of crystalline sheets grown with these paraneters would be: LANE D LANE C
LANE B LANMB 2002401Te31 resistivity in ohmecm 3.2 3.0 2.7 2PCT/UFh@1avBpage
resistivity of these p-type crystalline sheets is about 2.75 ohmcm [0041]
For a four |ane furnace with co-doping with silicon feedstock introduced

w th: boreoRs(pwbype dopant) concentration of about 69 ppb by weight,
arsenic (n-type dopant) concentration of about 62 parts per billion by

wei ght, and

LANE D LANE C LANE B LANE A
sheet 2.16 2.04 1.85 1.46
resistivity in
ohm-cm

Notes: lane D is adjacent to the material introduction region while lane A is farthest from the
material introduction region. The flow of melt is generally one-way from lane D to lane A.
All results given in this specification for resistivities of crystalline sheets are derived from
simulations rather than physical measurements. Note also that in this specification and any
appended claims, a “trace amount” of boron or phosphorus is any concentration of these

dopants in the feedstock less than 10 parts per billion by weight.

[0032] The average resistivity for crystalline sheets grown in the four lanes is 1.88
ohm-cm. The resistivity decreases for sheets grown as the lane position from the material
introduction region increases. This decrease in resistivity occurs because the concentration
of boron in the melt increases from lane D to lane A. The increase in concentration of boron
in the melt from lane to lane occurs because (1) there is generally a one-way flow of melt
from lane D to lane A and (2) the segregation coefficient of boron is less than one (about
0.8). Thus, only a portion of the boron in the melt in a lane is removed by growth of the
crystalline sheet in that lane. As the boron concentration in the melt increases from lane to
lane, the net difference in carrier concentration in the crystalline sheets, [B]-[P], increases
accordingly. The increase in [B]-[P] causes the resistivity to drop about 0.7 ohm-cm from a
sheet grown in lane D to a sheet grown in lane A. The silicon feedstock can be doped with

the boron dopant using any method known in the art, such as spin-coating.

A. Co-doping Yielding P-type Crystalline sheets with Reduced Resistivity Range

1. Boron and phosphorus dopants

[0033] In a preferred embodiment of the invention, silicon feedstock is doped with

boron and/or phosphorus as needed (i.e., co-doping) to achieve concentration ratios of P to B

10



melt dunp renoval rate = 0.5 % Thus, [As]/[B] = 0.9 in the materi al

I ntroduction region. A sinmulation indicated that the resistivity of

crystal | iwe20t2a5t1B1grown wWith these paranmeters woul d bePCTIARH1D16MNE C
LANE B LANE A sheet resistivity in ohmcm3.0 2.9 2.6 2.5 The average
resistivity for all sheets is 2.75 ohmcm The range of resistivities in

t he cryst aldsi/newpheets i s thus reduced by about 50% conpared to form ng the
sheet without co-doping the feedstock. [0042] For a four lane furnace with
co-doping with silicon feedstock introduced with: boron (p-type dopant)
concent r at gaterthara® b €itr p&8ppistdimesbeght Doping the feedstock may be effected by any

means known in the art, e.g., spin-coating, etc. Fig. 4 shows the process of adding co-doped
silicon to the crucible 400, forming crystalline sheets in the lanes of the furnace 402 and,
optionally, periodically dumping silicon melt from the crucible 404.
[0034] For example, for a four lane furnace with silicon feedstock introduced with:
e boron (p-type dopant) concentration of about 115 ppb by weight,
e phosphorus (n-type dopant) concentration of about 70 parts per billion by
weight, and
e melt dump removal rate = 1%.
Thus, [P]/[B] = 0.61 in the material introduction region.

A simulation indicated that the resistivity of sheets grown with these parameters would be:

LANE D LANE C LANE B LANE A
sheet 2.00 1.91 1.805 1.808
resistivity in
ohm-cm

While the average resistivity for sheets grown in the four lanes is the same for these
conditions as for the prior simulation for the case without co-doping, the spread in
resistivities for sheets grown in the four lanes is reduced to 0.19 ohm-cm, a reduction of
72%.

[0035] The presence of both the n-type dopant phosphorus and p-type dopant boron
in the silicon feedstock in non-trace amounts (co-doping) works to reduce the spread in
resistivities of the crystalline sheets grown in the several lanes of the furnace. As indicated
above, the resistivity of the crystalline sheets grown under these conditions is dependent on
the net carrier concentration, p-n = [B]-[P], and therefore of the boron and phosphorus
dopants concentrations in the crystalline sheet. Because of the difference in segregation
coefficients, boron will be extracted from the melt to the crystalline sheet in higher amounts
than phosphorous. Thus, as the feedstock flows in the melt from introduction near lane D
towards lane A, [B]’s increase in the melt will be slower than [P]’s increase in the melt
because the segregation coefficient of P is less than half the segregation coefficient of B.

[P]’s swifter increase is tempered by the proper selection of the concentration of phosphorus

11



14 3253/ 192W) arsenic (n-type dopant) concentration of about 208 parts per
billion by weight, and nelt dunp renoval rate =5 % Thus, [As]/[B] = 2.49
in the mawernelo7idtir oducti on regi on. A simnul ation indi cRCedseiatetehe
resistivity of crystalline sheets growmn with these paraneters woul d be:
LANE D LANE C LANE B LANE A sheet resistivity in ohmcm2.8 2.7 2.6 2.9

3253/192W0

at the introduction point compared to the concentration of boron, e.g., phosphorus is present
in lower concentrations in the feedstock than boron. These two opposing factors work to
reduce the variation in [B]-[P] among crystalline sheet grown in different lanes in the
furnace. The above results were achieved with a melt dump removal rate of 1%, where a
melt dump removal rate is the percentage of feedstock introduced at the material introduction
region that is removed from the removal region of the crucible.

[0036] In other embodiments of the invention, the ratio of [P] to [B] in the feedstock
can be set to a different ratio with corresponding changes in the spread of resistivities among
the lanes. For example, for a four lane furnace with silicon feedstock introduced with:

e boron (p-type dopant) concentration of about 115 ppb by weight, and

e phosphorus (n-type dopant) concentration of about 46 parts per billion by
weight, and

e melt dump removal rate = 1%.

Thus, [P]/[B] = 0.40 in the material introduction region.

A simulation indicated that the resistivity of sheets grown with these parameters would be:

LANE D LANE C LANE B LANE A
sheet 2.07 1.97 1.83 1.656
resistivity in
ohm-cm

The average resistivity of the four lanes remains 1.88 ohm-com. While the range in
resistivity is less than the range in resistivity without co-doping, the reduction is less

pronounced than with [P]/[B] = 0.61.

[0037] In a further example, for a four lane furnace silicon feedstock introduced
with:
e boron (p-type dopant) concentration of about 138 ppb by weight,
e phosphorus (n-type dopant) concentration of about 138 parts per billion by
weight, and
e melt dump removal rate = 1%.

Thus, [P]/[B] = 1.0 in the material introduction region.

12
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PJ/[B]=0.61. In fact, as the ratio of

[P]/[B] increases beyond about 1.1 the range of resistivities can increase compared to the

case with no co-doping, as the increased concentration of phosphorus in the silicon feedstock

overcompensates for the lower segregation coefficient of phosphorus as compared to boron.

[0038] Note the doping levels for P and B are provided by way of example only and

not by way of limitation. The levels of the co-dopants P and B can be adjusted to achieve

other desired average resistivities for the crystalline sheets grown in the various lanes.

Further, while the example above is for a four lane furnace, embodiments of the invention

are applicable to any furnace with a plurality of crystalline sheet growth lanes. In specific

embodiments of the invention, feedstock is doped so that the concentration ratio of

phosphorus to boron by weight ranges from 0.4 to 1.0. All of these variations are within the

scope of the invention as described in the appended claims.

2. Boron and arsenic dopants

[0039] In other embodiments of the invention, silicon feedstock may be doped with

dopants other than phosphorus and boron to achieve p-type crystalline sheets. For example:

the p-type dopant may include boron while the n-type dopant may include arsenic.

[0040] For a four lane furnace without co-doping under the following conditions with

silicon feedstock introduced with:

13

boron (p-type dopant) concentration of about 63 ppb by weight,



LANE A sheet resistivity in ohmcm4.4 3.5 2.4 0.8 The average resistivity
of these n-type crystalline sheets is about 2.75 ohmcm [0046] In
anot her ewbadizemi41of the invention, for a four |ane fuPERAS201O6I684 i con
feedstock introduced with: arsenic (n-type dopant) concentration of about
243 ppb by weight, gallium (p-type dopant) concentration of about 438 ppb
by wei ght, safnd-owigel t dunp renoval rate = 0.5 % Thus, [Ga]/[As] = 1.8 in
the material introduction region. A simulation indicated that the
resistivity of sheets grown with these paranmeters would be: LANE D LANE C
e arsenic (n-type dopant, trace amount only) concentration of about 0.1 ppb by

weight, and
e melt dump removal rate = 0.5 %,

a simulation indicated that the resistivity of crystalline sheets grown with these parameters

would be:

LANED LANE C LANE B LANE A
sheet 3.2 3.0 2.7 2.1
resistivity in
ohm-cm

The average resistivity of these p-type crystalline sheets is about 2.75 ohm-cm.

[0041] For a four lane furnace with co-doping with silicon feedstock introduced with:
e boron (p-type dopant) concentration of about 69 ppb by weight,
e arsenic (n-type dopant) concentration of about 62 parts per billion by weight,
and
e melt dump removal rate = 0.5 %.
Thus, [As])/[B] = 0.9 in the material introduction region.

A simulation indicated that the resistivity of crystalline sheets grown with these parameters

would be:

LANED LANE C LANE B LANE A
sheet 3.0 2.9 2.6 2.5
resistivity in
ohm-cm

The average resistivity for all sheets is 2.75 ohm-cm. The range of resistivities in the
crystalline sheets is thus reduced by about 50% compared to forming the sheet without co-

doping the feedstock.

[0042] For a four lane furnace with co-doping with silicon feedstock introduced with:
e boron (p-type dopant) concentration of about 83 ppb by weight,
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LANE B LANE A sheet resistivity in onmcm4.1 3.5 2.4 1.4 The range of
resistivities in the crystalline sheets is thus reduced by about 31%
conpar ed WO 2bvatidag t he sheet without co-dopi ng the fee#€TasRI11/DbBIAVer age
resistivity of the sheets remains at 2.75 ohmcm WO

2012/ 071341PCT/ US2011/ 061694 3253/ 192W) [0047] In anot her enbodi nent
of the inveniiewo for a four |ane furnace with silicon feedstock introduced
with: arsenic (n-type dopant) concentration of about 290 ppb by wei ght,

gal lium (p-type dopant) concentration of about 1105 ppb by wei ght, and

melt dunp renoval er atsenie (iiktype ddjaus cojoCadtioAst abouB2Blpaitnpdribdlionabeweight,

I ntroduction regi on. i

e melt dump removal rate = 5 %.
Thus, [As]/[B] = 2.49 in the material introduction region.

A simulation indicated that the resistivity of crystalline sheets grown with these parameters

would be:

LANED LANE C LANE B LANE A
sheet 2.8 2.7 2.6 2.9
resistivity in
ohm-cm

The range of resistivities in the crystalline sheets is thus reduced by about 80% compared to
forming the sheet without co-doping the feedstock. In specific embodiments of the
invention, the concentration ratio of arsenic to boron dopants by weight ranges from 0.9 to
2.5.

[0043] Boron-phosphorus and boron-arsenic co-dopants for silicon are offered by
way of example and not by way of limitation to show the impact of co-doping on resistivity
range reducing. Reducing resistivity ranges in p-type crystalline sheets by co-doping silicon
feedstock is applicable to other p-type and n-type dopant combinations. All such

combinations are within the scope of the invention as described in the appended claims.

B. Co-doping Yielding N-type Crystalline sheets with Reduced Resistivity Ranges

[0044] In a similar fashion, co-doping can be employed to reduce the range of

resistivities among n-type crystalline sheets grown in the lanes of a multi-lane furnace.

1. Arsenic and gallium dopants

For example: the n-type dopant may include arsenic while the p-type dopant may

include gallium in a further embodiment of the invention.
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A sinulation indicated that the resistivity of sheets grown wth these
paraneters would be: LANE D LANE C LANE B LANE A sheet resistivity in
ohm cm 3.§0202/@213412. 1 The range of resistivities in tReTASGHAbIHNE
sheets is thus reduced by about 59% conpared to form ng the sheet w thout
co-doping the feedstock. The average resistivity of the sheets renains at
2. 75 ohm cHps3;190wo [ 0048] I n another enbodi nent of the invention, for a
four lane furnace with silicon feedstock introduced with: arsenic (n-type
dopant) concentration of about 513 ppb by weight, gallium(p-type dopant)
concentration dpo4fhdit a ERE6EnE flndoy wibog lkeb-doping withmsilitordigpgstack morediicedat e = 5

& with:
e arsenic (n-type dopant,) concentration of about 216 ppb by weight
e gallium (p-type dopant, trace amount only) concentration of about 0.1 ppb by
weight, and
e melt dump removal rate = 1 %,

a simulation indicated that the resistivity of crystalline sheets grown with these parameters

would be:

LANED LANE C LANE B LANE A
sheet 4.4 3.5 2.4 0.8
resistivity in
ohm-cm

The average resistivity of these n-type crystalline sheets is about 2.75 ohm-cm.

[0046] In another embodiment of the invention, for a four lane furnace with silicon
feedstock introduced with:
e arsenic (n-type dopant) concentration of about 243 ppb by weight,
e gallium (p-type dopant) concentration of about 438 ppb by weight, and
e melt dump removal rate = 0.5 %.
Thus, [Ga]/[As] = 1.8 in the material introduction region.

A simulation indicated that the resistivity of sheets grown with these parameters would be:

LANED LANE C LANE B LANE A
sheet 4.1 3.5 2.4 1.4
resistivity in
ohm-cm

The range of resistivities in the crystalline sheets is thus reduced by about 31% compared to
forming the sheet without co-doping the feedstock. The average resistivity of the sheets

remains at 2.75 ohm-cm.
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Thus, [G]/[As] = 12.2 in the material introduction region. A sinulation

I ndi cated that the resistivity of sheets growmnm with these paraneters woul d
be: LANBWVD2LNE1331LANE B LANE A sheet resistivity in oRELAMRBLIO6BIS 2.1
3.4 The range of resistivities in the crystalline sheets is thus reduced
by about 64% conpared to form ng the sheet w thout co-doping the feedstock.
The aver agest/gsiystivity of the sheets 17 WD 2012/ 071341PCT/ US2011/ 061694

[0047] In another embodiment of the invention, for a four lane furnace with silicon

feedstock introduced with:

Thus, [Ga]/[As] = 3.81 in the material introduction region.

arsenic (n-type dopant) concentration of about 290 ppb by weight,

gallium (p-type dopant) concentration of about 1105 ppb by weight, and

melt dump removal rate = 1 %.

A simulation indicated that the resistivity of sheets grown with these parameters would be:

LANE D LANE C LANE B LANE A
sheet 3.6 3.0 2.1 2.1
resistivity in
ohm-cm

The range of resistivities in the crystalline sheets is thus reduced by about 59% compared to
forming the sheet without co-doping the feedstock. The average resistivity of the sheets

remains at 2.75 ohm-cm.

[0048] In another embodiment of the invention, for a four lane furnace with silicon

feedstock introduced with:

Thus, [Ga]/[As] = 12.2 in the material introduction region.

arsenic (n-type dopant) concentration of about 513 ppb by weight,

gallium (p-type dopant) concentration of about 6265 ppb by weight, and

melt dump removal rate =5 %.

A simulation indicated that the resistivity of sheets grown with these parameters would be:

LANED LANE C LANE B LANE A
sheet 3.0 2.5 2.1 34
resistivity in
ohm-cm

The range of resistivities in the crystalline sheets is thus reduced by about 64% compared to

forming the sheet without co-doping the feedstock. The average resistivity of the sheets
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3253/ 192W) remains at 2.75 ohmcm |In specific enbodi nents of the

i nvention, the concentration ratio of galliumto arsenic dopants by wei ght
ranges frwm20120743113. 0. 2. Phosphorus and gal | i um dopaltC3/US2011/0616p0049] I n
a simlar fashion, co-doping can be enployed to reduce the range of
resistivities anong n-type crystalline sheets grown in a nmulti-Ilane furnace
wher e the st wpeodopant may include phosphorus while the p-type dopant may
i nclude gallium For a four |lane furnace w thout co-doping with silicon
feedstock introduced with: gallium (p-type dopant, trace anount only)
concent r at reoningfat 2BDolim-Om1 Ipgiecify embbdjhents ofthe sphwransthé nertcgpetido paint )
concentration,of about. 79 by .wei ght, . an dunp renoval rate = 0.5
% a simla a%wn}tﬁﬁfsélélfé‘ap%%ﬁg“!‘{%%%% ?sz (l’n\llgtoﬁgg#b‘cryst al l'ine sheets grown
with these par arehepBormoadddabimm ddpAidE D LANE C LANE B LANE A sheet
resistivity in ohmcm4.3 3.5

[0049] In a similar fashion, co-doping can be employed to reduce the range of
resistivities among n-type crystalline sheets grown in a multi-lane furnace where the n-type

dopant may include phosphorus while the p-type dopant may include gallium.

For a four lane furnace without co-doping with silicon feedstock introduced with:
e gallium (p-type dopant, trace amount only) concentration of about 0.1 ppb by
weight,
e phosphorus (n-type dopant) concentration of about 79 ppb by weight, and
e melt dump removal rate = 0.5 %,

a simulation indicated that the resistivity of crystalline sheets grown with these parameters

would be:

LANED LANE C LANE B LANE A
sheet 43 3.5 2.5 0.9
resistivity in
ohm-cm

The average resistivity of these n-type crystalline sheets is about 2.75 ohm-cm.

[0050] In another embodiment of the invention, for a four lane furnace with silicon
feedstock introduced with:
e gallium (p-type dopant) concentration of about 378 ppb by weight,
e phosphorus (n-type dopant) concentration of about 90 ppb by weight, and
e melt dump removal rate = 0.5 %,

Thus, [Ga]/[P] = 4.2 in the material introduction region.
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2.5 0.9 The average resistivity of these n-type crystalline sheets is
about 2.75 ohmcm [ 0050] In another enbodi nent of the invention, for
a four | ame20vaTae with silicon feedstock introduced wPCH/US2¢alobiogdm
(p-type dopant) concentration of about 378 ppb by weight, phosphorus
(n-type dopant) concentration of about 90 ppb by weight, and nelt dunp
renmoval rat®s;eW@05 % Thus, [G]/[P] = 4.2 in the material introduction
region. WO 2012/ 071341PCT/ US2011/ 061694 3253/ 192W) A simul ati on i ndi cat ed
that the resistivity of sheets grown with these paraneters would be: LANE
D LANE C LANEnBatioANEdigeted that the resistivity of sheets grown with these parameters would be:

LANE D LANE C LANE B LANE A
sheet 3.9 3.2 2.4 1.6
resistivity in
ohm-cm

The range of resistivities in the crystalline sheets is thus reduced by about 33% compared to
forming the sheets without co-doping the feedstock. The average resistivity of the sheets

remains at 2.75 ohm-cm.

[0051] In another embodiment of the invention, for a four lane furnace with silicon
feedstock introduced with:
e gallium (p-type dopant) concentration of about 4955 ppb by weight,
e phosphorus (n-type dopant) concentration of about 170 ppb by weight, and
e melt dump removal rate = 0.5 %,
Thus, [Ga]/[P] =29.1 in the material introduction region.

A simulation indicated that the resistivity of sheets grown with these parameters would be:

LANE D LANE C LANE B LANE A
sheet 3.0 2.5 2.1 34
resistivity in
ohm-cm

The range of resistivities in the crystalline sheets is thus reduced by about 62% compared to
forming the sheet without co-doping the feedstock. The average resistivity of the sheets
remains at 2.75 ohm-cm. In specific embodiments of the invention, the concentration ratio
of gallium to arsenic dopants by weight ranges from 4.0 to 30.0.

[0052] The gallium-phosphorus and gallium-arsenic co-dopants are offered by way
of example and not by way of limitation. Reducing resistivity ranges in n-type crystalline
sheets by co-doping feedstock is applicable to other p-type and n-type dopant combinations.
All such combination are within the scope of the invention as described by the appended

claims.
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sheet resistivity in ohmcm3.9 3.2 2.4 1.6 The range of resistivities in
the crystalline sheets is thus reduced by about 33% conpared to form ng the
sheet s wiwbaot2/oe34dopi ng t he feedstock. The average resiPETiUsRa1/06f694 he
sheets remains at 2.75 ohmcm [ 0051] In anot her enbodi nent of the
invention, for a four lane furnace with silicon feedstock introduced wth:
gal I i um ( pstsypewdopant) concentrati on of about 4955 ppb by weight,
phosphorus (n-type dopant) concentration of about 170 ppb by weight, and
melt dunp renoval rate = 0.5 % Thus, [G]/[P] = 29.1 in the materi al
introduction region. A sinulation indicated that the resistivity of sheets

grown with t hes[ﬁOé}f? r"[%g%rtn SRmARY lofj thg %Ventllbﬁugscgbel:‘daé%%vec arlé'iar‘l’}lgldgd to be merely
exemplary; and, numerous modifications will be apparent to those skilled in the art. For
example, a multi-lane growth furnace need not have a material removal region and the
method is applicable to other configurations of growth furnaces other than the exemplary
furnace described above. All such ranges and modifications are intended to be within the

scope of the present invention as defined in any appended claims.
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LANE A sheet resistivity in onmcm3.0 2.5 2.1 3.4 The range of
resistivities in the crystalline sheets is thus reduced by about 62%
conpar ed WO 2bvatidag t he sheet without co-dopi ng the fee#€TasRI11/DbBIAVer age
resistivity of the sheets remains at 2.75 ohmcm |In specific enbodi ments
of the invention, the concentration ratio of galliumto arsenic dopants by
wei ght rangegishtyom 4.0 to 30.0. [ 0052] The gal li um phosphorus and
gal l ium arseni c co-dopants are offered by way of exanple and not by way of
limtation. Reducing resistivity ranges in n-type crystalline sheets by
co-doping feedstock is applicable to other p-type and n-type dopant
conbinatioaﬁm A%ﬁhﬁ%ﬁ@ conbination are within the scope of the invention as
descri bed by HIRE apperided cl ai ns. 3253/ 192W) [ 0053] The enbodi nments
of the invéenti ohnddsndot pedigaoweallareacmitbadded shcots e methell yorepriing: ar y; and,
nunmerous nodifications.will be fﬁg@éent tg t hose, skil| ed ig.the art. For
exanpl e, a nulti-| aREVdPR%R HYFHP ChYD A PagEahe furaes feiding 2 SsikIg)
][egi on and :1 he dasﬁﬁ@@eh Wwih aﬁﬁ{e}iﬁl&hﬂr;&mb@orﬂbﬁgﬁ alﬁml%&ﬁﬂrg@é\irtﬁm@h@lrin@ﬁdlﬁg )
urnaces other than the exenpl ary rnace descri above. such ranges
and nodi ficati dﬂ‘érglgtﬁé’ F‘P(ﬁ%’rfggﬂ QY EnGy thiiccialecwtigyed Brrrediise pRasElly
invention as defnReectioRaldaRdw ARREGREHE R ifBoducB®@trdbib? MBrdMatykel Gbai med
is: 1. A nethod of growing crystalline sem conductor sheets, the nethod

conpri si ng: growihlgng; fathedt frong thy sradgrial Weodycliet regioBint h f ur nace, the furnace

including a cruci bl @.eRiHd &HlcethtMal PhtrBdBBbE Fofh sliRbE 86H4G iR p-§pd on and a
crystal growth region including a plurality of crystal sheet growth |anes,

the crucibl e colvpitjanden t-/pprerintevherge femaia of trronentraiéan kyrvedight obthe of
material from tJﬁ@pé B &Uﬁﬁ%lﬁ{g?é gﬂ%ﬁ&&&\ﬁ@bﬂ,&@%&ﬁ%ﬁm{ to?lfEL HIOW | ane

farthest fromt materi a tion region,
growing p-type crystalline sheets from the melt in at least two crystalline

sheet growth lanes.
2. The method according to Claim 1, wherein the p-type dopant includes boron and the
n-type dopant includes phosphorus.
3. The method according to Claim 2, wherein the ratio of the concentration by weight of
the n-type dopant to the p-type dopant is in the range from 0.4 to 1.0.
4. The method according to Claim 1, wherein the p-type dopant includes boron and the
n-type dopant includes arsenic.
5. The method according to Claim 4, wherein the ratio of the concentration by weight of
the n-type dopant to the p-type dopant is in the range from 0.9 to 2.5.
6. The method according to Claim 1, further including:
removing material from the crucible at a material removal region, the crystal
growth region located between the material introduction region and the material removal
region, wherein the percentage of material removed is not less than 0.5 % of the material
introduced at the material introduction region.
7. A method of growing crystalline semiconductor sheets, the method comprising:
providing a crystalline sheet growth furnace, the furnace including a crucible
configured with a material introduction region and a crystal growth region including a
plurality of crystal sheet growth lanes, the crucible configured to produce a generally

one directional flow of material from the introduction region to the crystal sheet
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receiving at the material introduction region silicon doped with a p-type
dopant and an n-type dopant , wherein the ratio of the concentration by

wei ght ofwohe127i3gpe dopant to the p-type dopant exceed®CO/UB2011i0e16d0ped
silicon formng a nelt; and growi ng p-type crystalline sheets from
the nelt in at least two crystalline sheet growth |lanes. 2. The nethod
accordi ng $93Ghatbm 1, wherein the p-type dopant includes boron and the
n-type dopant includes phosphorus. 3. The nmethod according to Caim 2,
wherein the ratio of the concentration by weight of the n-type dopant to

t he p-type dopagowihdarnerfarthvet framde niataml Dirdducoorre@ion; 4. The net hod accordi ng
to daim1l, wherein the.p- e _dopant includes boron.and the n-type dopant
ol udes arsentc. ool AR R Ry FE R e SR R o o
t he concent r at i dvparhyndvai ghtpe dbpanh) evharcinytheratio pathk coehirgiop by yeehdofzant is in
the range fromO0,9 to 2.5.. 6, The netho cording to Caim1l, further
ot udi g O Pivbe dehaRGihegivar AR OF Ran o HE° iR bRe B Rel

renoval region, the geswisg alty®y @wtdllifegtanfrbacal et et weeamws bestamher i al

i ntroduction region anﬁl the material renoval region, wherein the percentage
of material rend$d&9ENKEES | ess than 0.5 %of the material introduced at

the materi@l i ntHeQ8kRdd REOrli@E kPOlaim 7, wittrdiRthd Pty doPrRMAIMGcE E3BlRkAd NE
sem conductor sheets, .the nmethod conpri sing: providing a crystalline

sheet gr owths nftyiReropant inghiles pRsRROES: ncl uding a crucibl e configured with a

material iqtrodpelhQibd K@ 8Claf §WiRkEh 1QTAM IT HEDhQB kil By ficht B
plurality of crystal sheet growh | anes, the crucible configured to produce

a gener al | freprigpedlopat e tha attyird donensfis iracapngel frp dfhte He0i nt r oducti on regi on
to the crygjal 'ﬁ%‘?ﬁ&ho@cﬁcﬁ&iﬁ%907(]}%1‘}1}Rgﬂeﬁgg&%%%én@ﬁ?deggﬁwngﬁd);"'th h lane

farthest fromt mat er | troduction regi recei Vi ng at
mat eri al i the mgpeecdopam incdugicoars@iid.- i con doped with a p-type dopant and an

i q ¢ . g ot . h
p-type dopint ¢ eThEhd bUEHEH Clah 16, hRANGEROR TR MRS it 1% g
mel t; and of the p-typecwpangtorthe ypwecoyat alih teearghdotsl.® awimdtithe nmelt in at | east

two crystalline.sheet growth | S, .. The t hod according to daim?7,
wherein thﬁei'p- %/hﬁeme o%%ﬁf%% f‘ﬁ@@lsm &a‘%’iﬂ?eﬁrlﬁcgl%gt he n-type dopant i ncl udes
phosphorus. 9. Thenoviighotkral fromdhagudilde &l eyl rav@abicgioh ke crgdtalo of t he

concent ralon S Ahk. B e, PrL YRS Sobintot o Lhe, puLYoe, dopantyt o 11 (e
p-type dopagioniwhetciis pgadntigd BF madrihliemevddypeot tpaah 0156 bete mafiseni C.
introduced at the material introduction region.
13. A method of growing crystalline semiconductor sheets, the method comprising:
providing a crystalline sheet growth furnace, the furnace including a crucible
configured with a material introduction region and a crystal growth region including
a plurality of crystal sheet growth lanes, the crucible configured to produce a
generally one directional flow of material from the introduction region to the crystal
sheet growth lane farthest from the material introduction region;
receiving at the material introduction region silicon doped with a p-type
dopant and an n-type dopant , wherein the amount of the n-type dopant exceeds a
trace amount and the amount of the p-type dopant in the doped silicon exceeds a trace
amount, the doped silicon forming a melt; and
growing crystalline sheets from the melt in at least two crystalline sheet

growth lanes.
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11. The method according to Caim 10, wherein the ratio of the
concentration by weight of the p-type dopant to the n-type dopant is in the
range frowoRo®/@Em3#113.0 12. The net hod accordi ng to C &CEUB201fL06t6her

i ncl udi ng: renoving material fromthe crucible at a materi al
removal region, the crystal growth region | ocated between the materi al

i ntroducti ¢asreghon and the nmaterial renoval regi on wherein the percentage
of material renmoved is not less than 0.5 % of the material introduced at
the material introduction region. 13. A nethod of growi ng crystalline

sem conductér sheeataghodtdeeordipg bodlamo hmibsiengthe p-type dopanpuictiidegbaorcangdshal | i ne
sheet gr owt_lg fe rnal %’clutdg'se hfogjrhrg%ce including a crucible configured with a
mat erial i NCPOAUEET O regﬁ o and a crystal growmh region including a
plurality tf crijetmadth@heairdigeanChinh dhedereithtae pitypei dopant denideghuredaridahgr oduce
a general Ig one directional flow of material fromthe introduction region
to the crySPAr RBEICYFOVII Cane farthest fromthe material introduction

r _egihon; 16. (rjméeheﬂildmgacadrdﬁa@eo oRing aj,ar}hefeﬁli ﬂhaguﬁiei d@taaml;c1 @@LudBs gduhdn;;@mhdoped
with a p-type dopant and an n-type dopant , erein the anount of the
n-type dopéﬁfl't@&‘ggﬁfgl ?"tdF%lE}?Spa%ﬁ‘Efnt and the anount of the p-type dopant in
the doped 1.l cofR meotERERMASOrdink ERCRINA M Whereir 6 pdRReRdpSit iichABs S0 At @ mel t;
and rowi ng crystalline sheets fromthe nelt I1n at |east two

crystall i n‘gleélﬁ&ecdog?l&mqlﬂd%h@éph% 2012/ 071341PCT/ US2011/ 061694 3253/ 192\
14. The nmejfod ARGAHIINGI@inSAERI 33, AVARF Rlchafnbe P-type dopant includes
boron and the n-type dopant Includes phosphorus. 15. The nethod accordi ng
to O aim13, wherE&mpvingenaierial Fem derravaiblp acd metedal ooyl wagnitheckisttlype dopant
i ncl udes a | Coi : [Falelt J r.el he p-type
dopant i nc?§§?5£61§P ??Qﬁtr%a-gﬁ t tggﬁl-a ?&%lgﬁgéodggtﬁ%an%ﬁ%@é&ggﬁ%@%ﬁ%&aﬁ 17. The
met hod accuegdnnghargn Gegicreentdge aftmetaiahremmiomedots nytdess dlapdnt %i of teudkeriagal | i um
and the n- i us. 18. The method according to

Cl aim 13, %rfe@ﬁg(?Qtﬁﬁ%?lhtgllq%g&ﬁﬁuat&%gg%em)vi ng material fromthe crucible
at a material r@"oV& 2¥8gi on, the crystal growth region | ocated between the
mat erial introduction region and the material renoval region, wherein the
percentage of material renoved is not |less than 0.5 % of the materi al

i ntroduced at the material introduction region. 03253/00192 1289681
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