- 1 - P-Type Silicon Single Crystal and Method of Manufacturing the Same Technical Field 5 The
present invention relates to a p-type silicon single crystal and a method of manufacturing the same,
and particularly to a p-type silicon single crystal manufactured with a Czochralski method and a
method of manufacturing the 10same. Background Art A power device such as an I= (Insulated Gate
Bipolar 15 Transistor) has recently widely been used in home appliances, industrial machines, and the
like. One of primary characteristics of the power device is a high withstand voltage, and a substrate
used for aByovars SAGeH oY dB L REAGHIERY Biid s Retirie 508 1Rgh Mrrifamity ahade 2 20
variation thereof. A silicon single crystal used for g_gubstrate for a power device is manufactured
mainly with a Czochralski method (a CZ method). With this Cl method, since a segregation coefficient
25 of such dopants as boron and phosphorus with respect to a silicon single crystal is smaller than 1,
dopant cpocghtration w;a silicon melt becomes high as the silicon single crystal grows. Therefore, the
dopant concentration in the grown silicon single crystal varies in a direction of an axis of 30 growth,
and5consequently, resistivity of the silicon single crystal varies in the direction of the axis of growth.
Thus, it has:been difficultitowcontrob resistivityes  Regarding actechniguedar eantrlling resistivity of a
single 35 crystal,.for example, Japanese National Patent Publicati 0. -2-2010-531805 (Patent
Documerit %/)Sdéislcri%%é aam%(téﬁohdg §f gc?r?t%?lrllnug%rae%}zgﬁgffé of 5% icé;ﬁ%dotalifd for manufacturing a
solar celha¥ith this mettiod ca silieon ivgot §s formed by preparifg arnetallirgiealzgradé &ilicon source
material containing boren-and phosphorus and-adding alupinum erthedikeita metallurgical-grade
silicon to fabricate a silicon melt. Problems to be Solved by the Invention 10 In the method described
in PAtenfB®&ument 1, metallurgical-grade silicon containing a large amount of impurities is used as a
silicon source material. Therefore, a resultant silicon single crystal substrate has resistivity as low as
15 approé([argitelr[yOS rli)cgr%]zq lower and it has been difficult to employ such a substrate for a power
device requwe% 0 be’in high in withstand voltage. In addition, in the metallurgical-grade silicon source
material 20 above, boron and phosphorus are originally dissolved in the silicon source material. Then,
an amount pf horon and phospharus is determined andsa group:lIkelement is:mainly added in
accordance with the amount of boron and phosphorus. Thus, since one type of element is simply
malrly uSéd s ah 25 eleftfent f6r-EoHtrolling resistivity SThas Fittually B@éﬁ diffiit {0'feS5en variation
in resistivity-efdhe siliconsingle cgystaksubstratel. The.present inveptiamsvas made in view of the
above-deseribed 30 roblems. and an.objsgtihereaf js lo provirie.a gvpa siicen single cysial high in
resstwﬂfand fessin variation in resistiv y and a method o manufa turing the same. Means for
Solving the®reblemisstrate used for a power device in order to achieve

this is reguired to be high in resistivity and less in

20  wariation thereof.

A silicon single crystal used for a substrate for a power
device is manufactured mainliy with & Czochralski method (a CZ
method). With this CZ method, since a segregation coefficient

25  of such dopants as boron and phosphorus with respect to a
silicon single crystal is smaller than 1, dopant concentration
in a silicon melt becomes high as the silicon single crystal
grows. Therefore, the dopant concentration in the grown
silicon single crystal varies in a direction of an axis of

30 growth, and consequently, resistivity of the silicon single
crystal varies in the direction of the axis of growth. Thus,

it has been difficult to control resistivity.

Regarding a technigue for controlling resistivity of a single

35 crystal, for example, Japanese National Patent Publication No.



- 3 - A method of manufacturing a p-type silicon single crystal according to the present invention has
the following steps. A silicon melt to which boron as a main dopant, a first sub dopant which is an
n-type impurity and smaller in segregation 5 coefficient than boron, and a second sub dopant which is
a p-type impurity and smaller in segregation coefficient than the first sub dopant have been added, is
prepared. A silicon single crystal having resistivity not lower than 6 Ocm is grown from the silicon melt
with a Czochralski method. Here, the 10 segregation coefficient refers to a segregation coefficient with
respect t'a Sitieor Singlel EysElt By hilkeiising & pierahit orsulid8Fants “a piype silicon single
crystal high-in sesistivity and lessiin vatiatien in 15 resistivity.cantbe:ebtained: In the method of
manufacturing a p-type silicon single crystal above, preferably, the first sub dgpant is phosphorus and
the secdfid€ubdopant i&ald nﬁﬁg%?: Ac%ll‘?’rsét%c'onggein }Li':lt%r}r’”r%lti2)(1 5bhcoa(fléulgte%"t()1yld“l\9fd i nEgnggﬁ’ centration
of the firstssubcdopant liny thersilieon meltzbyredricehtrationof ther rdin dopantdn thesilieén melt is not
lowayr than 05, a0ct nathiaber han 4,3-4.secand gapcepiration ke calculated by dlviding or -
concentration of the second sub dopant in the silicon melt by concentration 25 of the main dopant in
the silicdr ekt i Rotlewdt fifant4 0ard AoCHigHEr thah 5224, Herel The coAcentfation-in the silicon
melt refefs 1@ concentration in an initial silicon melt before growth of the silicon single crystal. 30 In the
method of manufacturing a p-type silicon single crystal above, preferably, the first sub dopant is
phosphorus and the second sub dopant is gallium. A first concentration ratio calculated by dividing
concentratiob bétiwe first beb Hoparedinkire Siieofmveitbyeoncentration of the main dopant in the 35
siliggn melt is not lower than 0.5 and not higher than 1.2. A - 4 - second concentration ratio calculated
by dividing concentration of the second sub dopant in the silicon melt by concentration of the main
dopant i the-sificoreimerds ABERWE IHarn 1. X akd not Righerfidn 13,40 the méthodFof
manufactringa p-type silicen single, crystal abovecpreferably, d7e firgt sub-dopantis phasphorus and
the second sub dogant is indium. A first cgpge;ntratf%n Lat%; calculaterdeb QL\/id?;r;g cgri%gnération of the
first sub 86pantin 16TRE sfiicdh Hielf By conderitration of the main dopant in the silicon melt is not
lower tha#i 0.5 and-notdighiersthan t1x2.-4 seeend esncentration ratio talcutated by dividing
congentration of the second su gopagt in the ];silicgn mglt‘bysc%mggpltr%ti%gf tge%‘_m%itg dopant in the
silicon meltid AGHORER than 25:1 15 4nd REt Higherthan 261°2.1h the metRiod of manufacturing a
p-type sikeansinglewrystal abxinve; preferdhly, thedirstesubddoparnt is arsehicand thevsecond sub
dopant isnalumir%mw@gif[%tt%p&egg%g%éqtio 70 calculated by dividing concentration of the first sub
dopantin the silicon melt y concentration of the main dopant in the silicon melt is not lower than 0.6
and not higher than 1.5. A second concentration ratio calculated by dividing concentration of the
second sph dopant inthe siliconmeltby-concentration- 25 0f the: imain: dapant.in ske siicen mélt is not
lower than 11.7 and not higheé th%n 72.2. In the method of mal yfaé:éqrin §\pété(pgv}si|'c% single crystal
above, pratérably, e fifst 8Ub dBpant isAreenic and the 30 Second sub dopant is gallium. A first
concentratidni ratio catcutatedrizycdividing cofcentration efthe:firstosulddeant dmthe silicon melt by
concentration.of the main.dopant in the sjlicgn.melt is notlower than,Q&and not-higher than 1.5. A
second concentration ratio calculated by dividing concentration of the second sub dopant in the silicon
melt by cefig&ntration? < 52 IEHRE tnain dopaRtinitie Slicon mBR I RoAIBWer a3 15 aHt not higher
than 18.3rip the methad efmanyfacturing:a priype siliconsingle orysiallaboves preferadty, the first sub
dopant is arsenic and the second sub dopant is indium. A first concentration rati ated by
diviting concBhttation of t%céq‘?rgtoi%lagpé:rﬁslﬁ“ %r?e‘“ Siticon n%t%lf goﬁféernfpa?iB%%%Zeqlrhain dopant in
the silicon higlt isuriot |owerithan€6 andinot higheFthare 1.4 W 10 SécoAd ebficentratiohiratio
calculated Mﬂgdi@g@pggnggggQ pf the second sub dopant in the silicon melt by concentration of
the main dopant in thé silicon melt is not lower than 57.9 and not higher than 324.0. 15 In the method
of manufacturing a p-type silicon single crystal above, preferably, the first sub dopant is phosphorus

and the segend sub gopantisatuminunaA firstconcentration ratioccaiculated:bydividing eoncentration
of the first sub dopant in the silicen melt by concentration of the maig dopaptinthe <1 con
single crystal high in resistivity and less in variation in

resistivity and a method of manufacturing the same.

Means for Scolving the Problems

]
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20 silicon melt is not lower than 0.79 and not higher than 0.81. A second concentration ratio calculated
by dividing concentration of the second sub dopant in the silicon melt by concentration of the main
dopant in the silicon melt is not lower than 24.2 and not higher than 27.0. 25 In the method of
manufacturing a p-type silicon single crystal above, preferably, the first sub dopant is phosphorus and
the second sub dopant is aluminum. A first concentration ratio calculated by dividing concentration of
the first sub dopant in 30 the silicon melt by concentration of the wain dopant in the silicon melt is not
lower thén 08 and A6t Righer B 0. DT IATSez0RTRBNEStFLIoh ratioEafcut&tEa iy dividing
concentration of the second sub, depant:in {he silicon melt.by eprcentrationiofdhe maie dopant in the
silicon melt is not 35lower than 30.8 and not higher than 33.8. -6 - In th §nertggd 501'1 manufacturing a
p-type sificort SigIe Erystat abBle prefsrably, the first'sab dopant is phosphorus and the second sub
dopant isigabium. A first carcentrationyatio catculated byrdividing lconcentraticr sRthefirstsub dopant
in the silicon melt by ggng%%%atbo&%%tpea{gglnad(.)g)@@g%thgﬁh%rgglg ig,Aotlower than,0.79 and not

highaer than 0.81, and a second concentration ratio calculated by dividing concentration of the second
sub dopantirn thaBiHEd’ el by T0TbheéntaticEertREHhain ddpant in thesSiicon Mgl iAot lower
than 6.2 and.not highes than 6.9 4r she methedi ot manufacturing:a p=typersiicanisingle crystal above,
preferably, the first sub dopant is phosphorus and the 15 second sub dopant is gallium. A first
concentratios tatic-Ealeiiated BY HiViding Sbhtantration 6t the Fifst'sub dopant %fﬁejsﬁic%ﬁor‘ﬁ%lt by
concentration, of the main depamtdn the; silicor meltismies loywer than:0:89 andat higher than 0.91. A
second concentration ratio calculated by dividing 20 concentration of.the sceggrflﬁ sub dopant in the
siliddn mek By SEHceRtrafisiT bf the fain dGpantin tiie Silicor meltis hot lower than 7.8 and not higher
than 8.5..A prype silicon single crystalcactosding i@ therpresent 25 invention has boron as a main
dopant, a first sub dopant, and a second sub dopant. The first sub dopant is an n-type impurity and
smaller in segregation coefficient than boron. The second sub dopant is a p-type impurity and smaller
in segredationtteeffitidritthan EHefifst 505 dobaht REStRtY Ts ndt 30 ToWér than %E@Bm. By thus
using a plurality-0f stb-dopants, anp-type siticen singte;crystal higheiniresistivityaand tessrin variation in
resistivity can be obtained. - 7.- In thf Pr 1y§8 silicon single crystal above, preferably, the first sub
doplﬁnt isr&?ds%%b‘rrds‘féfn& the ?Sc&? Sub dopant is aluminum. A first concentration ratio calculated by
dividing concentration of the first sub dopant in the silicon melt by 5 concentration of the main dopant
in the silicon melt is not lowerthan 0.5 and not higher than 1.2 Asecond concentration katio

calculated by dividing concentration of the second sub dopant in the silicon melt by concentration of
the main HopEAt inthe STicoR Melt i fotlower that 4 9% ot Highe tRaRT0°52. 4" Hefé the
concentrationinthe siliconnelt refers:ta.eancentrationfin antinitiah siticon aelcbeforegrowth of the
silicon single crystal. In the p-type silicon single crystal ahove, preferably,.the 15 fir b dopant is
phoSphoru iacfﬁj'*t%teesc{e]cEc]ﬁ‘idO'i‘"‘l”J ‘dopant is 5§Iﬁﬁrﬁ¥ Q:fitrgtp‘ cgrifce‘h%%ti%l% }'rlgttiéz) %%ug%gdggf dgl?ding
concentration ofithedivst subldofantdm tiesiticert iielt B corceritativn GPHie mair doPant in the
silicon melt is;not;lower than-0.5 and ngtdhigher:than 1:2..A secend songentration20:ratio calculated
by dividing concentration of the second sub dopanta[q the silicon melt by concentrgtiog of Ith%yrpain
dopant inYRESHIoRHER IERGHIdMRr tHdn: . 2%d HotHigHer thah 13-4 25 In the - typé silidon single
crystal ahowe; preferably; dhe firstsuibdopant is-plosphoiusand:¢hie segontbsule dopantisindium. A
first C.OHCQI%'[I‘% ion ratio_calculated b)édiiyhdén% con: Araﬁigmpf yge ggsg suh.dopant in the silicon melt by

con%aentreﬁion 0 hrenanﬁ”ginadjo%%rﬁf in the silicon melt is not 30 lower than 0.5 and not higher than 1.2. A

second cencentrationiratie tatcutated by‘dividitg Eondeiiration Gt the 36é6Hd $Gb H6Fant in the silicon

melt by caneentration.of the gyain dopantin-the:siliconmelt issnatlower tham 25 1 ansknotiigher than
261.2. - 8 - In the p-type silicon single crystal above, referablg/ the first sub dopant is arsenic and the
Secondsﬁﬁaaﬁﬁn9§OWth of The silicon single crystal.

30 In the method of manufacturing a p-type silicon single crystal
above, preferably, the first sub dopant 1s phosphorus and the
second sub dopant is gallium. A first concentration ratio
caiculated by dividing concentration of the first sub dopant in
the silicon melt by concentration of the main dopant in the

35 silicon melt is not lower than 0.5 and not higher than 1.2. A



aluminum. A first concentration ratio calculated by dividing concentration of the first sub dopant in the
silicon melt by concentration of the main dopant in the silicon melt is not lower than 0.6 and not higher
than 1.5. A second concentration ratio calculated bX dividing concentration of the second sub dopant
in the silicon melt by concentration of the main dopant in the silicon melt is not lower than 11.7 and not
higher than 1072.2. In the p-type silicon single crystal above, preferably, the first sub dopant is arsenic
and the second sub dopant is gallium. A first concentration ratio calculated by dividing 15
concentration:of the first stibaopant ircthécsilicohanék bytongeftkatich bEthenaR dopant i the
silicon meft isnot lower than 0.6 and not higher than,1.5; A-secand:cancentration ratipcGaleulated by

dividing concentration of the second sub dopant in the silicon melt by concentratjon of the main dopant
20 in the"SiliddHEniBitis noPkiver than 8 Farid hot Righer than'£8.3%n the":ype Sificoningle crystal
above, preferably, theditst:suthdepant is arsenic and the second sub dopant is indium. 25 A first
con%entration ratio calculated by dividing concentration of the first sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt is not lower than 0.6 and not higher than 1.4. A
second cdoncentratiof ratib cdlctiatedtby gividing congeritrationsefthe Yecéhd $UB 30°dpaht in the
silicon melf by.concentration of the. mair-dopantdnthe;silisen melt ismot lower than,b7.9 aad not
higher than 324.0. In the p-type silicon single crystal above, preferably, the 35 first sub dopant is
phospho?G§and ti&8efbitFstb ddbantis ™™g - aﬁ’urﬁﬁﬁfﬁ% Kfirst oheantration ratiocalculated by
dividing eencenteation of theifirst Suhdopantimrthessilicon mélt biyeontentratiorvofthiesmainidopant in
heygicon el is noLigwel a0 73 and netidherinas A8L 4 zeqong gantentiationgatio
calculated by |V|dL|ng concentration of the second sub dopant in the silicon melt by concentration of
the mainsddpiaritin BelSilidon melt is ABEfowerthal 24. 285d REEhigheFhan"370. 10 i thé p-type

silicon single.crystal abave, preferablythefirstsuh.depant is phesphoerus andthe secead suh dopant
is aluminum. A first concentration ratio calculated by diyidin concleptration of th%ﬂt§5§g%igopant in
the siliconimélt By Tonickfitratich 6Pia ain dopant i lecsé]ﬁ dirmelt'i€ n6t 15 Tower than 0.89 and
not higherithan4.9%. 1A sdcenchconcentiation Tatio calcukated by dividingooncentratiort 6f the second
sub dopant in the silican mel 0 tration of the main dopant in the silicon melt is not lower than
3OHB§Jandar%ﬁt h}llgﬁ’erlnt %ﬁ %%.gqg%%in%b%ype silicon single crystal above, preferably, the first sub
dopant is phosphorus and the second sub dopant is gallium. A first concentration ratio calculated by
dividing eonpcentration of the firsthsub, depantinthe siliconypelt by 25eancentratien of-thecmain dopant
in the silicon melt is no Iowegthan%q;79 and ntot %ij%hecﬁ th%rlllQBil. Aag,ﬂe%olgdcconc ntration ratio
calculated 5y fivididg ESncentration of the S8Cond subs dopart in thé silicon mélt By concentration of
the mainztopantliretiie siligommelt s notlowenthan 8.2 and hot 80 dhgherahan®.9:4ih the p-type
S'“%qf; S@%‘%ﬁﬂ%@g@b@gﬁ preferably, the firstsub.dopant is-phespherus and the segand sub dopant
|

is gallium. A first concentration ratio calculated by dividing 35 concentration of the first sub dopant in

the silicoRiHielf by <00 - E6ncertiation tiihe fidin dopant inthe™@iconIRER i ndt loweF than 0.89 and
not highes than 9:91:.A secand-eoncentration ratio caleulated by dividing €oncentratiorsof the second

sub dopant in the silicon melt by, concgn%r_a;jioréé)ﬂhe Sm%ngopgnt in IQQGS”!:C&QC@%% Lsaaqtolgwer than

in 2
7.8 and not HigherthAT 8 B Eifects of the TRvéntion 10 According to the present invention, a p-type
silicon single‘cnystakhighdn sesistivity zmd less irieardtiondnresistiityccarrbé obtdined. Brief

Desgriptign of the Drawings 15.Fig, 1 is aschematig,copstruction diagram showing.an apparatus for

manufacturing a p-type silicon single crystal in the present embodiment. 20 Fig. 2 is a flowchart

showing &'tethdd of r&sutaétufiig &°p-fype silicon single crystal in the present embodiment. Fig. 3 is

a diagram showing relation between resistivity and a solidified fraction of a p-type silicon single crystal.

25 in the method of manufacturing a p-type silicon single crystal
above, preferably, the first sub dopant 1s arsenic ana the

30  second sub dopant is gallium. A first concentration ratic
calculated by dividing concentration of the first sub dopant in
the silicon melt by concentration of the main dopant in the
silicon melt is not lower than 0.6 and not higher than 1.5. A

second concentration ratic calculated by dividing concentration

7S
th

of the second sub dopant in the silicon melt by concentration



Modes for Carrying Out the Invention An embodiment of the present invention will be described
hereinafterreference to the drawings. It is noted that 30 the same or corresponding elements in the
drawings below have the same reference numeralszallotted and description thereof will not be
repeated. described with reference to Fig. As shown in Fig. 1, a silicon single crystal manufacturing
apparatus 10 mainly has a chamber 2, a heater 6, a crucible 8, 5 a crucible support shaft 13, and a
pull-up wire 14. A heat insulator 3 is provided on an inner wall of chamber 2. A gas supply port 4 for
introducing aiinefagas slichedstargont(Af) isiprovidednis ak ubper portiorisfichahiber?, and an
exhaust part 5.for exhausting-a gas i chamber 2 is provided in a 10 bottom portion of chamber 2.
Crucible 8 is filled with a doped silicon melt 7 . Heater 6 is provided around crucible 8, and silicon melt
7 can be fabricated by melting a silicon source material. Crucible support shaft 13 extends from a
lower endrpottien okctucible 8 todhe: betton:-portion of the clrkamberiand 15-tnis retatably sapported by
a crycible support shaftdrive deviaa.12. Bulkup wite 14 sepes o pulluuna siigen single crystal 1 and
it is vertically mbvable y a pull-up wire drive device 15.720 A method of manufacturing a p-type silicon
single crystaPinthe presentaenbodiment Willnow be Hescribeth\with Féfereride tHFigs. 1 and 2. As
shown in-kige2; the-prtype siliconsingle-crystah agearding 25tathe present embodiment serves to
manufacture a silicon single crystal with a Czochralski Crggtk%%d, and_fmaiéwl)éha% a silicgn melt
preparationstép Si 8 Silican single SYRtEFgrowth Step B2, aRd & Siliébr shgie-crystal diitting step S3.
30 in silicon.mettrpreparation step: Si, cracibleh@is filled withi arsiliconisputee materidl ghd héated by
heger G,S%OCH]%E the,silicon §8Ldr£8r{“?§t!@5'%Q?E%ﬂa?@&%%?%&%%@t%8}3eém'?éi@%@t' a first
sub dopant, and a second sub dopant are added to dope the Silicon melt. The main dopant is boron 35
representing @§-tyiSCirRpurity ST RE st Subdopaft ibldn A2 IMpurfy hading @t eonddictivity type
and being smaller-n segregation coefficient withirespegttothe silicon single erystalithan beron (B)
which is the main. (%)Paﬁgt. T eé\first lékzq d8pant is a group V element such as phosphorus (9) and
arsenic (?\%5% The second sub gffan is an impurity having a p conductivity type and being smaller in
segregation coefficient with respect to the silicon single crystal than the first sub dopant. The second

sul gopant is a grpu UL glement stich as.aluminum. (A1), galliumy(Ga)rand indium{in)s10:n the
present embodiment, semiconductor-grade silicon is employed as the silicon source material.
Semicon@leier-grade SfiEah his albfvef implrity cordeRtalon And KORIGREF Mt ity thale
metallurgical-grade silicanpSemicanductorsgrade 15siliconshascsiliconmpurity,i for example, of
99.999999999% (11N).. The main dopant, the first sub dopant, and the second sub.dopant to be added
to the silicon %6%écée%a?é/ria?1rﬁ%ydﬁép added 6 the gliJﬁé“gﬁl melt a%?laet gérilcé%r S,Selfa%%tr:;(ilt(tgzlfy&.1 rIﬂfbrlé)‘(ample,
20 initially rthesmaincdopart mrayebe addedas siliconmelt 7 HofloWwed bydthedinst sub dopant and then

thegecond sub dopant.In silicqn single, crystal.growthy step-32./initially, a.seed erystal 17-attached to a
seed chuck 16 is brought down to a 25 surface of sjlicon melt 7 and immersed therein. Thereafter,

pull-up WireSFF R Wodnd 6 Bl ity wiré 'drive device: 25 16 tHefeby puff up Silicon single crystal 1.
After silicomsiaglecsystahl undetgoes«growth ef:a conicah30 portiane(aniexpamdedgortian) and grows
to a target diameter, a straight part ofyiiin ot1llis rown to.a pre gnib IeQ I}.an‘sgliclggtsingle crystal
cutting st%%%fﬁrﬁiﬁ%ﬁﬁos?rgfght “égrt 30?%1%(0 (ﬁﬁ% gro“\irx}n %ﬁegprieé%?fge ‘igenlgthf ‘and 35 thereafter
wind-up eéfopuiicup wire £4 isistepped.Thereafter: By wetinglcrucible 8, silicon single crystal 1 is
sepayated from silicon melt 7. By slicing silicon single crystal 1 along a plane perpendicular to the

direction of axis of growth of silicon single crystal 1, a silicon wafer is obtained. ? \
In the method of manufacturing a p-type silicon single crystal

above, preferably, the f£irst sub dopant is phosphorus and the
second sub dopant is aluminum. A first concentration ratio
calculated by dividing concentration of the first sub dopant in
30 the silicon melt by concentration of the main dopant in the
silicon melt 1s not lower than 0.8% and not higher than (.91.
A second concentration ratic calculated by dividing
concentration of the seccnd sub dopant in the sgilicon melt by
concentration of the main dopant in the silicon melt is not

35  lower than 30.8 and not higher than 33.8.



A result of simulation of relation between resistivity and a solidified fraction of a silicon single crystal
will now be described with reference to Fig. 3. 10 The abscissa in Fig. 3 represents a solidified
fraction. The solidified fraction refers to a ratio of a gnass of crystallized silicon with respect to the total
mass of source material silicon contained in the silicon melt. The ordinate in Fig. 3 represents a ratio of
resistivity in a direction of an axis of 15 growth 0 of silicon single crystal 1. Here, resistivity is resistivity
at the center (that is, the axis of growth) of the silicon single crystal. In addition, a ratio of resistivity
refers to a value calculated by standardizing resistivity at a certain solidified fraction with resistivity at a
solidified; 20 fractign of, 0In-Fig-3rsamples 101 t0-107-eagh-represent.a p-type silicory single crystal
formed with the Czochralski method from.the silicon rgelt, to.which bgron }E)hqsghgrug, a g aluminum
have 25 beeHaddeta<thiehiin dolsant, tha first8U a8pant, ard the sécond sub dopant.
respectivaly.cBeroggontentrations:ingheé silicon melts forsganmples 40116 t107rares3.2x 1015
atorpsBcmb (101), 1.1 x 10 i / : 1.2 x 1015 afoms/em3. (103), Q14 .,
atoﬁs/cnqlgj(iﬁlt)%t‘ffiL x?gl}f)'dg51 gﬁ%@%&%ﬁ%ﬁtg’ g(“l“(z)olﬁ agtamsﬁ3 %1%%) ]gr% 2%(? I?:611%014 i
atoms/crh2€167); Fespectively. anisles 101 16 107 by Porbhiedhgéntratitris are’6:56't£01), 0.60
(102), 0.20 {103) 0:20 (1043, .90 (105):2.10:(106),. and 420 (167).irespectivehsr) Corcentration
ratios (second concentration ratios) calculated py%dividig%pﬂ?%ﬂlmjnu con ere}ra;ilqns in the silicon melts
for sample161 & 16% by BOr6i cohlentrations are 5-60 (101). T1.707(102) 18750 (103), 31.76 (104),
38.65 (105); 45:06-El06)rand 5240 (107);rdspedtivelyod0tAsicartbe seén i Fig I8 4¥ aFznge of the
soligified fraction frarp.Q.to 0.8, vailationsin rasistivity inthe direction et axisof grauth,ef:siicon single
crystal samples 101 to 107 is very low, that is, approximately from 3 to 8% or lower. It is 15 noted that
variationdf ¥esistiy/is a-valas defiféd By Evfration A Here,-a maximum value of resistivity is a
maximum value of resistivity of the silicon single crystal in the direction of axis of growth, and a
minimum value of resistivity is a minimum value of resistivity of the silicon single ryst#] in the
direction ot a&%eof‘nﬁ%a/ﬂ%!. @qué%ladhu]r?ac HELRD S raximum \SlémlecgfﬁRgsiégitﬁ/*lt% -CI\I/:IG'l %n%m Value of
Resistivity)pariationeifcResidtivity =he1 00 Mexirmuim Viaberof Resistivity P50 sabstrstesd for a
power device such.as an = s required.toibe high in resistivity.andless.in varation in; resistivity.
Specifically, resistivity of the p-type silicon single crystal is desirably not lower than 6 Dcm, preferably
not loweFthhRBE36 i, And fitthe? preferably hot fower thart 160 hefrt tn 2dditid ¥afiatidh in
resistivity gtthe ip-type-siticon: singlecerystahisdesirablyoiotdtighersthan 26%6,rpreferably=not higher
than 15%,more preferably, not higher han 8%, andfugthes pieferably, not igher than 5%, - 15 - A

mechaniSm- Wity Whith variation in resiativity of the silicon single crystal in the present émbodiment

becomesiless withAowdiecdescribetioh & ehse witeke bhiySoroRythelmaihi 86paah.) is added to the

siliegn melt, horon conceptration. inthe silicon single xrystakbecomes:higher as thesilicon single
crystal grows (that is, the solidified fraction becomes greater). Therefore, 10 resistivity becomes lower
on a bottBRTSIA 'of #ie Siicor singfe &/stal “fsfeason i5 a5 folfows’ Bordh concentfation in the
silicon meltincreasesas the siticomsingteicrystal graws, because 15 boron has a segregation
coefficient with respect to the silicon single crystal around 0.78, which is lower than 1. Consequently, a
ratio of boron taken into the silicon single crystal becomes higher and resistivity becomes lower. 20
Similarly in a casewhsré phospRérusis added te the sifiesis el aweltephosphorlis concentration in

ﬂmjﬂkD@ﬁWEW%ion has boron as a main dopant, a first sub dopant, and a
second sub depant. The first sub dopant is an n-type ilmpurity
and smaller in segregation coefficient than boron. The second
sub dopant is a p-type impurity and smaller in segregation

coefficient than the first sub dopant. Resistivity 1s not

30 lower than 6 Lcm.

By thus using a plurality of sub dopants, a p-type silicon
single crystal high in resistivity and less in variation in

resistivity can be obtained.



crystal becomes higher as the silicon single crystal grows. Therefore, resistivity becomes lower on the
bottom side of the silicon single crystal. Phosphorus has a segregation 25 coefficient with respect to
the silicon single crystal around 0.38, which is lowet than that of boron. Therefore, a rate of
condensation of phosphorus in the silicon melt with growth of the silicon single crystal is greater than a
rate of condensation of boron. Thus, a rate of lowering in resistivity 30 with growth of the silicon single
crystal is also greater in a case where phosphorus is added than in a case where boron is added. are
produced andiohposie #F corductivity typeledncel B4ER otliét°BEcaleb6roR e presents a p-type
impurity and phosphorysgepresentsan s-type impurty. Therefere; by addingipbaspharus together
with boron to the silicon single crystal, density of p-type carriers can.be lowered and resistivity can be
increased. H'addition, & rgt%rgftingr%%gg 1'i{rlwt Fn%f)ﬁdrl y c%%éé‘r?tract?ofn”vl\l/ﬂtﬁ Growth’ of%ﬁ\éi's%ﬁ:%% single
crystal isgreatertim acase whergphospherussigtaddedthan in atcase Sihere bordn is-added.
Thetefore, g rate, of lawering in 10 registivity with growth ofjthe silicon single. crystal can-be lowered by

canceling increase in p-type carrier density owing to increase in boron concentration with growth of the
silicon sihglesctyStap with incPesse iR Th-fype tafrier déhsttyowin B5FcredsE M pRESPHorus ™
concentratien..15-When thessolidifiediftactionds smalzatraterafdawering ire resistivity witiogrowth of the
silicon single crystal can be lowered. When the solidified fraction becom reater, h increase
in n-typedcé?ﬁélrgdéﬁ%itg/ho%viﬁﬁ\% (i:r?cr}eglseg r|]Cn 64 pﬁgg%eor}ﬁg %8%8&@&&%;%5%?[? ar8i§/ lsgFe(-i-a(é(?%gtivity
becomes higheras tHe sificomsingle erystal grows.Intd:éasetwheralunfitumi(Ere sedatitisub

dapgnt) smaller in.gegregation coefficientthanphosphorus (the first subdopany25-is added to the

silicon melt, substantia]fy no p-type carriers produced by aluminum are taken inta the silicon single
crystal wheh TRé SaRdiied frattioh is-Salt AWhan thé SBlidified fraclich BeSdmes Yréater, However,
aluminur is graghially taken intoe,tire=gilicon single crystal and p-type carriers increase. 30

- Consequently, resistivity gradually becomes lower. Therefore, addition of aluminum can suppress
increase in resistivity of the silicon single crystal when the solidified fraction is great. Consequently,
variation im resistivity iry tite diréétioiofsaxis dfgrowith b thebiligsn singfe &ry3tal €an betlessened. -

17 140 h_usf,itpg {ir%@ybgq%pgp@ %@c@§@b5§%ir@wity@@d§m@}ﬂ iR segregatian cpgffi(_:igr_n than
the main dopant can supggess change in resistivity of the silicon single cr stal when the solidified
fraction i€ mat-8nd the Setdhd Sb Wopanthich i %tﬁ-?yp%aiﬁ%t}rgﬁ)?a d’Snatler i'segregation
coefficientdham the-first sub sopantcan suppress change in resistivity of thecsilicore single/crystal when

the solidifieg1 éragtcion j_sj]%rrgat. flotgierstn, Empodiment.T gﬂg %E%Cgpg%t(g%ti%@goqgl%@ Initial Si Melt

Dopant Ratio ﬁnltlglaé”l élt)OMaX|mum. Value of Resistivity (ohm cm) Minimum Value of Resistivity

(ohn1mn}ower than 0.5 and not higher than 1.2. A second concentratlon
20 ratio calculated by dividing concentration of the second sub
dopant in the silicon melt by concentration of the main dopant
in the silicon melt is not lower than 1.2 and not higher than

13.4.

25 In the p-type silicon single crystal above, preferably, the
first sub dopant is phosphorus and the second sub dopant is
indium. A first concentration ratio calculated by dividing
concentration of the first sub dopant in the sillcon melt by
concentration of the main dopant in the silicon melt 1s not

30 lower than 0.5 and not higher than 1.2. A second concentration
ratio calculated by dividing concentraticn cf the second sub
dopant in the silicon melt by concentration of the main dopant
in the silicon melt is not lower than 25.1 and not higher than

261.2.



Variation in Resistivity in Direction of Axis(43) P/B Al/B Range of Solidified Fraction:0-0.9 3.03x" 0.40Li
7.0 6.211.0 3i8x0 - 0.50 4.5 ,AL 6.5 8.5 3.18x1043 0.50 4.97.0 6.57.7 3.17x10' 0.50 5.67.06.57.8
3.17x10m 0.506.0,7.06.48.0 2.31x1018 0.6010.5’ 1.4 9.5 9.0 2.30x10 0.60 11.0 10.2

In the p-type silicon single crystal above, preferably, the
first sub dopant 1s arsenic and the second sub dopant 1s
aluminum. A first concentration ratio calculated by dividing

concentration of the first sub dopant in the silicon melt by

Lh

concentration of the main dopant in the silicon melt is not
lower than 0.6 and not higher than 1.5. A second concentration
ratio calculated by dividing concentration of the second sub
dopant in the silicon melt by concentration of the maln dopant
in the silicon melt is not lower than 11.7 and not higher than
10 7z2.2.

In the p-type silicon single crystal above, preferably, the
first sub dopant is arsenic and the second sub dopant 1s
gallium. A first concentration ratio calculated by dividing

15 concentration of the first sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt is not
lower than 0.6 and not higher than 1.5. A second cconcentration
ratio calculated by dividing concentration of the second sub
dopant in the silicon melt by concentration of the main dopant

20  in the silicon melt is not lower than 3.1 and not higher than

18.3.

In the p-type silicon single crystal above, preferably, the
first sub dopant is arsenic and the second sub dopant is indium.
25 A first concentration ratio calculated by dividing
concentration of the first sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt 1s not
lower than 0.6 and not higher than 1.4. A second concentration
ratio calculated by dividing concentration of the second sub
30 dopant in the silicon melt by concentration of the maln dopant
in the silicon melt is not lower than 57.9 and net higher than
324.0.

In the p-type silicon single crystal above, preferably, the

35 first sub dopant is phosphorus and the second sub dopant I1s



9.47.91.14x10r5 0.60 11.7 20.018.8 6.4 1.13x1048 0.60 13.0 20.018.67.1 1.13x1088 0.60 13.8
20.018.48.0 1.20x1015 0.70 16.0 21.7119.3 11.2 1.19x1048 0.701 17.3 20.8 19.2 7.7 1.19x1018 0.70
18.520.019.0 4.8 .80x1084 0.7021.21.30.0127.77.8 4.6x0 4 0.70123.0 50.0 43.8iz. 498x0 4 0.80

aluminum. A first concentration ratic calculated by dividing
concentration of the first sub dopant in the siliceon melt by
concentration of the main dopant in the silicon melt is not

lower than 0.79 and not higher than 0.81. A second

th

concentration ratio calculated by dividing concentration of the
second sub dopant in the silicon melt by concentration of the
main dopant in the silicon melt is not lower than 24.2 and not

higher than 27.0.

10 In the p-type silicon single crystal above, preferably, the
first sub dopant is phosphorus and the second sub dopant is
aluminum. A first concentration ratio calculated by dividing
concentration of the first sub depant in the silicon melt by
concentration of the main dopant in the silicon melt is not

i5 lower than 0.89 and not higher than 0.9%21. A second
concentration ratic calculated by dividing concentration of the
second sub dopant in the silicon melt by concentration of the
main dopant in the silicon melt is not lower than 30.8 and not
higher than 33.8.

20

n the p~type silicon single crystal above, preferably, the

pot

Fh

irst sub dopant is phospheorus and the second sub dopant is
gallium. A first concentration ratio calculated by dividing
concentration of the first sub dopant in the silicon melt by

25  concentration of the main deopant in the silicen melt is not
lower than 0.79% and not higher than 0.81. A second
concentration ratioc calculated by dividing concentratiocn of the
second sub dopant in the silicon melt by concentraticn of the
main dopant in the silicon melt is not lower than ©.2 and not

30 higher than 6.5.

In the p-typs silicon single crystal above, preferably, the
first sub dopant is phosphorus and the second sub dopant is
gallium. A first concentration ratic calculated by dividing

35 concentration of the first sub dopant in the silicon melt by



22.0 56.2 49.012.7 4.95x10L4 0.80 23.6 52.9 48.8 7.9 4.92x1084 0.8025.2 50.148.3 3.5 4.89x1084
| 0.80126.8 50.047.6 4.9 4.87x10" 0.80 27.8 50.0 46.1 7.8 2.42x1044 0.80 29.0 100.0 89.0 11.0
1.19x1048 0.79 124.2 21.0 20.0 4.5 1.19x108 048]10

concentration of the main dopant in the silicon melt is not
lower than 0.89 and ncot higher than 0.81. A second
concentration ratic calculated by dividing concentration of the
second sub dopant in the silicon melt by concentration of the

5 main dopant in the silicon melt 1s not lower than 7.8 and not

higher than 8.5.
Effects of the Invention

10 According to the present invention, a p-type silicon single
crystal high in resistivity and less in variation in

regsistivity can be obtained.

Brief Description of the Drawings

15

try

ig. 1 is & schematic construction diagram showing an apparatus
for manufacturing a p-type silicon single crystal in the

present embodiment.

200 rig. 2 is a flowchart showing a method of manufacturing a p-

type silicon single crystal in the present embodiment.

rig. 3 is a diagram showing relation between resistivity and a

splidified fraction of a2 p-type silicon single crystal.

3
i

Modes for Carrying Out the Invention

An embodiment of the present invention will be described

hereinafter with reference to the drawings. It is noted that
30 the same or corresponding elements in the drawings below have

the same reference numerals allotted and description thereof

will not bhe repeated.

Initially, a manufacturing apparatus for manufacturing a p-type

[¥S)
LA

silicon single crystal in the present embodiment will be



124.2122.4 20.6 8.0 7.80x10 0.79 27.0 31.2 28.9 7.4 46x1044 0.81 27.0 53.0 51.0 3.9 2.60x10N 0.90

129.0,11.9 99.0 11.5 - 18 - 2.58x10' 0.90 30.1 107.2 98.8 7.8 2.57xI0' 0.90 31.8 101.2 98.2 3.0
2.55x1011 0.90 33.5 100.0 - 17 -

described with reference te Fig. 1.

As shown in Fig. 1, & silicon single crystal manufacturing
apparatus 10 mainly has a chamber 2, a heater ©, a crucible 8,

5 crucible support shaft 13, and a pull-up wire 14. A heat
insulator 3 is provided on an inner wall of chamber 2. A gas
supply port 4 for introducing an inert gas such as argon (Ar)
is provided in an upper portion of chamber 2, and an exhaust
port 5 for exhausting a gas in chamber 2 is provided in a

10  bottom portion of chamber 2. Crucible 8 is filled with a doped
silicon melt 7 . Heater 6 is provided arocund crucible 8, and

"

icon melt 7 can be fabricated by melting a silicon source

ot

s
material. Crucible support shaft 13 extends from a lower end
portion of crucible 8 to the bottem portion of the chamber and
15 it is rotatably supported by a crucible support shaft drive
. Pull-up wire 14 serves to pull up a silicon single

2
crystal 1 and it is vertically movable by a pull-up wire drive
5

20 A method of manufacturing a p-type silicon single crystal in
the present embodiment will now be described with reference to
Figs. 1 and Z.

As shown in Fig. 2, the p-type silicon single crystal according

25 to the present embodiment serves to manufacture a silicon
single crystal with a Czochralski method, and mainly has &
silicon melt preparation step S1, a silicon single crystal

growth step 52, and a silicon single crystal cutting step 53.

30 In silicon melt preparation step S1, crucible 8 is filled with
a silicon source material and heated by heater &, sc that the
silicon source material is molten. Three types of dopants of a
main dopant, a first sub dopant, and a second sub dopant are

added to dope the silicon melt. The main dopant is boron

Lo
e

representing a p-type impurity. The first sub dopant is an



95.0 5.0 254x10" 0.90 34.4 100.0 92.3 7.7 1.94x10 0.90 36.0 130.0 114.3 12.1 ,.94x10 0.8930.8 134.1
129.3 3.6 1.94x10 0.9130.8 143.1 132.1 7.7 1.94x1011 0.89 33.8 130.2 119.9 7.9 1.94x1011 0.91 33.8
132.1127.1 2.8 2.11x10" 1.0034.0 .1 -

impurity having an n conductivity type and being smaller in
seqregation coefficient with respect To the silicon single
crystal than boron (B) which is the main dopant. The first sub
dopant is a group V element such as phosphorus (P) and arsenic
5 (As). The second sub dopant is an impurity having a p

conductivity type and being smaller in segregation coefficient
with respect to the silicon single crystal than the first sub
dopant. The second sub dopant is a group III element such as

aluminum (A1}, gailium (Ga), and indium (In).

10
Tn the present embodiment, semiconductor-grade silicon is
employed as the silicon source material. Semiconductor-grade
silicon has a lower impurity concentration and is higher in
purity than metallurgical-grade silicoen. Semiconductor-grade

15 silicon has silicon purity, for example, of 989.99%885809% (11IN).

The main dopant, the first sub dopant, and the second sub
dopant to be added to the silicon source material may De added
to the silicon melt all at once or separately. For example,

20  initially, the main dopant may be added to silicon melt 7,
followed by the first sub dopant and then the second sub dopant.
In silicon single crystal growth step 82, initially, a seed
crystal 17 attached to a seed chuck 16 is brought down to a

25 sur

pull-up wire 14 is wound up by pull-up wire drive device 15 to

hy

ace of silicon melt 7 and immersed therein. Therea

Ter,

Ph

thereby pull up silicon single crystal 1.

After silicon single crystal 1 undergoes growth of & conical
30 portion (an expanded portion) and grows tc a target diameter, a

-

straight part of ingot 11 is grown to a prescribed length.

In silicon single crystal cutting step S3, initially, straight
part of ingot 11 is grown to the prescribed length, and

35 thereafter wind-up of pull-up wire 14 is stopped. Thereafter,



158.0 129.9 17.8 2.08x1014 1.0036.7 140.8 129.5 8.0 2.07x10' 1.0038.7 133.0 129.0 3,0 2.06x1011
1.00 40.1 130.0 123.9 4.7 2.05x1011 1.00 41.0 1130.0 120.2 7.6 1.76x10N .00 43.01150.0 130 13.3
1.90x1011 1.10 43.01168.3 150.0 10.9 1.88x0 1_10%5_1 158.

by lowering crucible 8, silicon single crystal 1 1s separated
from silicon melt 7. By slicing silicon single crystal 1 along
a plane perpendicular to the direction of axig of growth of

silicon single crystal 1, & silicon wafer is obtained.

A result of simulaticn of relation between resistivity and a
solidified fraction of a silicon single crystal will now be

described with reference to Fig. 3.

100 The abscissa in Fig. 3 represents a solidified fraction. The
solidified fraction refers to a ratio of a mass of crystallized
silicon with respect to the total mass of source material
silicon contained in the silicon melft. The cordinate in Fig. 3
represents a ratio of resistivity in a direction of an axis of

15  growth D of silicon single crystal 1. Here, resistivity 1s
resistivity at the center {(that is, the axis of growth) of the
silicon single crystal. In addition, a ratioc of resistivity
refers to a value calculated by standardizing‘resistivity at a
certain solidified fraction with resistivity at a solidified

20 fraction of 0.

In Fig. 3, samples 101 to 107 each represent a p-type silicon

single crystal formed with the Czochralski method from the

silicon melt, to which boron, phosphorus, and aluminum have
25 bpeen added as the malin dopant, the first sub dopant, and the

second sub dopant, respectively.

Boron concentrations in the silicon melts for samples 101 to
107 are 3.2 x 10°° atoms/cm® (1013, 1.1 x 10°% atoms/cm® (102},

30 1.2 x 10" atoms/cm® (103), 2.6 x 10 atoms/cm® (104}, 2.1 x 10°°
atoms/cm’ (105), 1.9 x 10 atoms/cm® (106), and 2.0 x 10

aroms/cm’ (107), respectively.

Concentration ratics (first concentration ratics) calculated by

Lad
h

dividing phosphorus concentrations in the silicon melts for



49..31.87C0'1.1047.2 152.5141.0 7.5 1.87x014 .1047.5 151.6 139.3 8.1 1.99x1011 1.2051.9 163.0
150.0 8.0 1.98x1011 1.2052.4 161.3 149.0 7.6 2.09x1011 1.3059.1 167.0 149.3 10.6 Table 1 shows
results of simulation of a maximum Value and a mipjmum value of resistivity and variation in resistivity
in a 5 direction of an axis-of-growth line of the silicon single crystals when a value calculated by
dividing concentration of the first sub dopant in the silicon melt by concentration of the main dopant in
the silicon melt (the first concentration ratio) is varied in a range approximately not lower than 0.4 10
and approximately Aétihigher thantly 3andcaivaloe ealcedated bydividingcorfcentration of tHe'second

sub dopa(qtd@ }he siliegn melt:hy coneentration of the pain dopant in the silicoa melt {the sezond
concentration ratio) is varied in a. range approximately not lower than 1.1 and approximately not
higher 15than '59. T & tase Whefe boron (B), phosphorus (P), and aluminum (Al) are employed as

the main dopant, the first sub dopant, and the second sub dopant to be added to the silicon melt,
ke s DR o s L L
by dividing aluminum concentrations in the silicon melts for
samples 101 to 107 by boron concentrations are 5.60 (101},
11.70 (102), 18.5%0 (103), 31.76 (104), 38.65 (105), 45.06 (10¢6),
and 52.40 (107}, respectively.
10
As can be seen in Fig. 3, in a range of the sclidified fraction
from ¢ to 0.9, variation in resistivity in the direction of
axis of growth of silicon single crystal samples 101 to 107 is
very low, that is, approximately from 3 to 8% or lower. It is
15 noted that variation in resistivity is a value defined by
Equation 1. Here, a maximum value of resistivity 1is a maximum
value of resistivity of the silicon single crystal in the
direction of axis of growth, and a minimum value of resistivity
is a minimum value of resistivity of the silicon single crystal

20 in the direction of axis of growth.
Eguation 1

(Maximum Value of Resistivity ~ Minimum Value of Resistivity) "

Variation in Resistivity = 100

Maximum Valueof Resistivity

A substrate used for a power device such as an IGBT is required
to be high in resistivity and less in variation in resistivity.
Specifically, resistivity of the p-type silicon single crystal
is desirably not lower than 6 Qcm, preferably not lower than 50
30 Qcm, and further preferably not lower than 100 Qcm. In

addition, variation in resistivity of the p-type silicon single
crystal is desirably not higher than 20%, preferably not higher
than 15%, more preferably not higher than 8%, and further

preferably not higher than 5%,



In this case, a p-type silicon single crystal of which maximum value of resistivity is approximately not
lower than 7.0 Qom and approximately not higher than 168.3 Qcm, minimum value of 5 resistivity is
approximately not lower than 6.2 Ocm and approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately not higher than 17.8% can be obtained. 10
More preferably, a value calculated by dividing concentration of the first sub dopant in the silicon melt
by concentration of the main dopant in the silicon melt (the first concentration ratio) is in a range
approximately not lower than 0.5 and approximately not higher than 1.2 and a value calculated by 15
dividing goncentration of the seqend.sub dopant;ip;the silicen melt by eoneentrationsafithe spain dopant
in the silicon melt (the second concentration ratio) is in a range approximately not I_o\/ﬁr than 4.9 and
approximately fotHighdrithan 524 B HoR CohceRtratish i this %ées%o%easpp ximately not fower 20
than 1.8%« 16d-atomsicm3 and approximately not higher than 3.18 x 1015 atoms/cm3. In this case, a
p-tyg;e silicon single crystal of which maximum value of resistivity is approximately not lower than 7.0
Qom 25 and approximately not higher than 168.3 Qcm, minimum value of resi.stivity is approximately
not lowef than 65<3.CDaitl approxingately ndtHigherthad A5010-Ocht atfd \Rriation i Fesistivity in
the direction of axis.ef-growiiris-appreximately-not higher thar 14:8% can heiebtained: 30More |
preferably, a value calculated by dividing concentration, of the first sub q%pant in }he@sigicson melt by
concentrafiGATEE the iidit Gofant iR Thé sititon it (tRe first %ﬁégﬁtrgtTonWF’atiéf i§°in a range
approximately=nat ie\er than0:28 andn- B6capproximately not highertharw 0¢81 and a value
calgylated by, dvidng goncentiation of she seeond sub dopaatinhe silicqo raelt by, gancentration of
the main“c?op‘an in the silicon melt (fhe second concentration ratio) is in a range approximately not
lower tharii24 Rearl-asproximately not higher than 27.0. Boron concentration in this case is
approximately not lower than 4.64 x 10H atoms/cm3 and approximately not higher than 1.19 x 10 10 In
this case, a p-type silicon single cr Tal of Whéchrmaximurp vajluw%1 of rgeﬁis_tiv\l/iu }ils a%grgdé%%tely not
lower thﬂ?l.ﬁer?e?ﬁ%nﬂsap?) oxifhatélyf ot MiGHEr thah B30’ Qom, Minimum valué of resistivity is
approximately not dowersthan 20.@ Qenz ahdapproxXimately noy higher thars1.042em:, ghd variation in
15 fasistylty In the direction of axds. of.groutn i-appreximtebynatdigher-ihap 8% canibe shtaned
More pre?era%?y, a value calculated by dividing concentration of the first sub dopant in the silicon melt
by concenitration of 20%hée main dopantin’the SicoRfmeR (thefitst &otitentration ratio) is in a range
approximatglynat dower than 0:8% apd @ppreximately: net highes than0 91 laincha vateccaiculated by
dividing concentration of the s%giond sub dopant in th_ei%ili%on g@e(llto%%orlcoe“petﬂration of the main dopant
in the silicon Thalt 2501 Secont doncentration Tafio) 8 in a'range approximately not lower than 30.8
and approximately not higher than 33.8. Boron concentration in this case is approximately not lower
than;1.94,x,1014 atoms/cm3 and approximately, nothigher than.2.94x 1014 atoms/em3.30 In this

case, a p-type silicon single crystal of which maximum value of resistivity is approximately not lower
than 100/€EOenPand’ &pproxithatahy AGt igherFian TZ8LE ABm: mihifumivalte of resistivity is
approximately 1ot lowerdhan 95:tem and the silicon single crystal grows.
Therefore, resistivity becomes lower on the bottom side of the
silicon single crystal. Phosphorus has a segregation
25 coefficient with respect te the silicon single crystal around
0.38, which is lower than that of boron. Therefore, a rate of
condensation of phosphorus in the silicon melt with growth of
rhe silicon single crystal 1s greater than a rate of
condensation of boron. Thus, a rate of lowering in resistivity
30 with growth of the silicon single crystal is also greater in a
case where phosphorus is added than in a case where boron is

added.

Tn & case where boron (the main dopant) and phosphorus (the

first sub dopant) are added to the silicon melt, carriers that

(U]
h
b4y



-21- approximately not higher than 132.1 Ocm, and variation in resistivity in the direction of axis of
growth is approximately not higher than 7.9% can be obtained. Second Embodiment Table 2 B
Concentratlo_n. (atoms/cme6) Initial Si Melt Dopant %%tio_(lnitial Si Melt) Maximum Value of Resistivity |
(ohm cm) Minimum Value of Resistivity (ohm cm) Variation in Resistivity in Direction of Axis(5) F/i
Ga/B Range of Solidified Fraction: 0-0.9 3.04x10'5 0.400.1 7.0 6.3 10.3 .18x10m 0.501.27.1 6.5 8.0

are produced and opposite in conductivity type cancel each

other, because boron represents a p-type impurity and

phosphorus represents an n-type impurity. Therefore, by adding

phosphorus together with boron to the silicon single crystal,

L

density of p-type carriers can be lowered and resistivity can

he increased. In addition, a rate of increase in impurity

concentration with growth of the silicon single crystal 1is

greater in a case where phosphorus is added than in a case

where boron is added. Therefore, a rate of lowering in

10 resistivity with growth of the silicon single crystal can be
lowered by canceling increase in p-type carrier density owing
to increase in boron concentration with growth of the silicon
single crystal, with increase in n-type carrier density owing
tc increase 1in phosphorus concentration.

15
When the solidified fraction is small, & rate of lowering in
resistivity with growth of the silicon single crystal can be
lowered. When the sclidified fraction becomes greater, however,
increase in n-type carrier density owing to lincrease in

20 phosphorus concentration prevails and resistivity becomes

higher as the silicon single crystal grows.

Tn a case where aluminum (the second sub dopant) smaller in
segregation coefficient than phosphorus {the [irst sub dopant)

25 s added to the silicon melt, substantially no p-type carriers

=
Q)

produced by aluminum are taken into the silicon single crystal
when the solidified fraction is small. When the solidified
fraction becomes greater, however, aluminum is gradually taken
into the silicon single crystal and p-type carrliers increase.
30 Consequently, resistivity gradually becomes lower. Therefore,
addition of aluminum can suppress increase in resistivity of
the silicon single crystal when the solidified fraction 1is
great. Consequently, variation in resistivity in the direction

of axis of growth of the silicon single crystal can be lessened.

|F5]
L



3.17xi0m 0.50 1.4 7.06.57.8 3.17x10 0.50 1.5 7.06.48.0 2.31x10n 0.602.7 10.4 9.5 8.7 2.30x10Th
0.602.8 10.2 9.4 7.8 2.28x10' 0.60 3.4 10.0 9.2 7.5 2.28x1016 0.60 3.6 10.0 9.28.4 1.20x10' 0.70 4.0
21.919.311.9 1.19x10n 0.704.420.8 19.2 17.7 1.19x1015

Thus, the first sub dopant which is an n-type impurity and
smaller in segregation coefficient than the main dopant can
suppress change in resistivity of the silicon single crystal

wher the solidified fraction is small, and the second sub

h

dopant which 1s a p-type impurity and smaller in segregation

coefficient than the first sub dopant can suppress change in
resistivity of the silicon single crystal when the solidified

fraction 1s great.

10 First Embodiment

Table 1
Variation
B Dopant Maximum Minimum in
Concentration Ratio Value of Value of Resistivity
{atoms/cm?) (Initial {Resistivity |Resistivity in
Initial Si Si Melit) {ohm cm) {ohm cm) Direction
Melt of Axis (%)
P/B | AL/B | Range of Solidified Fraction: 0-0.9
3.03x10%° 0.40 1 1.1 7.0 6.2 11.0
3.18x10% 0.50 ] 4.5 7.3 6.5 8.5
3.18x%10%° 0.50 1 4.9 7.0 6.5 7.7
3.17x10% 0.50 ] 5.8 7.0 5.5 7.8
3.17x10%° 0.50 ¢ 6.0 7.0 6.4 8.0
2.31x141° 0.60 1 10.5 10.4 9.5 5.0
2.30x10" 0.60 | 11.90 10.2 9.4 7.9
1.14x10%° 0.60 [ 11.7 20.0 18.8 6.4
1.13x10% 0.60 | 12.0 20.0 18.6 7.1
1.13x1¢t 0.60 { 13.8 20.0 18.4 8.0
1.20x10%° 0.70 1 16.0 21.7 19.3 11.2
1.19%10%° 0.70 1 17.3 20.8 19.2 7.7
1.19x10%° 0.70 ] 18.5 20.0 19.0 4.8
7.80x10 G.70 1.2 3G.0 27.7 7.8
4. 64x10% 0.70123.0 50.0 13.8 1z2.4
4,98x10% 0.80 4 22.0 56.2 4.0 12.7
4,95x10% 0.80 | 23.% 52.9 48.8 7.8
4.92x101 .80 5.2 50.1 48.3 3.5
4.89x10% 0.80 1 26.¢8 50.0 47.6 4.9
4,87x10% 0.80 ] 27.8 50.0 4¢.1 7.8
2.42x10% 0.80 1] 29.90 100.0 89.0 11.0
1.19x10% 0.79 | 24.2 21.0 20.06 4.5
1.19%x10% 0.81124.2 22.4 20.6 8.0
7.80x10% 0.79 | 27.0 31.2 28.9 7.4
4.64x10% 0.81 | 27.90 53.0 51.0 3.9
2. 60x10 C.%0 | 29.0 111.9 99.0 11.5




0.704.720.0 19.0 4.9 1.17x1015 0.70 5.320.0 18.67.1 1.17x1015 0.70 5.820.0 17.6 11.9 8.30x10 0.80
5.733.129.4 11.3 8.26x1014 0.80 6.0 31./129.27.8 8.23x1064 0.80 6.3 30.429.0 4,6 8.20x1014 0.80
6.5 30.0 28.9 3.6 8.17x10' 0,806.8 30.0 28.6 4.8 8.14x10' 0.80

2.58x10% 0.90 | 20.1 | 107.2 98.8 7.8
2.57x10% 0.90 : 31.8 101.2 98 .2 3.0
2.55x10M 0.80 | 33.5 100.0 95,0 5.0
2, 54x10 0.80 | 34.4 100.0 92 .3 7.7
1.64x10M 0.90 | 36.0 130.0 114.3 12,1
1.84x10% 0.89 | 30.8 134.1 129.3 3.6
1.94x10M 0.91 ] 30.8 143,71 332.1 7.7
1.84x10!¢ 0.89 | 33.8 130.2 119.9 7.9
1.04x10%" 0.91 | 33.8 132.1 127.1 3.8
2.11x10 1,00 34.0 158.0 129.9 17.8
2.08x10"° 1,00 | 36.7 140.8 129.5 2.0
2.07x10% 1.00 : 38.7 133.0 129.0 3.0
2.06x10% 1.00 | 40.1 130.0 123.5 4,7
2.05x10t 1.00 1 41.0 130.0 120.2 7.6
1.76x10M 1.00 1 43.0 150.0 130.1 13.3
1.50x1014 1.10 | 43.0 168.3 150.0 10.89
1.88x10 1.1 45,1 158.3 149.9 5.3
1.87x101 1.10 | 47.2 152.5 141.0 7.5
1.87x1048 1.1 47.5 151.6 139.3 8.1
1.09x101 1.20 | 51.8 163.0 150.0C 8.0
1.98x10!¢ 1.20 | 52.4 161.3 149.0 7.6
2.09x10 1.30 | 59.1 167.0 149.3 10.6

Table 1 shows results of simulation of a maximum value and a
minimum value of resistivity and variation in resistivity in a
5 direction of an axis-of-growth line of the silicon single
crystals when a value calculated by dividing concentration of
the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio)} is varied in a range approximately not lower than 0.4

-

10 and approximately not higher than 1.3 and a value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) is varled in a range
approximately not lower than 1.1 and approximately not higher

15 tharn 56.1 in a case where boron (B), phosphorus (P), and
aluminum (Rl) are employed as the main dopant, the first sub
dopant, and the second sub dopant to be added to the silicon
melt, respectively. Boron concentration in this case is

approximately not lower than 1.87 x 10 atoms/cm® and

20 approximately not higher than 3.18 x 10°° atoms/cm’.
&S Y



7.0 30.0127.9 7.1 8.08x1064 0.80 7.530.026.3 12.3 8.08x10' 0.79 6.2 30.5129.313.9 8.08x1064 0.81
6.2132.4 30.0 7.4 8.08x1014 0.796.9 30.1 27.7 7.8 8.08x10' 0.81 6.9 30.5 29.2 4.2 5.23x1064 0.90 7.0
59.349.7 16.3 5.17x1014 0.90 7.7 53.1 19 -

In this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 7.0 Qcm
and approximately not higher than 168.3 Qcm, minimum value of

5  resistivity is approximately not lewer than 6.2 Lcom and
approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately

not higher than 17.8% can be obtained.

10 More preferably, a value calculated by dividing concentration
of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the Ifirst concentration
ratio} is in a range approximately not lower than 0.5 and
approximately not higher than 1.2 and a value calculated by

15 dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratic) is in a range approximately
not lower than 4.9 and approximately not higher than 5Z.4.

Roron concentration in this case is approximately not iower
20 than 1.87 x 10* atoms/cm® and approximately not higher than

3.18 x 10%° atoms/cm’.

Tn this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 7.0 Qcm
25  and approximately not higher than 168.3 {cm, minimum value of
resistivity is approximately not lower than 6.5 Qcm and
approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately

ot higher than 17.8% can be cobtained.

More preferably, a value calculated by dividing concentration
of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration

ratio) is in a range approximately not lower than 0.79 and



49,3 7.1 5.15x101" 0.90 7.951.649.24.7 5.12x10' 0.908.3 50.048.812.4 5.11x1014 0.908.5 50.0 47.6
4.9 5.09x1014 0.908.7 50.0 46.4 7.3 5.07x1014 0.90 9.0 50.0 44.7 10.6 5.07x10' 0.89 7.8 51.6 49.6
3.9 5.07x10- 0.91 7.855.1 50.7 8.0 5.07x1014 0.89F8.5150.0 46.6

L

10

15

30

approximately not higher than 0.81 and a value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) is in a range approximately
not lower than 24.2 and approximately not higher than 27.0.
Boron concentration in this case ls approximately not lower

than 4.64 x 10 atoms/cm® and approximately not higher than

1.19 x 10'® ztoms/com’.

In this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 21.0 Qcm
and approximately not higher than 353.0 Qcm, minimum value of
resistivity is approximately not lower than 20.0 Qcm and
approximately not higher than 51.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately

not higher than 8.0% can ke obtained.

More preferably, a value calculated by dividing concentration
of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio) is in a range approximately not lower than 0.89 and
approximately not higher than 0.91 and a value calculated by
dividing concentration of the second sub dopant Iin the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratic) is in a range approximately
not lower than 30.8 and approximately not higher than 33.8.
Boron concentration in this case is approximately not lower

3

than 1.94 x 10" atoms/cm’ and approximately not higher than

- 14 2
2,57 x 10" atoms/cm”.

In this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 100.0 Qcm
and appreximately not higher thar 143.1 Qcm, minimum value of

resistivity is approximately not lower than $5.0 Qcm and



6.9 5.07x10 0.9118.550.7 49.4 2.7 2.72x10' 1.009.0 113.999, 12.4 - 22 - 270xOv 1.009.4 107.1 99.5I
7 2.69x10" 1.00,9.7 103.5 99.3 4.0 2.67x10" 1.00'10.0 100.7 97.71 3.0 2.67x10 1.00110.2 100.0

95.1

th

- Z1 -

approximately not higher than 132.1 Qcm, and variation in

resistivity in the direction of axis of growth is approximately

not higher than 7.9% can be obtalned.

Second Embodiment

Table 2
Variation
B Dopant Max imum Minimum in
Concentration Ratio Value of Vaiue of Registivity
{atoms/cm’) (Initial |Resistivity i Resistivity in
Initial Si S1 Melt) {ohm cm) {ohm cm) Direction
Melt of BAxis (%)
F/B | Ga/B | Range of Sclidified Fraction: 0-0.8
3.04x1015 0,40 0.1 7.0 6.3 10.3
3.18=10%5 0,50 1.2 7.1 6.5 8.0
3.17=101% 0.50 1.4 7.0 6.5 7.8
3.17x10%° 0.50 1.5 7,0 .4 8.0
2,.31x10% 0.60 | 2.7 10.4 9.5 8.7
2.30x10% 0.60 2.8 10.2 9.4 7.8
2.28x10% 0.60 3.4 10.0 9.2 7.5
2.28%10° 0,60 3.6 10.0 9.2 g.4
1.20x10%° 0.76 4.0 21.9 19.3 11.9
1.19x10% 0.70 4.4 20.8 19.2 7.7
1.19x10-° .70 4.7 20.0 19.0 4,9
1.17x10% .70 5.3 20.0 18.6 7.1
1.17x10% 0.70 ] 5.8 26.0 17.6 11.9
8.30x10%= 0,80 5.7 33.1 29.4 11.3
g.26x10" 0.80 6.0 31.7 29,2 7.8
8.23x101¢ 0,80 6.3 30.4 29,0 4.6
g2.20x10%1 0.80 6,50 30.0 28.9 3.6
§,17x10% 0.80 6.8 30.0 28.6 4.8
§.14x10%4 0.80 7.0 30.0 27.9 7.1
8.08x10'" 0.80 7.5 30.0 26,3 12,3
8.08x10%" 0.79 6.2 30,5 29,3 3.9
8.08x10% 0.81 6.2 32.4 30.0 7.4
§.08x10* 0.79 6.9 30.1 7.7 7.8
8.08x10+ 0.81 6.9 30.5 25,2 4.2
5.23%10% 0,901 7.0 59,3 49.7 16.3
5.17x10" .80 7.7 53,1 49,3 7.1
5,15x10% 0.90 | 7.9 51.¢ 49,2 4.7
§.12x10*° 0.90 8.3 50.0 48.8 2.4
5.11x10% 0.90 8.5 50.0 47.6 4.9
5.08%x10-4 0.90 8.7 50.0 46.4 7.3
5.07x10 0.90 .0 50.0 44,7 10.6
5.07=10 0.89 ] 7.8 51.6 49.6 3.9
5.07%10%° 0.21 ] 7.8 55,1 50.7 8.0
5.07x10% 0.89 8.5 50,0 46.6 6.9
5.07%x10%7 0,91 8.5 50.7 49,4 2.7
2.72x10 1.00 ] 9.0 113.9 9a. 7 12.4




4.9 2.66x1014 1.0010.4 100.0 92.6 7.4 2.63x1044 1.00111.0 100.0 F 85.9 14.1 2.20x1044

1.10110.5 155.1 F 130.0F 16.2 2.18x10" 1.10111.2 140.4 129.9 7.4 2.16x1014 1.10?11.7 ,134.3
127.1F

_22_
2.70%x10""° 1.00] 9.4 107,71 99 .5 7,1
7.60x10" 1.0010 6.7 103.5 99,3 4.0
2.67x10* 1.00 1] 10.0 100.7 97.7 3.0
2. 67x10 1.00 ] 10,2 100.0 5.1 4.9
2. 66x%x10" 1.00  10.4 100.0 > 97.6 7.4
2.63%x10° 1.00111.0 100.0 85.9 14.1
2.20%x10!" 1.10 1 10.5 155,71 130.0 16.2
2.18x10" 1.10 ] 11.2 140 .4 125.6 7.4
2.16x10%° 1.10 1 12.7 134.3 127.1 5.4
2.15x10%4 1.10 1 12,0 131.6 121.8 7.4
2.13%x10%¢ 1.10 1 12.5 130.0 113.9 12.4
2.00x10'" 1.20 ] 12.5 175.2 150.0 14,4
1.68x10M 1.20 1 13.2 162.0 150.0 7.4
1.97x101% 1.20 1 13.4 159,58 146.8 8.0
1.95=x101%9 1.20 1 14,0 153.3 134, 4 12.3
Z.08%x10 1.20 1 15.1 164.9 146.9 10.9

Table 2 shows results of simulatlion of a maximum value and a

minimum value of resistivity and variation in resistivity in a

N

direction of an axis-of-growth line of the silicon single
crystals when a value calculated by dividing concentration of
the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio) is varied in a range approximately not lower than 0.4
10  and approximately not higher than 1.3 and a value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
{the second concentration ratieo) is varied 1n a range
approximately not lower than 0.1 and approximately not higher
i5 than 15.1 in a case where boron {(B), phosphorus (F), and
gallium (Ga) are employed as the main dopant, the first sub
dopant, and the second sub dopant to be added to the silicon
melt, respectively. Boron concentration in this case iz
approximately not lower than 1.95 x 10 atoms/cm® and

20  approximately not higher than 3.18 x 10" atoms/cm .

-

In this case, & p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 7.0 Qcm
and approximately not higher than 175.2 Qcm, minimum value of

25 resistivity is approximately not lower than 6.3 {cm and



5.4 2.I5x10" 1.10112.0 131.6 121.8 7.4 2.13xI0 1.10112.5,130.0 F 113.9 12.4 2.00x1044
1.20112.51175.2 150.0 14.4 1.98x10H 1.20i13.21162.0 F 150.0 7.4 1.97x1014 1.20113.41159.5

146.8 8.01.95x10" 1 120.1401153.3 .,. -

approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately

not higher than 16.3% can be obtained.

5 More preferably, a value calculated by dividing concentration
of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio) is in a range approximately not lower than 0.5 and
approximately not higher than 1.2 and a value calculated by

10 dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) 1s in a range approximately
not lower than 1.2 and approximately not higher than 13.4.
Boron concentration in this case is approximately not lower

15 than 1.97 x 10™ atoms/cm® and approximately not higher than

3.18 x 10%° atoms/com’.

In this case, a p-type silicon single crystal cof which maximunm
value of resistivity is approximately not lower than 7.0 (cm

20 and approximately not higher than 175.2 Qcm, minimum value of
resistivity is approximately not lower than 6.5 Qcm and
approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately
not higher than 16.3% can be obtained.

25

ore preferably, a value calculated by dividing concentration

of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio) is in a range approximately not lower than 0.7% and

30  approximately not higher than 0.81 and a value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) i1s in a range approximately

not lower than €.2 and approximately not higher than 6.9.



134.4F 12.3 2. 08xI0' 1.30115.11164.9 146.9 F 10.9 Table 2 shows results of simulation of a
maximum value and a minimum value of resistivity and variation in resistivity in a 5 direction of an
axis-of-growth line of the silicon single crystals when a_ value calculated by dividing concentration of
the first sub dopant in the silicon melt by concentration of the main dopant in the silicon melt (the first
concentration ratio) is varied in a range approximately not lower than 0.4 10 and approximately not
higher than 1.3 and a value calculated by dividing concentration of the second sub dopant in the
silicon mett:hy-coneentration of the mairtdopantin ¢he silieor msiti{thd second concantration ratio) is
varied in g rang roximately not lowersthan 0.1 and approximately not higher 15than 15.1 in a case
where bﬁ%ﬁ?B?'gﬁEgsxphI{o%us SO g[r?(}l\égﬁliuarﬁl gfgr“eoé%%ﬁ)?%?%s}% 6 n?é%%hndéo%a%%e first sub
dopant, and the.segond subrdopant to be added to the silicon melt, respectively. Boron concentration
in this case is  approximately not lower than 1.95 x 1014 atoms/cm3 and 20 approximately not
higher than 3.18 x 1015 atoms/cha. In this case, a p-type silicon single crystal of lich maximum value
of resistivity istaipproxiatately not tower thah 7.0 Ohm and<approxitmately hovhighier el ¥75.2 Qom,
minimum value of 25 resistivity is_ approximately not lower than 6.3 Qom and - 23 - approximately not
higher th&RA150.0'Och “and \%ﬁé‘? nin r%&gﬁ\%@lﬁatqﬁgd}fregﬁd’n %f%’)%g o?%?gwt Diggpggr%nﬁimately not

higher than46:3%:can he obtained,5 Mote preferably, @ valugealcutated hyidividing €oagentration of
the first sub dopant in the silicon melt by concentration of the main dopant in_the silicon melt (the first
concentrafich Fatio) i§ ih & TaRge approxmiately Betlower thant® 8tantFasprofimatély not higher than
1.2 and 3 value calculated by, 10 dividing copgenteation ¢f the segand sub dopant in the silicon melt by
concentration of the mai dopant in the silicon melt (the second concentration ratio) is in a range
approximately siot Tower thanth2 and approximatély wot higher 1341 BorsiPEercentration in this

case is approximately not lower 15:thap 1.9 x J044-afems2cm3 and approximately not higher than
3.18 x 1015 atoms/cma3. In this case, a p-type silicon single crystal of which maximum value of

resistivity is approximately not lower than 7.0 Qcm 20 and approximately not higher than 175.2 nem,
minimumwalue of egsistivity s approximatety: notlowes than 6 S1@cmiand approximatetyinot higher
than 150.0.Q d variation In resistivity in the direction of axis of growth s appraximately, not
higher than 1%W A)a%;:?fnsﬁe %B?ajr%&% §5 M%?é. preferably; a value Ealcugted by dividing concen ration of
the ffirst subsdapahtthesilicon melt byconéeatrationefthe hain dopant i e sifidorfmetttthe first

concentratign; ratio) is in-a rangg.approximatehrnotdowenthaniQ:49 andhan 0.89 and
approximately not higher than 0.91 and a value calculated by
dividing concentration of the second sub dopant in the silicen
melt by concentration of the main dopant in the silicon melt
20 (the second concentration ratlo) is in a range approximately
not lower than 7.8 and approximately not higher than 8.5.

Boron concentration in this case is approximately not lower
than 5.07 x 10'* atoms/cm® and approximately not higher than

- i 3
5,15 x 10* atoms/cm’.

In this case, 2 p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 50.0 Qcm
and approximately not higher than 55.1 Qcm, minimum vaiue of
resistivity is approximately not lower than 47.6 {Qcm and

30 approximately not higher than 50.7 Qcm, and variation in
resistivity in the direction of axis of growth 1ls approximately

not higher than 2.0% can be obtained.



30 approximately not higher than 0.81 and a dividing concentration of the second sub melt by
concentration of the main dopant (the second concentration ratio) is in a not lower than 6.2 and
approximately not value calculated by dopant in thgismcon in the silicon melt range approximately
higher than 6.9. - 24 - Boron concentration in this tase is approximately not lower than 8.08 x 10H
atoms/cm3 and approximately not higher than 8.23 x 10H atoms/cm3. 5 In this case, a p-type silicon
single crystal of which maximum value or resistivity is approximately not lower than 30.0 Qom and
approximatehy-nothighertban 32.4 Qom, minimum value of resistivity is approximately not lower than
28.6 Qom and approximately not higher than 30.0 Ocm, and variation in 10 resistivity in the direction of
axis of growth is approximately not higher than 7.8% can be obtained. More preferably, a value
calculatetelyt dividing concentration of the first sub dopant in the silicon melt by concentration of 15 the

main dopant in the silicon melt (the first concentration ratio) is in a range approximately not lower than
0.89 and approximately not higher than 0.91 and a value calculated-by dividing.cencentration-of the

eroTT™OT

second sub dopant in the silicon melt by congentration of the main dopant in the s‘ifl?cohaméﬁr?o the
second concentrat®n ratio) is in & Fartje-apprioxitiately st lower thai F8%4nd a proxﬂﬁétely nat
higher thau¥ 815: Boter contentrationtin this case'is appréximately’ Aot 16wer tha rg§ VTEOH Y
atoms/cni3 aick approsimately not highet than Berbig 1014 Efomis/emPhios invthis case;™ p-type
silicon sirjglelerystakéf whichl maxinied value of fesistivil))is approxitFateély’not loWeF Hant56:0 Qom
and approximatelyeddt highet than 55.1 Ocm, minimum, valueof resistivity is apfroxiiateh/dat lower

than 47.6{0Ocm and 30 approkimately riot higheR 81ai£50.7 @@@ﬁmﬁ%ﬁaﬁé@ﬁi%ﬂvﬂy@n the
direction of axis. afgrowth is approgimatélylnat higher.than 8.0% can beZobtained. - 25 -Third
Embodiment Table 318 ‘Concentration (stoms/cm3) Ihitkal Si Melt Dopant Ratio (Initial Si Melt)
Maximum Valge of Resistivity (ohm cm)aMipimum 7.5 6.6 11.9
4,73x10% 0.70] 86.0 52.1 48,0 7.8
4,71x10 G.70 | 92.3 50.90 47.6 4.9
4.67x10 Q.70 ] 105.0 50.0 4.2 7.6
2.32x10% 0.7013110.0 100.4 §9.8 10.2
2.69x10% 1.00|194.2 161.7 99,1 2.5
2.87x10* 1.201210.0 115.4 10C.0 13,3
2.19x10 1.10,220.0 140.5 130.0 7.5
2.17=x10% 1.101226.8 136.1 129.7 4.7
2.16%x10% 1.101235.0 132.2 122.1 7.7
2.15x10 1.10|240.0 130.4 117.9 9.6
1.98x10 1.201261.2 163.3 148.8 7.8
2.10x10% 1.30]1291.3 169.4 150.0 11.5

Table 2 showg results of simulation of a maximum value and a
minimum value of resistivity and variastion in resistivity in 2
direction of an axis-of-growth line of the silicon sing.ie

10 crystals when a value calculated by dividing concentration of
the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio) is varied in & range approximately not lower than 0.5
and approximately not higher than 1.3 and a value calculated by

15 dividing cencentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) 1s varied in a range
approximately not lower than 285.1 and approximately not nigher

+han 291.3 in & case where boron (B), phosphorus (P), and



indium

(In)

Solidified Fraction:0 0 9 3.28810' 0.50 25.1 6.8 6.3 7.5 3.4181015 0.60 58.7 6.8 6.46.2 359810 0.70
78.0 7.5 6.611.9 4.73x1014 0.70 0.70 86.0 92.3_5%.61 50.0L48.0 47.6

Value of Resistivity (ohm cm) Variation in Resistivity in Direction of Axis(%) P/B h/B Range of
dopant,
maelt,

are employed as the main dopant,
respectively.

the

first sub

wi

and the second sub dopant to be added to the silicon
approximately not lower

Boran concentration in this case is

In this case,

an 1,98 x 10" atoms/cm® and
approximately not higher than 3.5% x 10%° atoms/cm’.

2 p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 6.8 (cm
and approximately not higher than 169.4 Qcm, minimum value of
10

resistivity is approximately not lower than 6.3 Qcm and

concentration

approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth 1s approximately
not higher than 13.3% can be obtalned.
15 More preferably, a value calculated by dividing concentration
of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first
ratic) 1s in a range approximately not lower than 0.5 and
20
{the

approximately not higher than 1.2 and a value calculated Dy

second concentration ratio)

than

dividing concentration of the second sub dopant in the silicon
-

melt by concentration of the malin dopant in the silicon melt

Boron concentration in this case 1s approx

is in a range approximately

not lower than 25.1 and approximately not higher than 261.2
2
3.59 x 10'° atoms/cm’.

imately not lower
8 x 10*" atoms/cm® and approximately not higher than

In this case, a p-type silicon single crystal cof which maximum

value of resistivity 1is approximately not lower than 6.8 Qom

resistivity is approximately not lower than ©

and approximately not higher than 161.3 Qcm, minimum value of
.3 QGcem and

approximately not higher than 148.8 Ccm, and variation in
resistivity in the direction of axis of growth is approximately



7.84.94.71810" 4.6781014 0.70 105.0 50.0 46.2 7.6 2.3281014 0.70 110.0 100.0 89.810.2
2.6981014 1.00 194.2 101.799.12.5 2.87810" 1.10 200 115.4100.013.3 2.19x1014 1.10 220.0 140.5
130.07.52.17810" 1.10 226.8 136.1 129.7i o

not higher than 13.3% can be obtained.
Fourth Embodiment

5 Table 4

Variation
B Dopant Maximum Mirnimuam in
Concentration Ratio Value of Value of Resistivity
(atoms/cm®) (Initial |[Resistivity|Resistivity in
Initial Si 3i Melt) {ohm cm) {ohm cm) Direction
Melt of Axis (%}
bs/B | Al/B | Range of Sclidified Fraction: 0-0.9
3.01x10% .50 1 5.0 7.0 b.4 8.0
3.09x10M 0.60 | 11.7 7.0 .5 7.6
3.51%x10°° 1.001 34.0 8.2 6.9 15.7
4.75x10%" 1.00137.0 52.5 48,7 7.2
4,72x10* 1.00 ] 38.5 50.0 48.3 3.4
4.68x10 1.00 | 41.0 50.0 4¢.3 7.4
2.35x10% 1.00 43.0 98.4 86.1 12.5
2. A42x10M 1.10 ] 45,4 100.0 7.6 2.4
2.50x10% 1.3G | 54.0 126.3 105.2 16.7
2.50%x10% 1.30 1 57.0 111.8 103.6 7.3
2.50x10% 1.3C | 8.9 105.8 102.3 3.3
2.50x10% 1.30 | 1.0 102.4 94,6 7.6
1.69%10% 1.30 064.0 150.0 126.6 15.6
1.84x10%" 1.50 ) 72.2 160.7 149.3 7.1
1.91x10% 1.60 | 78.6 | 105.6 150.0 S.4

Table 4 shows results of simulation of a maximum value and a

10

minimum value of resistivity and variation in resistivity in a
direction of an axis-of-growth line of the silicon singie

crystals when a value calculated by dividing concentration of

the first sub dopant in the silicon melt by concentration of

the main dopant in the silicon melt (the first concentration

15 ratio) is varied in a range approximately not lower than 0.5

and approximately not higher than 1.6 and a value calculated by

dividing concentration of the second sub dopant in the silicon

melt by concentration of the main dopant in the silicon melt

(the second concentration ratio) is varied 1n a range



4.7 7.7 2.168101' 1.10 235.0 132.2 122.1 2.15810" 1.10 240.0 130.4117.9 9.6 1.98810" 1.20 261.2
161.3 148.8 7.8 2.10810' 1.30 291.3 169.4 150.011.5 Table 3 shows results of simulation of a
maximum value and a minimum value of resistivity_and variation in resistivity in a direction of an
axis-of-growth line of the silicon single 10 crystals When a value calculated by dividing concentration of
the first sub dopant in the silicon melt by concentration of the main dopant in the silicon melt (the first
concentration ratio) is varied in a range approximately not lower than 0.5 and approximately not higher
than 1.3 andravalue calcplated byd&dividiag concentrationrof the seedrd sub dopaatindhe silicon

melt by goncentration of the main. dopant in the siicor melt the. second,concepiratign atio) 3 varied in
a range approximately not lower than 25.1 and approximately not higher than 291.3 in a case where
boron (8),fphospherusTP) card -226 Cindidimare empRyed asthie main dopant, tREFirst sub dopant,
and the segong.sub-dopant te bg-addedtothe siligon melt, raspectively. Bafen epncentration in this
caseis approximately not Jower than 1.98 x 1014 atoms/cm3 and 5 approximately not higher than
3.50°x 10F5 Bionis/ém3Y m thhis t85 X PA5pe Silicon single crystal of whieh maximum value of
resistivity, is-approximately notfowerhant6,8:C2cns and approximately-not higher than 169.4 L2cm,
minimum value of 10 resistivity is approximately not lower than 6.3 54/cm and approximately not
higher thaREIBe:0 SPem. AndSariation i résistivity in the ditEction 'oFEXi<8f growth is approximately
not higher than 13.3% can be obtained. 15 More preferably, a value calculated by dividing
concentration of the first sub dopant in the silicon melt b{goggﬁergst[qt'on

In this case, a p-type silicon sing ystal ol which maximum
10 value of resistivity is approximately not lower than 7.0 Qcm
and approximately not higher than 1€5.6 Qcm, minimum value of
resistivity is approximately not lower than 6.4 Qcm and
approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately

15 not higher than 16.7% can be obtained.

More preferably, a value calculated by dividing concentration
0f the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration

20 ratio) is in a range approximately not lower than (0.6 and
approximately not higher than 1.5 and a value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) is in a range approximately

25  not lower than 11.7 and approximately not higher than 72.2.
Boron concentration in this case 1s approximately not lower

than 1.69 x 10 atoms/cm® and approximately not higher than

3.51 x 10*° atoms/cm®.

30  In this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 7.0 cm
and approximately not higher than 160.7 Qcm, minimum value oI

resistivity is approximately not lower than 6.5 Qcm and



the main dopant in the silicon melt (the first concentration ratio) is in a range approximately not lower
than 0.5 and approximately not higher than 1.2 and a value calculated by 20 dividing concentration of
the second sub dopant in the silicon melt by concentration of the main dopant in the silicon melt (the
second concentration ratio) is in a range approximately not lower than 25.1 and approximately not
higher than 261.2. Boron concentration in this case is approximately not lower 25 than 1.98 x 1014
atoms/cm3 and approximately not higher than 3.59 x 1015 atoms/cm3. In this case, a p-type silicon
single crystal-ef.which-maximum yalie-6f resistivity is.apgndmately: notlewer than 6:8 Qom 30 and
approximately not higher than 161.3 Qcm, minimum value of resistivity is approximately not lower than
6.3 Ocm%éﬁﬁ%k%ﬁatéﬁ/ rothigherthan X458 c3ém>and variation' inresfstivity in-the direttion of
axis of grawthris @pproximately &.2%- nathighenthtanit3:83% can be obtained. Fourth Embodiment
Table 4 B Concentration (atoms/cm:3) Initial Si Melt Dopant Ratio (Initial Si Melt) Maximum Value of
Resistivity (ohm cm) Minimum Value of Resistivity (ohm cm) Variation in Resistivity in Direction of
Axis{o) ANsIBA /BRavger s Sofldified Fraction:0-0.9

Table 5
Variation
B Dopant Maximum Minimum in
Concentration Ratio Value of Value of FEesistivity
(atoms/cm®) (Initial |Resistivity|Resistivity in
Initial &1 S1 Melt) {ohm cm;) {ohm cm) Direction
Melt of Axils (%)
As/B | Ga/B  Range of Solidified fraction: 0-0.9
3.08x%10%0 0.60 | 3.1 7.0 ! 6.4 | 8.0
3.16x10% 0.70 | 4.8 7.0 6.5 7.0
3.,40x10% 0.90] 7.0 8.0 6.8 15.2
4,59x10% ¢C.%0 1 7.8 51.7 48.0 7.1
4,57x701" 0.90 | 8.2 50.0 47.5 5.0
4.54x10" 0.90 | 8.7 50.0 46,4 7.2
4.,49x10%" 0.90 ] 9.4 50.0 43.1 13.8
2.49x101 1.20 ] 13.3 100.2 98.3 1.8
2.57x10% 1.30 7 13.3 127.2 102.2 19.7
2.57x10 1.30 | 14.4 109.0 100.4 7.9
2.57x104 1.30114.9 102.5 99.3 3.2
2.57x10 1.3C 1 15,5 99,1 91.4 7.7
1.69x104 1.30 ) 16.0 15G.0 130.3 13.1
1.83x10% 1.50 1 18.3 160, 3 _ 150.0 6.4
1.,00x10% 1.60 {19.9 165.4 | 150.0 8.3
10
Table 5 shows results of simulation of a maximum value and a
minimum value of resistivity and variaticon in resistivity in a
direction of an axis-of-growth line of the silicon single
crystals when a value calculated by dividing concentration of
15 <the first sub dopant in the silicon melt by concentration of

the main dopant in the silicon melt (the first concentration
ratio) is varied in a range approximately not lower than 0.6
and approximately not higher than 1.6 and a value calculated by

dividing concentration of the second sub dopant in the silicon



3.01x10d" 0.505.07.0 6.48.6 3.09%10 0.60 11.7 7.0 6.5 7.6 3.51%10m 1.00 34.0 8.2 6.9 15.7
475%10" 1.00137.0 52.5 48.7 7.3 4.72%10" 1.00 38.5 50.0 48.33.4 4.68%101 1.00 141.0 50.046.3 7.4
2.35x0 1.00'43.0198.486.1 12.5 2.42x10" 1.10__4536 _

melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) i1s varled in a range
approximately not lower than 3.1 and approximately not higher
than 19.% in a case where boron (B), arsenic {As), and gallium

5 (Ga) are employed as the main dopant, the first sub dopant, and
rhe seccond sub dopant to be added tTo the silicon melft,
respectively. Boron concentration in this case is

approximately not lower than 1.69 x 10 atoms/cm’ and
approximately not higher than 3.40 x 10%° atoms/cm’.

10
in this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 7.0 fcm
and approximately not higher than 165.4 Qcm, minimum value of
resistivity is approximately not lower than 6.4 £cm and

15  approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately

not higher than 19.7% can be obtained.

More preferably, a value calculated by dividing concentration
20  of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratic) is in a range approximately not lower than 0.6 and
approximately not higher than 1.5 and a value calculated by
dividing concentration of the second sub dopant in the silicon
25 melt by concentration of the main depant in the silicon melt
(the second concentration ratic) is in & range approximately
not lower than 3.1 and approximately not highsr than 18.3.
Boron concentration in this case is approximately not lower

than 1.69 x 10' atems/cm® and approximately not higher than

30 3,40 x 10Y atoms/cm’.

Tn this case, a p-type silicon single crystal of which maximum
value of resistivity 1s approximately not lower than 7.0 (om

and approximately not higher than 160.3 Qcm, minimum value of



100.097.6 2.4 2.50%10" 1.30 54.0 126.3 105.2 16.7 2.50x10' 1.30 57.01111.8103.6 7.3 2.50%10" 1.30
58.91105.8 102.33.3 2.50%10" 1.30 61.0 102.494.6 7.6 1.69%10 1.30 64.0 t150.0 126.6 15.6 1.84x101
1.5072.21160.7 149.37.1 1.91x10' 1.60178.6116§.@1,5Q.09.4 Table 4 shows results of simulation of a
maximum value and a 10 minimum value of resistivity and variation in resistivity in a direction of an
axis-of-growth line of the silicon single crystals when a value calculated by dividing concentration of
the first sub dopant in the silicon melt by concentration of the main dopant in the silicon melt (the first
concentration 5 katio) isi varigshincactange-approximatelyenot tower thah (C5-and apgproximately not
higher than 1.6 and a value calculated by dividin%concentration of the second sub dopant in the

[

silicon neHBPEGHEETRAElioR T the iR dbpant inthe SilicsiF melt(the’ §éddhd’ Edhcehtration ratio) is

varied ina @Nge: vity in the direction of axis of growth is approximately

not higher than 19.7% can be obtained.

5
Sixth Embodiment
- Table 6
ariation
B Dopant Maximum Minimum in
Concentration Ratio Value of Value of Resistivity
{atoms/cm®) (Initial Resistivity | Resistilivity in
Tnitial 351 Si Melt) (ohm cm) {ohm cm) Direction
Melt of Axis (%}
as/B 1 In/B | Range of Solidified Fraction: 0-0.9
3.01x10%°  10.50] 24.4 7.0 6.4 * 8.5
3.09x10%° 0.60; 57.9 7.0 6.5 7.6
3.40x10°° 0.90]140.0 7.9 6.8 13.7
4,61x10%" 0.90]152.0 52.0 48.1 7.5
4,59x10% 0.90]158.1 50.0 47.8 4.5
4,54x10% 0.90 172.0 50.0 4¢.1 7.9
2.24x10% 0.90]186.0 100.0 85.4 14.6
2.42x101° 1.10:226.6 100.0 97.6 2.4
2.64x10 1.30(265.0 124.3 100.0 19.0
2.60x10 1.30]282.0 108.1 99,7 7.8
2.59=x10 1.301282.2 103.0 95,4 3.5
2.56x10% 1.301304.0 106.0 92 .2 7.7
1.69x10 1.301315.0 150.0 129.3 13.8
1.78x10% 1.401324.0 158.5 149.8 5.5
1.91x10 1.60] 391,96 165.7 150, 0 9.5
10

Table € shows results of simulation of a maximum valiue and a
minimum value of resistivity and variation in resistivity in a
direction of an axis-of-growth line of the silicon single

15 crystals when a value calculated by dividing concentration of

the first sub dopant in the silicon melt by concentration of

the main dopant in the silicon melt (the first concentration

ratio) is varied in a range approximately not lower than 0.5



- 28 - approximately not lower than 5.0 and approximately not higher than 78.6 in a case where boron
(B), arsenic (As), and aluminum (Al) are employed as the main dopant, the first sub dopant, and the
second sub dopant to be added to the silicon melt,% respectively. Boron concentration in this case is
approximately not lower than 1.69x 1014 atoms/cm3 and approximately not higher than 3.51 x 1015
atoms/cma3. In this case, a p-type silicon single crystal of which maximum 10 value of resistivity is
approximately not lower than 7.0 c2cm and approximately not higher than 165.6 Qom, minimum value
of resistivitylis=approximatelynotdewehthan<b:4 noamand ¢ approxématelynothigher tiand150:0 nom,

and variafion, in resistivity in the direction of axis o yth is approximately 150t higher than 16.7%
can be o%éfa}fﬁg&.*l\ﬁofeog‘é?gréﬁf% Jéo\%algf ca cﬁla%ee%E %\S{%]lv% ing po)}%c_entrati_on‘of the first sub dopant
in the silicoh mélvby eoresrtratiornef thé rMaih dopant FPiRTSHicon ek (thelfirstéortentration 20

ratio) is in.a,tange approximatelynot lawer than 0.6 and appraximately nothigher than 1.5 and a value
calculated by dividing concentration of the_‘secogg SLib dogant in_the silicon mel;g g)é cging%rét?[ation of
the main“dGpant i the silicH et iie" sécoid cohcénttation ratio) fs ih-a range ‘approximately 25 not
lower tham 4 7:ard. @pproximatehenotthigreithan 72 £ Borencententidtion indhib caselism

approximafely fiop lowet.han 63 x AQL alarsicl and appioximatelynahhigherdhan 3.5 1015
. n i

atoms/cm s case, a p-type silicon single crystal of which maxi= value of resistivity is
approxiniatély ot fowe Ethane M andehprekiftatély nof Righer #ai*186.7\@om, minimum value

of resistiviyis approdmatelvenotsowes tham6.b-Q conand +29 = approximately not higher than 149.3
Qom, and variation in resistivity in the dirggtion of axis of growth is approximately not higher than
16.1% carrbé obldined 15 FrATERbBEiméntTable 5B EoncentfatiBir(Gt8ms7cHi3) Initial Si Melt

Dopant Ratio (Initigl Si_ Melt) Maximum.Valug of Resistivity {ohm cm) Minimum Value of Resistivity

(ohm cm?
Tn this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 7.0 Qcm

15 and approzimately not higher than 165.7 Qcm, minimum value of
resistivity is approximately not lower than 6.4 {lcm and
approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth 1s approximately
not higher than 19.6% can be obtained.

20
More preferably, a value calculated by dividing concentration
of the first sub dopant in the silicon melt by concentration of
t+he main dopant in the silicon melt (the first concentration
ratio) 1s in a range approximately not lower than 0.6 and

25  approximately not higher than 1.4 and a value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) 1s in a range approximately
not lower than 57.9 and approximately not higher than 324.0.

30 Boron concentration in this case 1s approximately not lower
than 1.68 x 10" atoms/cm® and approximately not higher than

3.40 x 10%° atoms/cm’.

In this case, & p-type silicon single crystal of which maximum



Variation in Resistivity in Direction of Axis(%) s/BGa/B Range of Solidified Fraction:0-0.9 3.08x10'
0.60 3.1 7.0618.0 3.16x10' 0.70 4.8 7.0 6.5i i7.0 340x1015 0.90 7.0 8.06.8115.2 4.59x1014 0.907.8
51.7 48.07 4.57x1014 0.9018.2 50.0 47.515.0 4.§4§%01_4 0.9018.750.0 46.4 7.2 4.49x1014 0.90
9.450.043.113.8 2.49x1014

value of resistivity is approximately not lower than 7.0 Qcm
and approximately not higher than 158.5 Qcm, minimum value of
resistivity is approximately not lower than 6.5 Qcm and
approximately not higher than 149.8 Qcm, and variation in

5 resistivity in the direction of axis of growth is approximately

not higher than 1%.6% can be obtained.

As described above, the p-type silicon single crystal grown
with the Czochralski method from the initial silicon melt to
10 which boron {(the main dopant), the first sub dopant which is an
n-type impurity and smaller in segregation coefficient than
boron, and the second sub dopant which is & p-type impurity and
smaller in segregation coefficient than the first sub dopant
nave been added contains boren {(the main dopant), the first sub
15 dopant which is an n-type impurity and smaller in segregation
coefficient than horon, and the second sub depant which is a p-
type impurity and smaller in segregation coefficient than the
first sub dopant. Then, on condition that the first
concentration ratio calculated by dividing concentration of the
20 first sub dopant in the silicon melt by concentration of the
main dopant in the silicon melt and the second concentration
ratio calculated by dividing concentration of the second sub
dopant in the silicon melt by concentration of the main dopant
in the silicon melt are in the ranges described in the first To
25  sixth embodiments, the p-tvpe silicon single crystal containing
the main dopant, the first sub dopant, and the second sub
dopant at the first concentration ratio and the second

concentration ratio in that range can be obtained.

30 A method of measuring concentration cf a dopant contained in
silicon single crystal 1 will now be described. Concentration
cf such an element as boron, phosphorus, aluminum, gallium,
indium, and arsenic as a dopant in silicon single crystal 1 can
be measured with such a known method as SIM3 (Secondary Ion

35 Massg Spectroscopy) .



1.20 13.3100.298.31.8 2.57x1014 1.30 13.5 127.2 102.2 19.7 2.57x10'4 1.3014.4 109.0100.4 7.9
2.57x1014 1.3014.9 102.599.3 3.2 2.57x1014 1.30 115.599.1 91.4 17.7 1.69x1014 1.30 16.0 150.0
130.3 13.1 1.83x1014 1.5018.3 160.3150.0 6.4 _1.93011914 1.6019.9165.4150.0 9.3 10 Table 5 shows
results of simulation of a. maximum, value and a niinimum value of resistivity and variation in resistivity
in a direction of an axis-of-growth line of the silicon single crystals when a value calculated by dividing
concentration of

It should be understood that the embodiments disclosed herein
are illustrative and non-restrictive in every respect. The
scope of the present invention is defined by the terms of the

claims, rather than the embodiments and examples above, and 1is

h

intended to include any modifications within the scope and

meaning equivalent to the terms of the claims.



15 the first sub dopant in the silicon melt by concentration of the main dopant in the silicon melt (the
first concentration ratio) is varied in a range approximately not lower than 0.6 and approximately not
higher than 1.6 and a value calculated by dividing g,gngentration of the second sub dopant in the
silicon - 30 - melt by concentration of the main dopant in the silicon melt (the second concentration
ratio) is varied in a range approximately not lower than 3.1 and approximately not higher than 19.9 in a
case where boron (B), arsenic (As), and gallium 5(Ga) are employed as the main dopant, the first sub
dopant, andilessecond sub dopant to be added to the silicon melt, respectively. Boron concentration
in this case is approximately not lower than 1.69 x 1014 atoms/cm a and approximately not higher than
3.40 x 1015 atoms8cm3 . 10 In this case, a p-type silicon single crystal of which maximum value of
resistivity is approximatety:notdowée than: 7,00 emrantyapgproxikiately ricthighteralars 1854 Ocm,
minimum. value of resistivity is.approximately not lower than 6.4 Ocm and 15 approximately not higher
than 150.0 52cm, and variation in resistivity in the direction of axis of growth is approximately not
higher thanPEE 78 Thn e olStained Mdté preferably 24 bakie o isted BAdiVidity édncentration 20 of
the first sub-depantin dhe siliconmeltby eoncentrationof the main dopanit isrthe siliconmelt (the first
concentration ratig).is in a ra approximately not.lower than 0.6 and approximately not higher than
1.5and & %glﬂ%géﬁgﬁ)élﬂ%te%;% %?\7%%% éorr?geanrfrast%hgof%ﬁg second %si:ljl:a)1 d%%gr?f % t g%ilicon 25 melt by
concentration of théiiain depantrin the silicor widlt (the secomd condentratibnTaiofisifa range

approximately:notdawer than, 3.1 and appraximately not higher than 183, Boser gpneeptration in this

case is approximately not lower  than 1.69 x 1014 atoms/cm3 and ap Joximatel% notringglerr than
30340 x 1 CEE ¥t/ Em3 1 thithis case) & -typeysificon Single GrystaF of which maxifium VAfte of
resistivity. is.approxjmately net lower than 7.0, Ocm: and approximately-nethigher tham60.3 Qom,
minimum value of resistivity is approximately not lower than 6.5 Sl= and approximately not higher than
150.0 Qom, and variation in resistivity in the direction of axis of growth is approximately not higher
than 19.7% can:beebtained 5 Sixth:Embogdinent Zable6,/B«Lancentration {atohes/cm3} tnitlal Si Melt
Dopant %&g&ooggl}wlg!gsygle&Ig/lf%lr‘@l;lmw\é%lgg 1011; Resistivity (ohm cm)
15 =~ said first sub dopant is phosphorus and sald second sub
dopant is aluminum, and
- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in sald silicon melt is not
20 lower than 0.5 and not higher than 1.2 and a second
concentration ratio calculated by dividing concentration of
said second sub dopant in said silicon melt by concentration of

said main dopant in said silicon melt is not lower than 4.9 and

not higher than 52.4.

25
3. The method of manufacturing a p-type silicon single crystal
according to claim 1, wherein
- said first sub dopant is phosphorus and said second sub
dopant is gallium, and

30 - a first concentration ratic calculated by dividing

concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than ¢.5 and net higher than 1.2 and a second
concentration ratio calculated by dividing concentration of

33 said second sub dopant in said silicon melt by concentration of



Minimum Value of Resistivity (ohm cm) Variation in Resistivity in Direct on of Axis(%) A.s/B /B Range
of Solidified Fraction:0-0.9 3.01910- 0.50 24.4 7.0 6.4 8.5 3.09x1055 0.60 57.9 7.06.5 7.6 3.40x1015
0.90 140.0 7.96.813.7 4.6191014 0.90152.0 52.0 %%.1].5 4.59x10" 0.90 158.150.047.84.5 454xI0'

Lh

10

15

30

(2
Lh

said main dopant in said silicon melt is not lower than 1.2 and

not higher than 13.4.

4. The method of manufacturing a p-type silicon single crystal
according to claim 1, wherein

- said first sub dopant 1s phosphorus and said second sub
dopant 1s indium, and

- a first concentration ratic calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.5 and not higher than 1.2 and a second
concentration ratioc calculated by dividing concentration of
said second sub dopant in said silicon melt by concentration of
said main dopant in said silicon melt is not lower than 25.1

and not higher than Z261.2.

5, The method of manufacturing a p-type silicon single crystal
accordimg to claim 1, wherein

- said first sub dopant is arsenic and sald second sub dopant
is aluminum, andc

- & first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt 1s not
lower than 0.6 and not higher than 1.5 and a second
concentration ratic calculated by dividing concentration of
said second sub dopant in said silicon melt by concentration of
said main dopant in said silicon melt is not lower than 11.7

and not higher than 72.Z.

5. The metrhod of manufacturing a p-type silicon single crystal
according to claim 1, wherein

- said first sub dopant is arsenic and saild second sub dopant
is gallium, and

- a first concentration ratio calculated by dividing

concentration of said first sub dopant in said silicon melt by



0.90 172.050.0 46.1 7.9 2.24x1014 0.90 186.0 100.0 85.4 14.6 2.4291014 1.10 226.6 100.0 97.6 2.4
2.64x1014 1.30265.0 124.3 100.0 19.6 2.60x1051 1.30 283.0 108.1 99.77.8 2.5991014 1.30 292.2
103.0 99.43.5 2.56x1014 1.30304.0 100.0 92.2 _7.73:)..6_9910 1.30

concentration of said main dopant in said silicon melt is not
lower than 0.6 and not higher than 1.5 and a second
concentration ratico calculated by dividing concentration of
said second sub dopant in said silicon melt by concentration of
5 said main dopant in said silicon melt is not lower than 3.1 and

not higher than 18.3.

7. The method of manufacturing a p-type silicon single crystal
according to claim 1, wherein
10 -~ said first sub dopant is arsenic and said second sub dopant
ig indium, and
~ a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicen melt by
concentration of said main dopant in said silicon melt 1s not
15 lower than 0.6 and not higher than 1.4 and a second
concentration ratic calculated by dividing concentration of
said second sub dopant in said silicon melt by concentration of
said main dopant in said silicon melt is not lower than 57.9

and not higher than 324.0.

20
8. The method of manufacturing a p-type silicon single crystal
according to claim 1, wherein
- said first sub dopant 1g phosphorus and said second sub
dopant is eluminum, and

25 - a first concentration ratio calculated by dividing

concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.79 and not higher than 0.8l and a second
concentration ratio calculated by dividing concentration of

30  said second sub dopant in said silicon melt by concentration of
said main dopant in said silicen melt is not lower than 24.2

and not higher than 27.0.

9. The method of manufacturing a p-type silicon single crystal

3

35 according to claim 1, wherein



315.0 0.0 129.3 13.8 1.78910'4 1.40324.0 1158.5 149.8 5.5 1.9191054 1.60 J.J 391.61165.7150.00'
10 Table 6 shows results of simulation of a maximum value and a minimum value of resistivity and
variation in resistivity in a direction of an axis-of-grgwth line of the silicon single 15 crystals when a
value calculated by dividing concentration of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration ratio) is varied in a range approximately not
lower than 0.5 - 32 - and approximately not higher than 1.6 and a value calculated by dividing
concentration of tHe. secondisuli dppart ihthe silieph freleby sencerntrativhoTHe fvdin dopant in the
silicon n@é%(%rﬁetsg(‘sorgl%%q&qggtiggCgatio) is varied in a range approximately not lower than 24.4 and
approximately not higher than 391.6 in a case where boron (B), arsenic (As), and indium (In) are
employed @ theRaindopst, the firStsubPdopartt Santt tie-§8cdhdl SUb’d6pait to be added to the
silicon melt;, respectivelyrBeronsconcentration inithisicaseiis IhapproXimatelycnot lowet than 1.69 x
1014 atoms/cm3 and approximately not higher than 3.40 x iQ In.this ¢ase ilicon_si crystal of
which maXimur t{:/g%éogf rggisﬁ\ﬁ%ydisr%aplp%oé r?%?&;% rot Iosv?e#%hé% ETO% %%r%]ﬁ %ltar?jgs agpgrlgximately
not highérthan 165:7:Qont,‘minimunrialbe of easistivity iS approxifately: f6ciower than 6.4 Qcm and
approximaiely.not-higher,than 150.0-Qcmy, and yariationsin,registivity: in-therdirection.of @xis of growth is
approximately not higher than 19.6% can be obtained. 20 More preferably, a value c%lculatecj, by
dividing E6ricentatieh of e fift Rab dopantin the Siicon el By to ge%?&t@foenngfr the 'main dopant in
the silicopzmelt (therfirsi-genceniration fatio) is in-arrangétapproximatély mot lawernrthaf 06 and 25
apqgoxinc]iatglynnog hij%h r t@ar% l%a% ag% agvalue calculated by dividing concentration of the second sub
dopant in the Silicon'm eby concentration of the main dopant in the silicon melt (the second
concentration ratio) is in a range approximately not lower than 57.9 and approximately not higher than
324.0. 3Q Boran,congentrationn this.case is,approximately, et lewer than 16991014 gtopas/cm3 and
approximately not higher than 3.40 x 1015 atoms/cm3. - 33 - value of resistiviLy is approximately not
lower tha&7 0" Gemaridapproximdtely ndt Higher than 158.5 Qem, minimum value of resistivity is
approximatelynot fawertthani6.5.Qom andapproxiptately ot highet tliars £49.8Qem; and variation in
5 r(?(?istivgtg in thEe qigectgyplcifu%(is %%rowth is approximately not higher than 19.6% can be obtained.

escribed ; é%ov‘ef the p-type §ilicon single crystal grown with the Czochralski method from the initial
silicon meltao 10wifick borST {the Main dophnd, thelfirst stisdopantiificR1€8n n-type impurity and
smaller in. segregatign cogfficient than beron; apdithe sesend sub depantwhichds ap-typedimpurity
and smaller in segregation cogfficient than the first sub dopant have been added contains boron (the
main dopan) fhie-first s8b 15 dopant which is i Atype impuiity and smialler in segregation coefficient
than boran;.and thasecond Subrdbpant whichris a p-type impurityandsnsalleririsegregation
C?‘“z(fjﬁc'e%%%%@%%@?%lb dopant. Then, on condition that;the first.canceptration satio.galculated by
dividing concentration o the 20 first sub dopant in the silicon melt by concentration of the

said second sub dopant in said silicon melt by concentration of

said main dopant in said silicon melt is not lower than 6.2 and

not higher than 6.9,

25  11. The method of manufacturing a p-type silicon single crystal
according to claim 1, wherein
- said first sub dopant is phosphorus and sald second sub
dopant is gallium, and
- a first concentration ratic calculated by dividing

30 concentration of said first sub dopant in sald silicon melt by
concentration of sazid main dopant in said silicon melt iz not
lower than 0.89% and not higher than 0.91 and a second
concentration ratio calculated by dividing concentration of
said second sub dopant in said silicon melt by concentration of

35  said main dopant in said silicon melt is not lower than 7.8 and



main dopant in the silicon melt and the second concentration ratio calculated by dividing concentration
of the second sub dopant in the silicon melt by concentration of the main dopant in the silicon melt are
in the ranges described in the first to 95 sixth embgdiments, the p-type silicon single crystal containing
the main dopant, the first sub dopant, and the second sub dopant at the first concentration ratio and
the second concentration ratio in that range can be obtained. 30 A method of measuring concentration
of a dopant contained in silicon single crystal 1 will now be described. Concentration of such an
elementastbaronphosgharus; aluminum, gallium, indium, and arsenic as a dopant in silicon single
crystal 1 can  be measured with such a known method as SIMS (Secondary ion 35 Mass
Spectroscopy). - 34 - It shouldunderstood that the embodiments disclosed herein are illustrative and
non-restiiétivehinfeviery feshett. CFHe dose-6f the piedentiilvéiitionss HefiKBd by tHe terms of the
claims, rather than the embediments ang.examples above, and is intended to include any
modifications within the scope and meagi_ng equivalent to the terms of the claims. - 35 - Claims 1. A
method of MAAGFActUTing g%ﬁg}pg%ﬁ%%n single crystal, comprising the steps of: preparing a silicon
melt to whieh baronrassamainmpiopant; & fitst sab dopantwhiehiganhtfypedmpuriizand smdher in
segregaté% g%%fgg%kth@gesf_a%q boron, and.a secand suh-dapanthich is a p-type impurity and
smaller in segregation coefficient than said first sub dopant have been added; and 1% ggowing a
silicon singfe GiyS@rRaviRg résisivity idticher than 6O ford"S4id Siiton HeltWith & Czochralski
method. 2.3 hesaethed of mamifactering enp-typessitican singlescrystabpecarding to claim 1, wherein
15 - said first sub dopant is ﬁos horus and said second (? ant i minum,.and, a.first
corlfentratiof fatt Eéflgﬁalaﬁeg 63%%?\7@%8 %gﬁcé:ﬁt}/ast%o%*oﬁ ;églf %gst%ug%%%ﬁt ﬁgdqgﬁégﬁ melt by
concentration ot saidWmaaintdopant ifsaid silicon melt is not 20 lower than 0.5 and not higher than 1.2
and a second concentration ratio calculated by dividing concentration of said second sub dopant in
said silicon melt by concentration of said main dopant in said silicon melt is not lower than 4.9 and not
higher thaf 5214253 cTire niethdd of nianufdcturiny & Pty pesiliconisiAgleCrystai-dccotding to claim
1, wherejn_ said.first sub dopant is phosphorus and said second sub dopant is gallium, and 30 - a first
concentration ratio calculated by dividing concentration of said first sub dogant in sal%jsilicon melt by
corldentraticr bFsdid PAdin Hopant iF8did sHicSR IR BTGt I6Wer §ian-0.58 and Hothigher than 1.2 and
a second:egngentration, ratio: ealeyllatediby dividing concentration of 35 said second sub dopant in said
silicon melt by concentration of - 36.- said main a0 in_said, silicon meltis not lower than 1.2 and
not higher that 132" “4'The méthod of J'Fr‘l—jrral%'n*u atﬁ%%%iéasp%%pegs%ic@o%% Ir;{agt):rystal D according to
claim 1, whereim said-first salf dopafit isipHospholusTarid 8aid Secdid Sub AEidTRdiuntYand a
first concepiration ratio;calculated.by;diyiding gepeentrationsof saidfirst sub depant inssaid silicon melt
by20 tower than 0.5 and not higher than 1.2 and a second

concentration ratic calculated by dividing concentration of

said second sub dopant in said silicon melt by concentration of

said main dopant in said silicon melt is not lower than 4,9 and

not higher than 52.4.

25
14. The p-type silicon single crystai according to claim 12,
whereln
_ said first sub dopant is phosphorus and said second sub
dopant is gallium, and

30 -~ a first concentration ratio calculated by dividing

concentration of said first sub dopant in said silicon meit by
concentration of said main dopant in said silicon melt i1s not
lower than 0.5% and not higher than 1.2 and a second
concentration ratio calculated by dividing concentration of

said second sub dopant in said silicon melt by concentration of

L2
L



10 concentration of said main dopant in said silicon melt is not lower than 0.5 and not higher than 1.2
and a second concentration ratio calculated by dividing concentration of said second sub dopant in
said silicon melt by concentration of said main dopant in said silicon melt is not lower than 25.1 15and
not higher than 261.2. 5. The method of manufacturing a p-type silicon single crystal according to
claim 1, wherein said first sub dopant is arsenic and said second sub dopant 20 is aluminum, and
a first concentration ratio calculated by dividing concentration of said first sub dopant in said silicon
melt by cenceéntration ob saidtmain depaht i $aidssiliconlmelt s notlower thark08and Aotkigher than
15 and% ggpgg(%gglpopﬁggt@t&qrhr_atio .calculatefd by gjividing cqncerjtraf[i'on of said' second sub
dopant in said sificon melt by concentration of said main dopant in said silicon melt is not lower than
11.7 and not higher than 72.2. 30 6. The method of manufacturing a p-type silicon single crystal
according4o cfajm },-wheyein; said-first sub gopantis arsenie anesaic:seecend:-subi dopant is gallium,
and _a first concentration ratio calculated by dividing - 37 - concentration of said main dopant in said
silicon m&iti& ot lower than 0.6 and not higher than 1.5 and a second concentration ratio calculated
by dividirg senceritiation cfisaidiseeorid $gb dopantiinsaid silicorsmelt ecsHtentation of 5 said
main do%%gé'g§apssili%m§!t is nat lower than 3.1 and not higher than 18.3. 7. The method of
manufacturing a p-type silicon single crystal according to claim 1, wherein 10 - said first sub dopant is
arsenic andEsaid SBeoRE St HopARt K indiif, arfef-a first tBrc&ntration fatid Talculated by dividing
concentration ©f saigtfirstsutrdepant in said:silican melihy-concentratios of saidrmaimldopant in said
silii%n melt is not 15 lower than 0.6 and not higher than 1.4 and,a second copcentration ratio

cal Iate%oﬂlf 8irfllla‘ir?g cohcentration of said second s“ub’“dopant In said silicon melt by concentration of
said maih dopant.iresaid sllicendnelpis motdower thar57:9 and ot highetdhah 324.0. 20 8. The

method of manufacturing.a ptype silicon single grystal accordingto-elaim s wherejn -said first sub
dobant is phosphorus and said second sub dopant is aluminum, and 25 - a first concentration_ratio

( "y 7

calculatetFHyF dR ARG BorfeantFition of said first Suls dopantin“sard siidort MEIEBY corcetitration of said
main dopantdn saidrsikicansmelt is: netlowes thar-0:7 dranid:-ndtshigher than<0:81 land asecond
cor;lt%entrgg%n ﬂegjco %ailcgllgg:edr%%gi\é;‘dé’qg foncentration of 30 said second sub dobant in said silicon
melt’by concentration 8f'said main opant in said silicon melt is not lower than 24.2 and not higher
than 27.0. - 38 - said first sub dopant is phosphorus and said second sub dopant is aluminum, and a
first concegtratign ratio caleulated by, dividing coneentation of said first subdopaat in said silicon melt
by 5 concentration of said main dopant in said silicon melt is not lower than 0.89 and not higher than
0.91 and"4'&&&ord concentration ratio calculated by dividing concentration of said second sub dopant
in said silicarns ingltfhyreancentratiop of saidsmainsdopant dm saidssilicoremett ds potlowep #dn 30.8 10
an%got hi h%rﬂt,hané’agﬁ& 10_.(;1’he method of manufacturing a p-type silicon single crystal according to
claim 1, wherein ~ said first sub dopant is phosphorus and said second sub 15 dopant is gallium,
and a first corfcentrationatc caletifated By dividifg conééntiation’of said first Sub dopant in said
silicon melt by consgntration,ef said main,dopaptin saig silicon meltisnat lowerthandd. ¥9iand not
higher than 0.81 and a second , , _ L o

concentration of said main dopant in said silicon melt 1s not

lower than 0.6 and not higher than 1.5 and a second

concentration ratio calculated by dividing cencentration of

2
L

said second sub dopant in said silicon melt by concentration of
said main dopant in said silicon melt is not lower than 11.7

and not nigher than 72.2.

30 17. The p-type silicon single crystal according to claim 1Z,
whereirn
- said first sub dopant is arsenic and sald second sub dopant
is gallium, and
- a first concentration ratic calculated by dividing

a4

35 concentration of said first sub dopant in said silicon melt by



20 concentration ratio calculated by dividing concentration of said second sub dopant in said silicon
melt by concentration of said main dopant in said silicon melt is not lower than 6.2 and not higher than
6.9. 25 11. The method of manufacturing a p- type silicon single crystal according to claim 1, wherein
said first sub dopant is phosphorus and said secorid sub dopant is gallium, and a first concentration
ratio calculated by dividing 30 concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not lower than 0.89 and not higher than 0.91
and a secendsonegntration mtio-calculated kipdividing corcentratioh iof saidisécondssubodopant in
said silicon melt by congcentration of 35 said main_dopant in.said silico is not lower than 7.8 and
-39 - nofﬁ}“é%%r%{aaﬁq 8.@' 2‘?3%-&/%% sﬁ%c%%%n@%e%y@téﬁw%ﬁ is g%vrgr% |1jh‘lrg(1)sm a silicon melt,
comprisingn boren as somaireddparts hfirsesuls depastivhieh isar 1y pe irmpbiig and smaller in
segregatian goefficient than said boron; ands a;second sub-dopant whichis-a:p-type impurity and
smaller in segregation coefficient than said first sub dopant, 10 - the p-té/ge siljccgn si%gltf cr)és&al having
a reSistivit\Whith 18 noPioWer thdn 6 308t 132 FHE gype sliftohSingls Erystal &dcording 10 Tlaim 12,
wherein 45+ saidsfiest subdopant.is phosphorus and said second sub dopant is aluminum, and a first
concentration ratio calculated by dividing concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not 20 lower than 0.5 and not higher than 1.2
and a setdnd Boncenttativh ratid ‘catculated bydididiiy-éoncentration of shid second stbrdopant in
said silicgpdnelt by concentration of said main dopant in said silicon melt is not lower than 4.9 and not
higher than 52.4. 25 14. The p-type silicon single crqy,stal aciordin to claim Zéwe(ﬁ%ina%%id first sub
dopint is pAédshdrug ahdBdlitl SEEEHE"sUB dBpant is gafiitiin, Eha 30’ §First concentration ratio
calculatetsby dividing cancentration of said first sub dopant in said silicon melt by concentration of said

main dopary in said sican el s potlpwes thap 0.5 and goLbiober thep:d;2.apd a second

. e C o T H . - . . aye
concentration Fatio caléu ate(ﬁ by dividing concentration of 35 said 'second sub dppant in said silicon

melt by concentration 6P1 405 stid thdin dopafitin s&id@ailiton meleisthot Idwerthai®:3 and not
higher than,13:4.+15,The-p-typessilicon.singlejerystat acgordingstosclaink: 42, wberein ssaid first sub
dopant is phosphorus and said second sub opangijs indJ;UI’E, %I}l}% a fi(sst ggg&entration ratio calculated
by dividing ¥sncenitfation of sald-firsPSub 48pant in said silicor melfby 10 GoRcentration of said main
dopant incsaidesilicommelt is-astilowek thanl@.5sahdorothigherithan o2 and e sécaritl ¢dncentration

ratio calculatgd by diyiding sonegpligtion of saidsecond sup depant in said:sliconmelt By o

concentration of said main dopant in said silicon melt is not lower than 25.1 15 and not higher than
261.2. 16:7THe Paype SiHEsH single Grystal Acédrdity foeciaint 22l Wherditf s> than =7- 2
and not higher than 324.0.
26
19. The p-type silicon single crystal according to claim 12,
wherein
- said first sub dopant is phosphorus and said second sub
dopant is sluminum, and
25 « a first concentraticn ratio calculated by dividing
concentration of said first sub dopant in sald silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.79% and not higher than 0.81 and a second
concentration ratico calculated by dividing concentration of
30 said second sub dopant in said silicon melt by concentration of
said main dopant in said silicon melt is not lower than 24.7

and not higher than 27.0.

20. The p-type silicon single crystal according to claim 1Z,

35 wherein



said first sub dopant is arsenic and said second sub dopant 20 is aluminum, and first concentration
ratio calculated by dividing concentration of said first sub dopant in said silicon melt by concentration
of said main dopant in said silicon melt is not lower than 0.6 and not higher than 1.5 and a second
concentration ratio calculated by dividing concentration of said second sub dopant in said silicon melt
by concentration of said main dopant in said silicon melt is not lower than 11.7 and not higher than
72.2. 30 17. The p-type silicon single crystal according to claim 12, wherein said first sub dopant is
arsenic and,said second sub dopant js.galliumy, and, . - adirst.concentiation ratio caleulated by dividing
35 concentration of said first sub dopant in said silicon melt by concentration of said main dopant in
said siliconraelt istFotelewar thdky 0.8hd not higher than 1.5 and a second concentration ratio
calculated hy dividing cencenrtration:of-said second: syl depant in saitl silicammelt by concentration of
5 said main dopant in said silicon melt is not lower than 3.1 and not higher. than 18.3, 18. The p-type
silicon singfe“érystaf é&g&d?n% t%acjlé%m‘iz,s\%vhg}%fn BQasrgjlcd first g&ﬁ%ogéﬁﬁs%{fsﬁﬁg én%-{)said
secénd sulmdepantds indium; asd L @ first.contentration raticiealcglated-by: dividiig EBnéérttration of
said first sub.dopant in saidssilicon melt by concentration of said main dopantinssaid silicon melt is not
15 lower than 0.6 and not higher than 1.4 and a second concentration ratio calculated by dividing
concentrafisfi of BaRISetond Sub GiFaht i 8AiaSiftor MR By ConCeRr&lion 6f-saidl nvain dopant in
said silicen meltisetdowerthansk9 and not higherithan 32441 20- $9-The prtype 'siliconsingle
crystal according_ to claim 12, wherein - said first sub dopant is pho pgor nd.said secqond sub
dopant isggrbgnilr%ﬁﬁﬁr} a%a%:t a first Sc%ﬁ(%er?tr‘ahﬂiiocnopat%ega%cujfastea%%y |\(/>i‘ltxj’?§“n%l c?(ﬁ?en%%af%r:} of said first
subl @opantdn said silicdremettisrcoheehtration of said main dopant in said silicon melt is not lower
than 0.79 and not higher than 0.81 and a second concentration ratio calculated by dividing
concentration of 30 said second sub dopant in said siligqq melt bg/ concentration of saiﬁj{nain dopantin
said silicén méalt'’ AbtIgWEr thah2425 ahd 1ot higher thar 27 977 20! Thep ypé siticon single crystal
accordingite ekaim 12, 35 wherein - 42 - said first sub dopant is phosphorus and said second sub
dopant is aluminum, and a first concentration tafio. aloulated by diviging.congeqtratign of said first
sub dopantin said sificon melt by concentratlgn of said main dopant in said silicon melt is not lower
thah®0.89and mot highet tHanv0.912drd a second concentration ratio calculated by dividing
concentratign of said second sub.dopant in-said silicon. melt by, concentiation-ef said main dopant in

said silicon melt is not lower than 30.8 10 and not higher than 33.8. 21, The pi-(t%/ge silicon %ingle

crystal aGCOH ARG toTIaInT 1S, Wiiérein =+ “Sard firdt SuB-ddhant1s piosphorus-aind said second sub 15
dopant is-gallium; and i afirst Coneeantrationratiorcalculated pyidividingiconcentration of said first sub

dopant in sajd silicon. melt by congentratian of seld maln dopgnt n.said sliganmelt is not lower than

lLowel Tlhd ; ¢ T .
0.79 and'fiot higher than 0.81 and a seco 120 concentration ratio calculated by dividing concentration
of S¥ld seconeesulr dopant in SaidPsifcorcmelt IRFcahitcentration BF said g ddpant in Said silicon melt
is not lowey than 6.2,and 8k highgk thani6.9:2522s Theqastypessilicomsingle crystabaceanding to claim
12, wherein said first sub dopant is hospho,rlfg and said second sub dopant i§§alliug1,gelngng first
concentratiorratio CalENBEY by diviting' 36 toncentration” E id silicon melt

ohc8htration of <aid first su ed%p‘anﬁwh sai
by concentratior of saidtmain dopgant in said silicon melt is not lower than 0.89 and not higher than
0.91 and a second concentration ratio calculated by dividing concentration of said second sub dopant

in said silicon melt by concentration of 35 said main dopant in said silicon melt is not lower than 7.8
and? 22. The p-type silicon single crystal according to claim 1z,

wherein
- said first sub dopant is phosphorus and said second sub
dopant is gallium, and
- & first concentration ratioc calculated by dividing

30 concentration of said first sub dopant in said silicon melt by
concentzation of said main dopant in saild siiicon melt is not
lowsr than 0.89% and not higher than 0.91 and a second
concentration ratic calculated by dividing concentration of
said second sub dopant in said silicon melt by concentration of

35  said main dopant in said silicon melt is not lower than 7.8 and



- 43 - not higher than 8.5. 23. A silicon wafer which is obtained by slicing a p-type silicon single crystal
according to any of claims 12 to 22.

- 43 -

not higher than 8.5.

23, B silicon wafer which is obtained by slicing & p-type

silicon single crystal according to any of claims 12 to 2Z.



