1 Silicon Single Crystal Substrate and Method of Manufacturing the Same Technical Field 5The
present invention relates to a silicon single crystal substrate and a method of manufacturing the same,
and particularly to a silicon single crystal substrate forined by slicing silicon single crystal grown with a
Czochralski method and a method of manufacturing the same. 10 Background Art A power device
mounted on cars, home appliances or the like should have a high breakdown voltage, and resistance
of a substrate affects characteristics thereof. Therefore, a silicon 15 wafer used as the substrate is
required to be high in resistivity and less in variation thereof. Silicon single crystal used for a
substrate for a power device is manufactured mainly with a Czochralski method (a CZ method). With
this CZ method, since a segregation coefficient 20 of such dopants as boron and phosphorus with
respect to silicBhldifigh EARIARISCSHManar P E taapantrdniietiraton fn Masiliées tueit ke cdrmes high
as the silicon single crystal grows. Therefore, the daagd concentration in the grown silicon single
crystal varies in a direction of axis of growth, and 25 consequently, resistivity of the silicon single
crystal varies in the direction of axis of growth. Thus, it has been difficult to control resistivity.
Japanese Pat&chayingiOpeniNo. 2003-137687 describes a method of suppressing variation in
resistivity in a directiop,of 30Lrystal growth hy.addingRhospharus;correspondigg to.43.1Q 30 % of

boron concentration to an initial silicon melt and growing 2 crystal with the Czochralski method.
Japanese PatSHPLAYnGEONEh Rio™ 280731 6385 Uk rbes d théth dsFRantfikturing a silicon single
crystal wafer foranilGBEfnsulated ate Bipolat draasistor)dnwhichaariatiorfimn-baasisfivity in a
radial directio wafer i igher than 5%..Problems to be . Solved by the Invention Recently, a
power semico%gggt%éégogr%%g%%]h% %%% (%?pyo%g? 190 %%ﬁ%isf\t%?,hcﬁlgéo( orrﬁe%%(n%eﬁ?a%ﬁ\%etal Oxide
SemiconductofFaritl MO (DffUsETREANOK e SeiedRductor)) process has widely been used for
applicatipns where breakdown voltages are intermediate, i.e., up to 200 V. The BCD process refers to
a process tec@a{g einw icMrocess control of a bipolar 15 transistor used for analog control, a

CMOS operating a5t and eing suitable for a digital control circuit, and a DMOS suitable for controlling

a power MOSFET (MetaP@xideiSamiconducterdField Effect Tramsisipr) is smtegrated. usilicon
substrate for a peweravice manufaciured in.tbe2QROBAregsss isreayired Lo have upifgrm

resistance in the substrate, less oxygen precipitates bulk micro defects (BMD) in a surface layer of the
substrate, and“HIuerakSBMOE T CERET TFThitkhEsE oftReSibstr e VRt iRe Meftidd 8e3cribed in
JapaneskEPatentkayng=0pen 25Ne2603d437687 asate péahangpdnuesistivity in a direction of axis

of growth up to.a.soldified fragfipn; 0f.90%is,high.and,quality. required of the BOB device cannot be
satisfied. In addition, with the method described in Japanese Patent Laying-Open No. 2007-191350

the variation in a radiaf direefoR GtH 80K Hfras grésfanaio il pediired of the BOB“ESvice cannot
be satisfied. Miyeover,ia devicer described i JapaneserP atent o3 h:ayirg-Oprr N 2007491350 is an
IGBT, which ism%%%%ggyp%g%t %%Jéree : flngé/\&igda direction perpendicular to a s%rgace of the

, SiNCe. a sggraegatio ol o L
substrate. Theréfore, BMDS shou S8 across a direction of thickhess of the substrate; Decrease

in BMDg2® howevercleatiaradoner rarnetion fst gonsihgaiseay meta#rkee presentinvention was
'nadein\”emfgﬁﬁﬁﬂﬁﬂgﬂ§@¥%§5is 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 axis of growth, and
25  consequently, resistivity of the silicon single crystal varies
in the direction of axis of growth. Thus, it has been difficult
to control resistivity.
Japanese Patent Laying-Open No. 2003-137687 describes a
method of suppressing variation in resistivity in a direction of
30  crystal growth by adding phosphorus corresponding to 25 to 30 %

of boron concentration to an initial silicon melt and growing



above, and an object thereof is to provide a silicon single crystal substrate having uniform resistance in
the substrate, less BMDs in a surface layer of the substrate, and moderate BMDs 10 in a center of
thickness of the substrate, and a method of manufactg@ring the same. Means for Solving the Problems
A silicon single crystal substrate according to the 15 present invention is a silicon single crystal
substrate formed by slicing silicon single crystal grown with a Czochralski method, and it has the
following characteristics. The silicon single crystal substrate has a first main surface and a second
main surface opposite to the first main surface. Resistivity in 20 a center of the first main surface of the
silicon single crystal substrate is not lower than 50 Liscm and a rate of change in resistivity in the first
main surface is not higher than 3%. An average density of oxygen precipitates bulk micro defects in a
device formationyegion which isa regichiingbetweehate 25 first main surface and a plane at a
depth of 50 pm from the first seaisy surface Joward dhe segondJpain suifacs iglawer than 1 x 108 /cm8.

An average density of oxygen precipitates bulk micro defects in a region lying between a plane at a
depth of 300 dﬂ?%ﬁ%da%%ﬁlg%‘i‘%aﬁ Bt 68480 pm Froh thedisenthinSeSuifatetohdFddhe second
main surface i3t |dwes than ddx d08:=/crmP atanatrhighes than 1ix 1A%iem&adiat i Breferably, the
silicon single te abov. xygen concentration nat lower than 5.0 x 10" atoms/cm' and
not higherE9 tha%%é.%élygfg%r%f/c%‘%r%%gs&r%t%ggln&c%r%c%n%ra“{?c()gﬁ ﬁo% fovr\}gart th%alng)éfﬁ’or X" Fatoms/cm’
and not higher5t9ﬁan 4.0 x 10" atoms/cmt A BCD device according to the present invention has the
silicon single crystal substrate above, and a CMOS, a DMOS, and a bipolar transistor formed in the
device formatign region. A method of manufacturing a silicon single crystal 10 substrate according to
the present in\/gerrﬂ}?o%ﬁgs%ﬁe%%llgd\?v?ﬁfge (s%g) s.g i irr]léllﬁg%llhégr? melt having boron concentration not
higher than 4 x 10" atsrasicid'yand aReitioroBghdspctusteondentrafony i the boEdn tdieeration not
lower thag 0.42.and net highenthan @ Shis-prepared. Asiliconsingle erystaliss1a.grown with a
Czochralski method from the injtial silicon melt. The silicon single crystal is sliced to form a silicon
single crystal Stbstrate™ i 156 2edls o §rowity seBh SRGICETELAl, BReShRBn &g E”/stal is grown
under such conelitfonsstivat Zoratappl aaate of covhrgarbedge portiondd20saxase-o©f cooling a central
portion of the silican single.crystal from. g melting pojnt ofsilicgpo 1350¢ isnof lower than 1.4 and not
higher than 2.0 and the rate of cooling the central portion from 1200C 16 1100C is not Iess than
6C/minute. THe™SIFEGT shifBerFsl hasan oky§eRTS éoReahFatioR vRichiBhctTower than 5.0 x 10"

atoms/c® and: patbighesthansA 006104 sioms/ eonane hasnitege -peneentration yhighds not lower

than 2.0 x 10".atoms/cm3_and not higher.than 4.0 x 10" atoms/cm'.. Preferably, the claimed
g ad nof higher.than 4 . ) |
method further includés %ﬁg‘ stgp %6 of anﬁgéllr?g the gﬁl%%?] sclﬁélceué”F)/stgll1 sduﬁstlrjév%egsllced from the

silicon single ciystaPirethEcanrealing sidipica AchewrEalfREAEat dNefrperaturéanot lower than 1200C

and not highersthan-b230e+s cartiedoutfor acperiad aot shorter dhan L. howr agd not longer than 8
hours in a noble gas atmé;i)g?here in which impurity concentration js not higher than Q.5% in volume

t
ratio 5 or in a non-oxidiZing Atttosphere” EtfectS ](9)1‘ ThE THIEN G * = ARRRVPERGTO RS fresett
inventiod0a silisth singte erystal sabstratsihavirtpyriform Tesistares it e substrate; 10 less BMDs in

a surface layeg%ga%éu@,str%%sa%m%%e@%&5{!%@@% cgpier qfittickness at the gybstrate can be

obtained. [Brief Description of the Drawings] Fig. 1] Fig. 1 is a schematic diagram showing a
silicon single GryStH SabStrate atcofdihgRo A irstehBodiREnt SRR 2 FeS 21 & seRahfatic
diagram showiry aimaRutaciurngapparatiys fercaanufacturing a silicon single crystal substrate

according to the first embodiment, ., _ . [Eig..3] Fig 3 Js a flowchart schematjcally showing a method
of manufacturing a siﬁéon Slcndelemgr?/s?a su%sCt:rate 2 é%lcpr%?r?él W0 t:tihf |$§tngmq5%\6%/rlﬁ%n%per9 [Fig. 4]
Fig. 4 sHows afesutPEesiniation shawity rdafibabitweents sbiilificd fattion ofisikeori single crystal

and impurity cencentration ig.sthiean sipgle crydahicified fraction of 90% is high and
quality reguired of the BCD device cannot be satisfied. In
addition, with the method described in Japanese Patent Laying-
Open No. 2007-191350 the variation in a radial direction of a
30 wafer is great and quality required of the BCD device cannot be

satisfied. Moreover, a device described in Japanese Patent



[Fig. 5] Fig. 5 shows a result of measurement and a 25 result of simulation showing relation between a
solidified fraction and resistivity of silicon single crystal. [Fig. 6] Fig. 6 is a diagram showing a
result of simulation of dependency on an initial silicon3melt P/B ratio of relation between a solidified
fraction and resistivity of 30 silicon single crystal. [Fig. 7] Fig. 7 is a diagram showing a state of a
silicon 6 solid-liquid interface at the time of growing silicon single crystal with a Czochralski method.
[Fig. 8] Fig. 8 is a diagram showing relation between resistivity of silicon single crystal and a position
on an axis 5 of growth. [Fig. 9] Fig. 9 is a schematic diagram showing a BCD device according to
a second embodiment. [Modes for Carrying Out the Invention] An embodiment of the present invention
will be described 10 hereinafter with reference to the drawings. It is noted that the same or
correspondingtélgnentSaathdradings beléwthave the sHETE reférénbe imimerdls allotted and
description theregf will Bet berepented. (Rirst %&@@Q@&@%&?é}%ﬁ&%@%@ g silicon single crystal
substrate according to the present embodiment will initially be described with reference to Fig. 1. A
silicon single cﬁst%%u%%ﬁ%?éfiﬁeaccgmﬁaftSﬁﬁe present BitbstiRfenti§ JoAfiga sy Sicing silicon
single crystal #20¢see g oZ) growinwits acCzoblradskisnetod. Retenriusto Fig. dymdicon single
crystal substrafg J0,has afirst main surfage 104, and asecond maipswiace, 102.0ppgsite to first main
surface 101. A surface layer portion of silicon single crystal substrate 10 (a region lying between first
main surface 101 and 25 &pi&& at 2odEpth-EPoF 8O Piifroid firstdWait stiFfacertll 8fWars second
main surface H)aervesasa devjee formatien fegion 200 ndavice formation regign 400, such a
device as a bi@glasr)égalnsi%o&t% %'\él%sa’v?: DM%%E%&;pe !?i‘kelisstfaoxgmed. D%vice formé;ltion region 100 is
desirably lower iR BMD gensny 30%han other regions of SICGN smcéﬁelcr}ys%? sﬁ%‘%ﬁa@tﬁ)’, from a point
of view of lowesg it¥leakage ctrdfcat 4 Prey jahctibh. Averge densitybiBNDsred8lice
formationegion 10Q-isdowerdbanrl xH& p8. Onthe.gtherhand, 4 mederate amaunt of BMD is
preferably present iP a central re%ion 200 in a direction of thickness of silicon single crystal substrate
10 (a5 region“f?i?fé B&tEen e ﬁaﬁesaat“éedepth H2 of 300 im and a plane at a depth H3 of 400 pm
from first main surface 101 toward second main surface 102). A moderate amount of END refers to

average densify. of BMDs approximatgly not lawer than 1 x 108 /cm8 and not higher than 1 x 109
7cm8. 10Resistivity in a center of first main surface 101 of silicon single crystal substrate 10 is not

lower than 50 Ekocnfafid B2t8 of CHarfy et iy SVttt i SiRCSUHTEE’ 102 i§Hot higher than 3%.

Preferally, silispassingleierysialisitbsieate HQ hasan exygen conceniptiomwhictt is metitewer than 15
5.0x10"and n%hi&hier.ﬂ;%lsgg.x 1 18.atops/cm8 gQg has argi'%)g n_co cer%ratilt)sr]{\ivhich is not lower
an t

than 2.0 x 1013 afoms/cn "ot i%h%? than 4.0 x 104 atoms/em3s.” ~ -1t Jéa“average density of

BMDs in the céftfaPregidR R0 iftéife Biteclioh cTihicknedzus jowet #iand-x 108 /ce, 20 eapability of

gettering a heavy.getab wilk beiashight asda hz (FlatingsZong) where N-ENR is gaused which is
determined as having nr%ggtterin capability. On tf%e other hand, if average density of BMDs in central

region 200 in the dir&ctiorn of tfﬁ%gﬁgég Exceedel X 109 /A8 alBrgs Bendiy BrBMOS h 28 device
formatioAbegion d00-will efcade 15198 Tern. Rreferably averageidansity of ByIRs ingentral region

200 in the diregtign-afthicknessds notlewerthanxd08/cmg and nethigherthan 1 x,109 7cm3.

When the average density of BMDs in device formation 30 region 100 exceeds 1 X 108 /cm8, a
leakage curreAtatthe B fanctorr REnighed thin iR F2hiGe ds BMb Righied 8A8 highce A2

average density of oxygen precipitates bulk micro defects in a
device formation region which is a region lying between the

25 first main surface and a plane at a depth of 50 um from the
first main surface toward the second main surface is lower than
1 x 10° /om®. An average density of oxygen precipitates bulk
micro defects in a region lying between a plane at a depth of
3020 pum and a plane at a depth of 400 um from the first main

30 surface toward the second main surface is not lower than 1 x 10°

/em® and not higher than 1 x 10° /cm®.



8 characteristics of a power semiconductor become poor. Preferably, average density of PMDs in
device formation region 100 is not higher than 5 x 10 /cm'. Further preferably, average density of
5MDs in device formation region 100 is not higher 5 than 1 x 10' /cm'. It is noted that an average
density of EMDs in device formation region 100 which is in a range of not lower than 5 x 106 /cm' and
not higher than 1 x 108 /cm6 does not give rise to a practical problem of a leakage current at the pn
junction. The lower limit of an average density of BMDs in 10 device formation region 100 may be 5 x
106 /cm'. A manufacturing apparatus for manufacturing a silicon single crystal according to the
present embodiment will now be described with reference to Fig. 2. Referring to Fig. 2, a silicon single
crystal 15 manufacturing apparatus 300 mainly has a chamber 2, a heater 6, a crucible 8, a crucible
support shaft 13, a piteipewie 14, atookng stryctaie:g2leandeetedlinglement 22o4vheatmsulator 3
is provided on g innerwall of chamber 2.4 gas,supply:pors 4.fof ingeducing such an ipertgas as

argon (Ar) is 20 provided in an upper portion of chamber 2, and an exhaust port 5 for exhausting a gas
in chamber 2 RiFH%Tddd T a botto Portich BreHanbarS. E5a cibis B REMISPRIgrE ShfcsPmelt 7
serving as a saurce materiahdteater 6<isiptovidedarettidardcide 8y amd-silican:melt ¥ ean be
fabricated5by Tbgitingt% 25 /sgggpn source material. Crucible support shaft 13 extends from a lower end
portion of crucible 8 to the’ bottom portion of the chamber and it is rotatably supported by a crucible
support shaft drive déviBePLZPiirapawire 4 8enkes o pulbupssiticon Bitgleiaysiaa ahd it is vertically
movable by a pyli< 38-up:Wike: drive glevige 45pA-ganrtsolingHevies d disdmeyided farrontsalling
devices 12 and :lb5.. 91 t(:Zoolin sttruct%lre 21dand cooling element 22 are arranged to surround
grown silicon Singl& 8Rstalt 2ARd Ti&y seRa T codl Sificon g &Yats T Eodfing Rtructure 21 is a
structure allowing a liiyui¢ cootamttorflow theteiniCoolingi5 structuré: 2l is, dorekample, a
water-coging efamberdusing wateras a coolantand made of stainless steel, Gopling Slement 22 is
made of a material having high thermal conductivity and arranged to cool silicon single cryStal 1. A
substance higfi §f&ferntaf cbﬁﬂﬁ%ﬁ%itﬁhﬁﬂcﬁérf?ﬁl?aﬁ%‘fféﬁqgaﬁﬁoéaﬁ%cf@%?ﬁﬁlb%dn% a material
for forming coalingrelemeat 22, andofdr examplensilker os asilves allpydsemplayed. A method of
manufacturing_sili ingle crystal rate 10 in the present embodiment wjll be desgcribed.with
reference to Ficgfljlé%.%%i%%%g%{vn%fﬁ g%g?"? & met %Cdgg? ﬁaatnluégcﬁ?%ng%%?ﬁcér% gfhcgj(fé %ygt%
substrate accatding e iife pFésentlenbotimertRersss tofmaddfaecttresdiliedn simyeterysta with a
Czochralgki mgthag, and mainly:hasessiliconsaelpieparmtianstehSt i@ silison:sindle.crystal growth
step 52, a silic%rl] singke cg/stal.zo futtin s%e 53éan a sgicgn s'n?le cryst I,annealingp tep 54.
Initially, silicon melt preparation step Si‘is performed. 1n Sificon melt préparation stepSE cfucible 8 is
filled with a siliconssadrcepaterdlcand Tredted Brhrpater G rsovthat thelsilicon sbugée material is molten
to prepare silican,melt 7. 2RBeron;and phosphorus.are.added ta siligon.melt 7.the boron
concentration is nat higher than 4 x 10H atoms/cm3 and a ratio of phosphorus concentration to the
boron concentrafoH i RO IGREF tHarf 842 aRd fotiigReP th&PBsGY 27 6 ds b antfacture
p-type sififon singke erystakcbc30 orendB)is atdedras ap-tyfpe inmpatity (@cceptogite the silicon melt
from which single crystakinifially grows ;10 (herginaftet teferred to.as an,daitial silicon melt’). In
addition, phosphorus (P), which is an n-type impurity (donor) and lower than boron in segregation
coefficient witt FéSpectto i Sinyteetystaban i futtiieicadded Trke reassAWRFPhBphorus which
is an impurity eppesiie tpborendin eonauctivitycdtype and tower thanborendngegiegation coefficient
with respect to g%i):opnsﬁiggle cf%setals %lls glgHs gaidrg@etocthe -néqalhsaiﬁlic%% ng)elt will be described later.
Nitrogen is adde gLy introducing a warer with a ritride 10 il int6 the Silicor melt. Concentration of
nitrogen4f a siticereRafadistaindd B slieimy grownssrystais mdasuredl With arsécoridandion mass
spectroscope (SiMB).Jhis-netadthat@ waferhavipgd)itieoemneongentiation gt higher than 5 x 1014
atoms/cm3 cannot be subé'ected 0, measurement with SIMS and hence

concentration which is not lower than 2.0 x 10 atoms/cm® and

not higher than 4.0 x 10** atoms/cm’.
Preferably, the claimed method further includes the step
30 of annealing the silicon single crystal substrate sliced from

the silicon single crystal. In the annealing step, a heat



15 nitrogen concentration calculated in accordance with an equation below is employed. Such an
equation will be described in detail below. A method of adding nitrogen in the manufacturing
method according to the present invention is not partigularly 20 restricted and a known method can be
employed. For example, a method of introducing a nitrogen gas while a silicon source material is being
dissolved, a method of introducing a silicon substrate having a nitride deposited thereon with CVD or
the like while a source material is being dissolved, and the like 25 are exemplified. In addition, in the
case of nitrogen, a segregation coefficient k representing a ratio with respect to concentration of an
impurity in a melt, that is taken into crystal after the silicon melt is solidified, is 7 x 10-4 (W. Zulehner
and D. Huber, Crystal Growth, Properties and 30 Applications, p 28, Springer-Verlag, New York,
1982). Concentrabtomoafnitrogen taker intouery stalfrdmve r1 k sdiconanettused indhe imansfacturing
method according fo,thepresent nyentian gan be calcylatad ip ggeordance Witgl%%eﬂ%goy (Equation
1) below. 5Equation 1 Concentration of Nitrogen in Wafer = k x (1-Soh§i¥ie Fraction)(k-13 x
Concentration®tNRRIgerrRPRIelCRIS nBtéd &t déncemPirich 6 RitFégEIT T EFe nidit €ahlso be
referred to as initiakmelt ritlegenceencentration 0 iHemes 2 soligified fraction.(gn) ofsilicon grystal is
found in accordance \é\{itp1 arp_egtilgti'oniéEquaIggg egglow. Equation 2 Solidified Fraction (g) of
Silicon Crystaf): (Mass o?lS&rystaﬁlze%l &iicon)/(initial Melt Mass) Silicon single crystal growth step
S2 is practiced next. In silicon single crystal growth step S2, silicon single crystal 1 is grown with the
Czochralski methad from initiak stigopmeklt 7. A seed crystal 17 attached to a seed chuck 16 is brought
20 down to a surface of silicon melt 7 and immersed therein, Thereafter, pull-up wire 14 is wound up
by pull-up wire drive 985" 5% thefdly Buf U SilicoN Sitgierytaf 11 148t SkdSh Single crystal 1
undergoes growtreofa cortealpardohsanmexpanded portenzandgrows toha targeidiameter, a straight
25 part 1t of Sliean sifgle ciystalls rawi(n.a Rreserbed ignath, Ju ihg siep ot argwdng,silicon

single crystal 1, silicon single crystal 1 is grown at a ratio of a rate of cooling an edge portion to a rate
of cooling a celtrdl (FGrEbR oS Shfgietridtal Pfrom2emetfity pRtst Skear#6301350C, is not
lower than 1.4 [aad eibthigher hain2. 0 #n additbeastigen single crystal 1 is grown under such a 12
condition that the ratilp.f co ipg Ehf cegtrglspgrtgocr}lgo& i’LgoglCatorl%OOC isinot Iaess than 6C/minute.
Silicon single crystal has oxygen doncentration ot IGWEF than 5.0 X félf?altlgms/éarzﬁ and not higher
than 7.0 x 101BL&6rAs,Er gt h&s BshitoePeoReeitaticon not fowek trapodd ®e131:3 atoms/cm and
not highgsthan 4.0 X 314 atomsiery. o AsrafeLfgrawthofsilicen singlecrystal 1 in silicon single
crystal growth ste fz é:an,be not less than 0.9 mm/minute and a rate of cooling a crystal edge portion
can be at Ieaslflir.lﬁ Dtimesss RigTas 2 Fate Bt d58linG S CStaP cBnffar poiibrs 1HERE the rate of
cooling refers to eetaveragesinca rangefromithe roeltifgepdintso 1888€ dusing. crystal growth, which is
a value calculated by gtiplying anaverage tempegatyre gradient (eimhip g direction.of axis of

crystal growth from the 15 melting point to 1350C by a rate of growth (mm/minute). A Tate of growth
less than 0.9 MRTAMAUTE i ABY prétEiretrFefadde brodusivigl R 568 1 fat bEEdaiiRy the crystal
edge poftibn lessthan dgd times:as highk as:theorhteaficooling the crystal central portion leads to
poorer efficiency in cggy g 20 silico _sigggqlggystal 1 whicch refsults inla rate of growth less than 0.9
mm/minute and poorer p%odzu%tivity. he u.pplerfm[irr?‘lt ro?%ﬁle .rat% of é%wﬁtﬁsoffr%?ﬁvllrﬁ%ute in
consideration 5F tapability oF “rrapfarztis Jof §fsvingrsiieon sitgleiddsel Ednlarrbesealized, and
the upper limitefthegate of conling=2h the crystahedgeiperionsisdnice asdigh as the rate of cooling
the crystal central portign. Silicon single crystal 1 is cooled by cooling structure 21 (Rig. 2) and
cooling element 22 (Ii%l.%) attangéd 'togét%rlrlé)ﬁvr%/d %ilﬁ:%%ugi%g egc%s?gﬁ?ﬁgflﬁrﬁﬁg Radiant light from
silicon 25 result of simulation showing relation between a solidified

fraction and resistivity of silicon gingle crystal.

[Fig. 6] Fig. 6 is a diagram showing a result of
simulation cf dependency on an initial gilicon melt P/R ratio of
relation between a solidified fraction and resigtivity of
30 silicon single crystal.

[Fig. 7] Fig. 7 is a diagram showing a state of a silicon



30 single crystal 1 is incident on cooling element 22 made of a material having high thermal
conductivity. Cooling element 22 13 is connected to cooling structure 21 so as to be kept at a low
temperature. Therefore, efficiency of exchange of radgnt heat with silicon single crystal 1 is good and
the rate of cooling silicon single crystal 1 can be improved. 5If a rate of cooling the central portion from
1200C to 1100C is less than 6¢/minute, average density of BMDs in device formation region 100 will
exceed 1 x 108 /cm8. As a diameter is greater, silicon single crystal 1 is less likely to be cooled.
Therefore, in a case of crystal having a diameter 10 not smaller than 200 mm, 8C/minute is considered
as the upper limit that can be realized. If oxygen concentration in silicon single crystal 1 is lower than
5.0 x 10fl atoms/cml, average density of BMDs in thickness center region 200 will be lower than 1 x 10
/cm'. On 15 theothér hamdi & dxygrerf eorcentrationtinrsilicon single orysialll @xceetisgl.© x 1088

atoms/cm8, average.density, of BMDs;in devige formation region 100 will exceed 1 x 108 /cm'.
Preferably, oxygen concentration in silicon single crystal 1 is not lower than 5.0 x 10fl atoms/cm8 and

not higher than 6.0 x P01t §d ndidd thit A% Aué el ant st By 1R g 2leCdinTy RRIBRER03 x 10" /cm8)
defined by Japase Eedtranigsends informationrbeehrelpgy=industies Asseciationd@BRT Akissused as
oxygen c%ncegga%iggwgpgcifically, Standard Test Method for Interstitial Atomic Oxygen Content in
silicon crystal 25 through infrared absorption (ex-JEIDA-61) is employed. Oxygen is introduced in
the melt as silicon singlé%ry&tal f §¥ows drid asHeRTEbleenAtRIGPEuaR? vaks 20RFgen

concentration ix-crystakean he adiusted by-controlingsuche@nditions for growth as a rotation speed
of the quartz cw%igle 3905‘” flow of a %%s int% créital lelin furnace. If nitrogen concentration in
silicon single cryStal 1 is” 14 Tower than 2.0 x 1018 atone/SH or exceeds 4.0 x 1018 atoms/cms,
average density of BMDs i déviceforafatidreregionst00 wilertéed Iwx 108k nde Rrefarably, nitrogen
concentrgion in.siliconssingle,erystal.k is-pat.lower than 4,Q.x 1088 atemsiemg 5 apd-pat higher than

4.0 x 1018 atoms/ore. Then, silicon single crystal cutting step 53 is performed. In silicon single
crystal cutting $t6p B nitilI§ OSSR T 154 GroRtic thepresirmetNenghs \&id #dfeafter windup
of pull-up wiretlissstoppet ckhereafterrby ddwednycdhl educible Sesiieansinglewiystald is cut from
silicon melt 7. Hﬁegggr,b%ilig%%gg{gjg crystal 1 is sliced along a plane perpendicular to the direction
of axis of growth of silicon single crystai 1. Silicon single crystal substrate 10 is thus obtained. 15Then,
silicon single crystal dfRé&ingseept5asmay be performed. In the silicon single crystal annealing step,
silicon single crystal substrate-kodabricated:by slicinghsidicag single erystal diissaraealed. In the
annealing step, heat freatment at a temperature, nat, lower than.1200C and not 20 higher than 1250C is
carried out for%cﬁgﬁééﬂr?ott&ct)tr%eer %Eﬁ% gouerHéJ{Dno(;Cll Aot Tonger than g hotirs 1 en&ﬁ%cgré?%\ﬁnosphere
in which impuritytéorsemratom is-aof higgher than 0.596 in volume ratio or in a non-oxidizing

atmosphere. An oxidg filmy formed;dugng heatdreatment-ata temperaturgnotigwer thap 1200C and
25 not higher than 1250C for a period not shorter than 1 hour and not longer than 8 hours in a

non-oxidizing Bifi5&RherE REapErEssed (o2 T orthfiner: AEcording®® RFaRUFAERIMY method in
the presiit enibedinfént, Rtype-siliconisingke crystalrk irsivhiate résigtivity S0-atoneya eential axis of

growth LI s not lower {hap 50 Qeein.he.tale ofshange In sesiatiut.along.cenialaxis.of growth 15 L
[ icula

is not higher than 10%, and the rate of change in resistivity in a cross-section perpen r to central
axis of growth141s #ot HigREFBT4h 396 BafHe Afnufadt i Therea onl thetefbt Willshe trseribed

below. It is notegt thatthestatewf change itesistivityrrefers toa vwlug tefinegkinsthe following

equation. substrate 10 {a region lying between first main surface 101 and

25 a plane at a depth H1 of 50 um from first main surface 101
toward second main surface 102Z) serves as a device formation
region 100. In device formation region 100, such a device as a
bipolar transistor, a CMOS, a DMOS, or the like is formed.
Device formation region 100 is desirsbly lower in BMD density

30  than other regions of silicon single crystal substrate 10, from

a point of view of lowering in a leakage current at a pn



Equation 3 Rate of Change in Resistivity = (Maximum Value of Resistivity - Minimum Value of
Resistivity)/(Maximum Value of 10 Resistivity) Fig. 4 is a diagram showing a result of simulation of
relation between a solidified fraction of silicon single cyystal 1 and impurity concentration in silicon
single crystal 1. The abscissa in Fig. 4 represents a solidified fraction of silicon 15 single crystal 1. The
ordinate in Fig. 4 represents impurity concentration in silicon single crystal 1. Fig. 5 is a diagram
showing a result of measurement and a result of simulation of relation between a solidified fraction and
resistivity of silicon single crystal 1. The abscissa in Fig. 5 represents a 20 solidified fraction of silicon
single crystal 1. The ordinate in Fig. 5 represents resistivity of silicon single crystal 1. A dot plot in Fig.
5 represents a result of actual measurement, and a line plot represents a result of simulation. Data
shown with a hleckstrare kvEice eskiews iagase whire boroieatone isi2madded teeg siicon melt.
Data shown with 2 blackgirgledp Fja, 5.shaws a.gase wherg borpn.and phosphoris are added to a
silicon melt. As shown in Fig. 4, in a case where boron alone was added to the initial silicon mel,
as silicon singfE"ei/start Fisi30 @rAGe T aEslidifsd fralctioR FecsesHigheainnpafify EBnaentration
in silicon singlaorystal drexgonrentialhe 46 iereases.daopseguenty,as showrbis:kig: &, as séicon
single crystal 1 grows, resistivity of silicon single crystal 1 lowers, This is because segregation
coefﬁcien?k of fe? %o%nw%l)ﬁlr%%p%wg Silicort g%ﬁ?e %%ysafa T %rz{&n % 78 ; CHTS g‘%s"gf A1, 5 and
therefore, as silicch Skigjié ciystaf 14frows: corrlensatioh oiororrintthessiliédn eelpioceeds and a
ratio of boron takesinta silicon.single crystal 1 beepmeshigher i/ casesmpere.phegphgrus alone
was added to the initial silicon melt as well, similarly, as silicon sinﬂle crystal 1 10 grows, impurity

concentration T fiic8h SRGRE-EX/stAl FavporeRtiany TidrahdeRobn &bt ard seédregation
coefficient k of/ phosphdruswithi gispedtiersilicon sigléasrystal 1 is around 0.38, which is lower than
the segregation coefficient,of boron.; Therefare, A rafe (spegd) of condensation, 17 of phosphorus in the

silicon melt with growth of silicon single crystal 1 is higher than in the case of boron. Thus, a rate of
lowering in reﬁé&ﬁ%itﬁ%ﬁh@ﬁﬁﬁn SiHYIE TCHystal 4 18 2186 higherthamarthecA¥&Where boron
is added. Sincerhpron-is:a p-typerispurity, addiston-af-beron o 20:silicer singlaerystal 1opraduces
holes as p-type garyiers i slion single grystal 1 Since phosphons s,an ntype,impurity, addition of
phosphorus to silicon Single crystal 1 produces electfons as n-)t’lype carriers’in’silicon single crystal 1.
25In silicon sirglesdryata 120 WhicBorsY 3R plRosIsidriBtwere vdtied, prodated cegfietshopposite to
each othey in eonductivity typenganas! each ather Thesefarg. by adding phosphorus tagether with

boron to silicog single crystal 1 in manufacturing a R{t@ﬁe semiconductor, p-type carrier density in 30
silicon single ci§&tat 1"¢aH BETOWESTRGANd PadiStivity can B imttbas8yS 752" 1A 4uditiof, a rate of
increase in impurtyEdoncentrdtioptwith grewth misilicon single’ cafstalsy isireater in the case of
addition of phosphorys than in.the-case of-addition of hason Therefore by canceling ingrgase in

p-type carrier density by increase in boron concentration with growth of silicon single crystal 1 by
increasing n-typk Eafiérd&nsity By HicredseMSstosdphortiésdoridritration, 18weisHg-in resistivity with
growth diGilicensingleicrystat lgean beipreventedviamely; by setting asratio: efphesphotus
concentration @ngg@rggngggg)ati‘%eig ethgol(ﬂﬁgiai ésilg:olpsrgglt (V elrgl'glaiftser C{gf%r};% to ??sag "P/B
ratio") to an appropriate value, lowering in resistivity with growth of silicon singife cryéia 1can be
prevented. Sint&’eéscERtrafsH of beFoRatrPphésphor(s dderdotd gie s silldormrsale s sufficiently

low, boron andiphesphosis ane considered: 19115 independenty. bersegregated with-kespect to silicon
single crystal %L:h' kSépecificallé/,C?s ﬁhgwg in Figﬁﬂ, b)éselectiné; a P/B ratio of the initial silicon melt

such that difference Betwesh Boron concentrafion and PROSPhOTUS conteRtration in&tlicon single 20

crystal 12i a ptereéss of growth of siltoresingld crstal Biseerstant, a0allendf resistifityakitly growth
of silicon single.crystal 1sean he,maintained cAnstantas shawndn Figy 5: As.a copdition forobtaining
data in Fig. 5, concentration of boron to be added to the initial silicon melt was set to 1.6 x 101’ 25

atoms/cm3 anda PIBTH0 Rad $etT6 0188 Eig- &R & diadfam’ SHowing s dsuitePSmtiARBN of

dependency oh an initial silicon melt P/B ratio of relation between a solidified fraction and resistivity of
silicon single crystal },Lhe ahscissa I Eig G arreseptgasolidiiied s .o zormation
30 region 100 exceeds 1 x 10° /cm®, a leakage current at the pn

junction is higher than in FZ where no BMD is caused and hence



30 fraction of silicon single crystal 1. The ordinate in Fig. 6 represents a ratio of resistivity of silicon
single crystal 1. 18 Nine pieces of data shown in Fig. 6 are data obtained when the P/B ratio was set
to 0.3, 0.38, 0.4, 0.42, 0.45, 0.47, 0.5, 0.55, and 0.6, ig the order of higher ratio of resistivity when the
solidified fraction is set to 0. Here, the ratio of resistivity is defined in an equation below. Equation 4
Ratio of Resistivity - (Resistivity at Certain Solidified Fraction - Minimum Value of Resistivity of Crystal
of 10Interest)/(Maximum Value of Resistivity of Crystal of Interest) According to the simulation
result shown in Fig. 6, it can be seen that, by setting the P/B ratio of the initial silicon melt to 0.42 to
0.55 with the solidified fraction being restricted in a range from 0 to 0.80, the rate of change in 15
resistivity along the central axis of growth can be decreased to 10% or lower. As will be described
later, howeversimordarsoilenerthefrate pbebangerinaesisivityinkse cross-pection perpendicular to the
central axis of growt. the P/B atia should be,setde Q.A4240,0,50. Itisnated fhat the reason why 20 the

solidified fraction is restricted to 0 to'0.80 will also be described later. Here, when the initial silicon melt
has the P/B rati6%rorf 64 iFBeF stlehta phendienth thaf ESiSGHnPErSHESR SinglRv&y3Ea 1 starts
to increase aralng they selidiieds25 fradtion-ef @Jras siliwon-siag crystak t grewsHhgreinafter, a point
where th resi§tfilvi;y starts. increase heing referred to as a "flexion_point") occurs. This phenomenon
indicates%at p-t;a/tpe ca?riebg( SVés') in]%iIij'(:%nnscl%egﬁ e é_’r%/ag‘t:alafs?eﬁ?erg ] dée%?g’alsté’, W ic%%scaused by
the fact that a t&te"6Mhefeds B BOPhEssHGusLhGSikEGIT Birgle trystaf #exeeededat ratewsfincrease

of boron. 19 cnaln hepresentambedinment, thexate ehehange ingesistivitralong.the geptral axis of
growth is lowered by oint. Silicon single crystal 1 after the flexion

%oing so far as to produce aflexionéa

point is produded’Slso-maimtaiies %ﬁé-"% EEE €3 %ﬁ?}ti\cffy /e 3618qg B pRBSpRGrU EoRtentration in
silicon single ciystat 1cdoes ot edoead Boron-coricentratiemzgrd denplichtenf afges inwsing silicon
single crygtal for.&wafer for a-nower device. By, thus fyrther lowering the rate of change in resistivity

10 along the central axis of growth, the rate of change in resistivity in the cross-section perpendicular
to the central axis of GroWViCAN FUrthBr bRABHEEE S TheT SRaBR RETEfo 6l beedédefiBed below. Fig. 7
is an illustrative diggeam:showingsa siiedmsolid: théquickbderHasefadicndanyisurfagebetveen the
silicon melt angessig%%%g@%§&§y§tg%é‘} argéheéién%gf grgwth of silicon single crystal 1 with the CZ
method. As shown In Fig. 7, a silicon so |d-ﬁquid interface at the time of growth of silicon single crystal
1 has a shape protruditffFifira 8 etfioRsf-26 central axizovf giowtkeLicalvsitiedn single crystal 1. A point
A indicate’s andatersaction bejwesp-a suiens solidliquid intesface.aadicantal axis,of geowih LI A
point B2 indicates an intersection betwe na horizontgl ckosg-section (crosis,:sectio_n erpendicular to
the central axi€ of growth) AF of 25%ilicon sihgie 2rvatal T1Rcluding poikEA it a'5idE stitface of silicon
single crystal Lo&pont Brinditates &7 interskatiorrbétiveers tepast-sélid-liquidérterface and central
axis of growth 1. A distapce hetwsen paint Aand paipt Bl is.dengted.as Az and a diffgrence in

resistivity between point A and point B1 is 30denoted as AR (see Fig. 8). Fig. 8 is a di 3 ram showing
E gg}oflﬁrowth.

a
relation betweEHTBSEIRRY ©26 of SHlicoH SMS thstal T i a’fisifioAth the G&HERI 4
The absgisa ineigi arépresentsiapositan ondhectentrakesds af grawnth of sflicen:singte etystal 1. The
ordinate in Fige §rsré%§{rl%§i§}j¥it¥l o%ggicsgp single crystal. 1. ggé%,iaiggeirgsgstg/g Qan the solid-liquid
interface is constant, resistivity'is the same at point Bl and point 32 in Fig. 7. On the other hand,
change in resi8fhBetFEeF HRIMMEA and pONCBPE6rrBspinds tdstratetdf chdrige itPresistivity along
central axis of grewsk-Lhvhile ghangedia resistivity110 hetween goint Asapdirrint 132Goiresponds to a

rate of changeciguresgsfié/itg in £ross-=s eicct:iglq Agelgrp;ncdail%u@r t% cgntral taxcl{s gf grovi/th LI. Therefore, in
order to decrease the Tate of cﬁange In resistivity in CroSs-3ec |%nr,&lcgere[:)endYClﬂgr {6 C8nfral axis of
growth 35inclinatibncet resistivitykREAZ 34 theCdivedtiore ofeentrat axiwétgiciviritiestvouldtve:made
gentler. Based,0n sjaulation inLFig: & 18 order.tq prakesinglingtionpf-resistivity.gentlers itig effective to
set the upper limit of the solidified fraction and to set the P/B ratio within a certain range. Since
inclination of réSIRIVE iSffbatatdny b ratic PR TEGTSh Whete thesottffied Rachbn exceeds
0.80, the rate sheliange irveesistivity in a.crossidectionwpespendiselards centrallaxisof growth Li
exceeds 3%. 1n.a ¢asg wherethe. tgdegezd {ragtion;is restrgied.ip.a fange iam 0 190,80, by setting

the P/I3 ratio in the initial silicon mel
up wire drive device 15. A controlling device 1% ig provided

for controlling devices 12 and 15.



25 in a range not lower than 0.42 and not higher than 0.50, the rate of change in resistivity in a
cross-section perpendicular to central axis of growth LI is not higher than 3% as demonstrated in
Examples which will be described later. More preferalgly, in a case where the solidified fraction is 30
restricted in a range from 0 to 0.80, by setting the P/B ratio not lower than 0.42 and not higher than
0.47, the rate of change 21 in resistivity in a cross-section perpendicular to the central axis of growth
is not higher than 2% as demonstrated in Examples which will be described later. When the P/B ratio
is higher than 0.50 and not higher than 0.55 in a case where the 5 solidified fraction is restricted in a
range from 0 to 0.80, inclination of resistivity on a crystal bottom side becomes great and hence the
rate of change in resistivity in a cross-section perpendicular to central axis of growth LI exceeds 3%.
By restricting the solidifiett frgctomtotiess thkan £:80 dbellid:atelefmehange iaresistivitygza
cross-section pgrpendigylas tg.central axis,of growth L! can he not highey than, 3% even jn,a case

where the P/B ratio is higher than 0.50 and not higher than 0.55. Restriction of the solidified fraction to
less than 0.80FABwever S RopriefrettBEcadse prodtetvifiPbaEsHEd BEorer. 151F order to lower the
rate of changesifriesistivitysiniaeiess-section perpesticularts the-eential-axis.of geaywtndt is also
effective to cog%r}%gtcorngigqn far cqaling silicon single crystal 1 during crystal growth so as to flatten a
solid-liquid interface sﬁape, that'is, to decrease AZ in I‘glg.? in this 25 case, however, the rate of
cooling the cry&ar&dge portien shviuldb lesdahah Eadimesspreferatly 1 Time lag higeasthe rate of
cooling the crysiak centsalpostion. £ dessribed-pravioyshy astheqrate of:£aRling,the edge portion is
lowered, efficien%y in cqoling silicon single crystal 1 becomes poor and 25 a rate of growth is less than
0.9 mm/minut& - WARFEreStitsSR PoSrer 1SS TRy STiRE Bb?gﬁé)ntlinv&tﬁ)??ééﬁ%?s $4riafion in
resistivity withbbeloweering plodudtiityiregrowingrsiidon smgle iorysttd dt By cantrbking the rate of
cooling g crysiahedas 30.partion and thegaie of cooling ihe crystal ceptral postion fo thereby attain a

value of AZ in a range from 5 to 15 mm, the 22 rate of Change in Tesistivity in a cross-section
perpendicular 38Rt aRis-SEGrRFtRLFCAN Do ASLRGhET tRERSYE With productivity being
maintained. By setting a&atinof the fate:obcaalingthe crystahedgaqiartionigdhe rate of €goling the 5
crystal central portion.to 1.4 or higher and.2.0 or lower, a valye of AZ can be.controlled in a range from
T L b e T
cross-section Péfperidicular to the central axis of growth can be lowered without using such special
facilities 10 as MCZ (Magnetis.field applied Czoghralskiin whichaerystalis grawnwhile yagnetic field
is applied. Thereforf, manuftac uring cost can be suggressed. Actual measurement of a rate of
change in resiSiViy ih Gf0ss-8action Al perpendicuiar t cemrar SxiB st GrowtRi Tt 8115 Sificon single
crystal | was atterngtedtin Examiples wikich will bendesaiied belewalt iviidted thatatwafesicut from
silicon single Grystabh obtainedinthe present embodiment may,he ysedas itis as & wafer for a power

device, or a wafer that has been subjected to 20 high-temperature heat treatment which will be
described latef hidy'B8 (FE&t 1igheieinper &ty Meat tatientds Heshamly pérermetiinsge!
non-oxidiging atmosphere; dyecsuseavidids aridthesgronmsinedetects are noisufficienty elinginated
during annealing in ap, 25 oxidizind.atmasphre: The 0g0:0xdizing aimosphere efers 19 an
atmosphere not containing an oxidizing gas such as oxygen, and it mgiudes an ﬁ]ert atmosphere and a
reducing atmoSphete 1TRE ifért atRicsiterelefe Bt erar atmosphiere fillddi forféxampleriwithasuch an
inert gas as argom; Ashiusyuieen miitogem aihedtike Avedusingratnospherg; refersto an
atmosphere whe{e such a reducingt%as as hydrogﬁn carbon monoxide, ammonia,.or the 23
S1iicon source Mm rial rs mSltén to prepare silicon mélt 7.
25 Boron and phosphorus are added to silicon melt 7. The boron
concentration is not higher than 4 x 10 atoms/cm® and a ratio
of phosphorus concentration to the boron concentration is not
lower than 0.42 and not higher than 0.50,
In order to manufacture p-type silicon single crystal 1,

30 boron (B) is added as a p-type impurity {(acceptor) to the

silicon melt from which single crystal imitially grows



like is present. A temperature for heat treatment of a wafer is in a range from 1150 to 1250C,
preferably from 1175 to 1215C, and further preferably from 1185 to 1200C. If a temperature for
heat treatment of a wafer is lower than 1150C, voids gg other grown-in defects are not sufficiently
eliminated during annealing. Alternatively, if the temperature exceeds 1250C, a member of a furnace
significantly deteriorates. 10A time period for heat treatment of a wafer is not shorter than 10 minutes
and not longer than 2 hours, preferably not shorter than 30 minutes and not longer than 1.5 hours, and
further preferably not shorter than 50 minutes and not longer than 1 hour. 15If the time period for heat
treatment of a wafer is shorter than 10 minutes, voids or other grown-in defects are not sufficiently
eliminated during annealing. Alternatively, if the time period exceeds 2 hours, productivity becomes
poor, which is fiotyréeferfed r2@A tommercially=available hebs treatmierd-furraee (or ameaction
chamber) for tming h t (annealing).in.the manpufacturing method according to the
present emboF(%I{’i?ri‘rné%rél‘tE1L r(%gy %Zl%térg ﬁl%%/%% %}d'trﬁi{f}%}ﬁaéeg isar%oﬁp%a%c%uléﬁgt?léﬁﬁ’ctggéﬂ% 5;1oted that it
is necessary t84votdErEWHR OF a%oﬁﬂﬁeifﬂn?%%%ﬁﬁ%r gredtet ity Heabtreatment, Because
attachment of @ exigie flmta the-sydase prevests shdinkage anskeliminationof defeats during
annealing, Specifically, such measures as decreasing as mugch as possible an amount of impurity
introduced in gr% %?%é%‘ﬁsér%%gg dﬁﬁn@%éﬁﬁ%ﬁ%ﬁeﬁp 5r 8&5%&5%5 4s30 thuch as possible intake
of air from surfsusdingsa inséting asficorranaféhmmo ofupnade are NereEsshey. For example, a 24
noble gas such-as akgqr.ip Which ipupityds syppressed to bppma.et lower, 4s preferred as an
atmospheric gas to be used. . A function and effect of the method of manufacturing a silicon single
crystal substratedithepre8ent Biibsdintert Wits Ao b desdribedf o Assbriftigto the method of
manufacturing a silictn sieglercrystal diddtigte inthejresent embotiment; theasiiconisiagle crystal 1
substrategn whichayerage.density of BMps,ip devige formation region 100 which is the surface layer

portion of the 10 wafer is lower than 1 x 108 /cm8, average density of BMDs in central region 200 in a
direction of thitkné§&%s YppraxiARitBAF A6t Iiverl g xoTes fermt BRdaotifigherthasd X109 /cm3,
resistivity in the eeniendf fiystmaimsudase10Lk isspopowerrthan. 501@0cm, aneka ratesef ghange in
resistivity in fir@é Jg_nq:inhjé% gurfag%tll:%l %snn(o:% hicgehnecr rtggnOSI;%nig 0 tg\ir}?d. h In gld)((iitilor_q,1 as the silicon
single crystal 1 substrate above is SLHJjecteoPto annealing trea%me ) BMD ﬁ'éqnsny in‘device formation

region 100 cafBER{Fere¢ (SttorkEEMBOdiIAtE) POA BT evE actoidifGHSs thadresent
embodimsnt will he-described with-raference 10-Fig.Qa in IR fabhicating a BED devicg.according to

the present ergggdiment, siliclon single crystal substrate 10 having characteristics described in the first

embodiment i€ Eniloy&dS3B A% ERow 1T FigHo SREBET dibice maiflyTas 852gich Fi7ddion II,

and a region IHeaa@evice formation region 100. A bipolar transistor 30 is formed in region |. Bipolar

transistor 30 has, forexamples agoliecior Legiop, 32, basergion 33: an.emitter region 34, a collector

electrode 35, a base electrode 36, 30 an emitter electrode 37, and an element iSolation film 31. A

CMOS 40 is fGnied i Pegibn FREMES AT a2 T6rErampls &P N SR Weliredion 42, a P well region

43, an N2Well region 44 ain Blhr@giohASya Raenieh 46y agatenglecirede 47oa gatenpsslating film 48,
and an eleme%@é@i%%fimgrlo&DMOS 50 .igrfgrrged in regjjo.nllll. DMOS 50 has, for example, an N

well region 52, a 5 P region 53, an N're ign%ﬁ, a date glectrode S,aasgla éclﬁgulsa?i%lc:lcfﬁm 56, and an

element isolatfsH-AFASH. 18 bASHESEHBR dB6ve 2a Fowersarnidotidinster imanafagiuredom the BCD

process is used:far-applicationsnyhare breakdowspitages areintermediatects.,dup 19,200 V. Silicon

single like while a source material is being dissolved, and the like

20  are exemplified. In addition, in the case of nitrogen, a
segregation coefficient k representing a ratio with respect to
concentration of an impurity in a melt, that is taken into
crystal after the gilicen melt is solidified, ig 7 x 107 (W.
Zulehner and D. Huber, Crystal Growth, Properties and

o0 Applications, p 28, Springer-verlag, New York, 1982).

Concentration of nitrogen taken into crystal from a



10 crystal substrate 10 has resistivity around 100 I11cm at the highest and extension of a depletion
layer in this case is 50 gm at the maximum. If a BMD is present in the depletion layer, a leakage
current at a pn junction at the time of application of aygverse bias voltage increases. Therefore, BMDs
in a region 15 lying between the surface of the substrate and a plane at 50 gm from the surface of the
substrate (device formation region 100) should be decreased. Average density of BMDs in device
formation region 100 of silicon single crystal substrate 10 in the present first 20 embodiment is lower
than 1 x 108 /cm3. In addition, average density of BMDs in central region 200 in the direction of
thickness of silicon single crystal substrate 10 (a region lying between a plane at a depth of 300 gm
and a plane at a depth of 400 gm from first main surface 101 toward second main surface 25 102) is
approximately siatiewerdban luxdd8 hemiz-andnathighet thamd 0a1a9dems: Fheyeferesthe BCD
device in the present ge(;,*%ngle g&b%i&gn%ghgg g,u§hta gubstrgtcec é?r‘a@fé%ye‘i gan achieve a reduced
current at a pnpjunctlon in device formation region 100" T addition, smée moderate BMDs are present
in thickness 3GgentdictegiEAZO0L @héavyaetal can also be gettered. 26 Examples Present
Inventive Examples and Comparative Examples of the method of manufacturing silicon single crystal
according.to the embodiment of the present invention will be described. 5Apparatus 300 for
manufactdring silicorr Sgie eRystal with the CZ method was used to grow silicon single crystal (ingot)
having a diameter of 200crmy rHeterthefinitial :sijeon melvhadboroh concerstration ahadphosphorus
concentration shown; helow; and sggd.crystal was mmersed n.the,inigial silicon melt 10 to grow silicon

single crystal. A rate of growing crystal was set to 0.9 mm/minute and a rate of cooling a crystal edge
portion was set to 1.9 times 28 High BRa% raRP6ERoShg Ferystdl teret potfion ' Brddr tehn
manufacture silicon siagte ceystals aecersding ia Presast tinventivesExamges Actes5 and. 15
Compargfive Examples 1493 oneeniratians gf bgron, and,ghosphoris o e added (o he nita
silicon melt were set as follows. (Present Inventive xampﬁe Boron an phosphorus weére added to
the initial silico¥r204faRCSUBH HhaPBorsirabheEntiBHBA EtRined t§416'%-1014 atoms/cm3 and
phosphorus concentration attained to 7.2 x 1013 atoms/cma3 (a ratio of phosphorus concentration to
boron concentration was 0.45%1(2Present Inventive Example 2) 25Boron and phosphorus were added
to the initial silicon m%ﬁ?gﬁ'&ﬁ at boron concentration attained to 4.0 x 1014 atoms/cm3 and
phosphorus concentrégibicatfdinédttoat 8ix1 014) atons/chi3: (e ratiy of phosphidaiss cohcentration to

boron copigentration was D4b)s 30(Rresentdnyentyeexample3) Boron and phosphorus were added
to the initial silicon 27 melt, such that boron concentration attained to 1.1 x 1014 atoms/cm' and

phosphorus concentratibh Attaifitd%o%. §X 1balaech I 5atiS o sheSfidriscbitastfration to
boron concentratien Wwas0.42)n5(Rresenidaveptivetixampte 4p, siBaremasdpiiesphorasayere

added 10 the Iniigsealmelt. sueh oL aoian, capeentietion attalned.to 1,0 x 1 alamsyem3 and
phosphorus concentration attained to 7.5 x 1013 atoms?cms aratio olfnp osphorus concentration to

boron 10concéntrafiofiafigds T-APL¥Prédeat et e xamite d) chucBotén dhdpRosHiorus were

added t@the irigahsiicon meltrsueh drathoromeoncentratian attained iad.6 1214 atoms/cm3 and

phosphorus C()I%centraftion attained to 8.0 x 1013 15 atoms/cm3 (a ratiq of phosphorus concentration to
boron Concentraﬁgﬁ%vgéeﬁfSé}?qei up wire 14 1is wounc up by pu ? up wPre drive

device 15 te thereby pull up silicon single crystal 1. After
gilicon gingle crystal 1 undergoes growth of a conical portion
(an expanded porticn) and grows to a target diameter, a straight
25 part 11 of silicon single crystal 1 is grown to a prescribed
length. In the step of growing silicon single crystal 1,
silicon single crystal 1 is grown at a ratic of a rate of
cocling an edge porticn to a rate of cooling a central portion
of gilicon single crystal 1 from a melting point of siliceon to
30  1350°C, is not lower than 1.4 and not higher than 2.0. 1In

addition, gilicon single crystal 1 is grown under such a



(Comparative Example 1) Boron was added to the initial silicon melt such that boron concentration
attained to 1.0 x 10" atoms/cm'. 20(Comparative Example 2) Boron and phosphorus were added
to the initial silicon melt, such that boron concentratioppattained to 1.4 x 10" atoms/cm3 and
phosphorus concentration attained to 4.2 x 1013 atoms/cma3 (a ratio of phosphorus concentration to
boron 25 concentration was 0.30). (Comparative Example 3) Boron and phosphorus were added
to the initial silicon melt, such that boron concentration attained to 1.8 x 10" atoms/cm' and phosphorus
concentration attained to 9.9 x 10fl 30 atoms/cm' (a ratio of phosphorus concentration to boron
concentration was 0.55). 28 Grown silicon single crystal was cut perpendicularly to the central
axis of growth into slices, to thereby form sliced wafers. Thereafter, the sliced wafers were taken from
a plurality of pesitensialangrhe directionef the eentrahaxisef govwtha angdhensmirrerfinished. The

wafers were t fahbricated. The, obtained wafers were subjected to high-temperature tfreatment at
1200C for | h(?lJ? ?r%?i%rr\%?g(?% %ﬁgs%a%rﬁogg e\;yee.SS é%%s%sg\}fﬁ} %]tlt(:epél'chggf1 %%ccg:élntselr?g%oint at a radius
of 10 50 mm ag¥lva pointlata Fadisiero 0 prreotthic-dbrained wafer wadimedsured with' a four point

probe method -Adesuit:ef measwementofresistivity at thegentral ppint-of each water was substituted
into Equagon 3,.to thereby calculate a rate of chan§e in resistivi% along the central axis of growth of

15 silicon SingRe ERTAT 1§ FYefition o4 +E8UIE F méiSheniént S fesistivity &t GFth&tenter, the
point at a radius>of BOumer arigbtheipoink at & tadiusref ©8°mm of each silicon wafer was substituted into

Equation 3, to thereby simiilarly calculate ayadighrate of change in esistivity in.a silicop yafer.

20Results in Present Inventive EXample | will be described with reference to Table I. = Table 1
shows results Bt FEsigtifty 2t e WAEF CeRtéiPartd a At RFrate of thihge i eistivify iware with
respect to a salidified fractiopratapositiprewhere the wates was taken 25dnisilicon single crystal

manufaciyed according to resentnventve Example L Table 1.9 0.07.140,1,30,29.136 0.6 051

Here, the rate of cooling refers to an average in a range from
the melting point to 1350°C during crystal growth, which is a
value calculated by multiplying an average temperature gradient
(°C/mm) in a direction of axis of crystal growth from the

15  melting point to 1350°C by a rate of growth (mm/minute). A rate
of growth less than 0.9 mm/minute is not preferred because
productivity is poocr. A rate of cooling the crystal edge
portion lesgs than 1.4 times as high as the rate of cooling the
crystal central porticon leads to poorer efficiency in cooling

20  silicon single crystal 1, which results in a rate of growth less
than 0.9 mm/minute and pocrer productivity. The upper limit of
the rate of growth is 1.9 mm/minute in consideration of
capability of an apparatus for growing siliceon single crystal 1
that can be realized, and the upper limit of the rate 0f cocling

25 the crystal edge portion isg twice as high as the rate of cocling
the crystal central portion.

Silicon single crystal 1 is cooled by cooling structure 21

{Fig. 2) and cocling element 22 (Fig. 2) arranged to surround
silicon single crystal 1 that grows. Radiant light from silicon

30 gingle crystal 1 is incident on cooling element 22 made of a

material having high thermal conductivity. Cooling element 22



1300.90.64 130 1.2 0.67 130 0.6 0.71 130 0.50.73 132 1.0 0.80 138 0.8 According to Table 1,
at a site where the solidified fraction was not higher than 0.80, a minimum value of resistivity along the
central axis of growth of silicon single 5 crystal (correggonding to resistivity at the wafer center) was
130 Slecm, the rate of change in resistivity along the central axis of growth was 7.1 go-, and a
maximum value of the rate of change in resistivity in the cross-section perpendicular to the central axis
of growth was 1.4 %. 10Namely, manufacturing of silicon single crystal, in which resistivity along the
central axis of growth of silicon single crystal was not lower than SO necm, the rate of change in
resistivity along the central axis of growth was not higher than 10and the rate of change in resistivity in
the cross-section 15 perpendicular to the central axis of growth was not higher than 3 %, could be
realized. It is npied thalihe-tadial e 0fchange irrasistivity-at a siteavhere the sglidifiedfraction
exceeded 0.8QCin the silicon sin%%cr i%%l obta%'r%ed in the Present Inventive Example 20 exceeded 3
ive

%. 30 ResUlts In Compara rg(/am;e)re T Wil e BedchibedNith Pofer8hcé 36 bie 3¢ Table 2
shows results of résistivityr atthve silfconawatsrderitet andoa dadiad ratecofreliange incoedistivity in a

silicon 5 waferywith respegtie:a solidifiech fractign ata pasitigh.where the silicon wafer was taken in

silicon single crystal manufactured according to Comparative Example 1. Table 2 Solidified Fraction
Resistivitv’at Wafer t%rrate of coolinlg the central portion from 1200°C to

1100°C is less than 6°C/minute, average density of BMDs in
device formation region 100 will exceed 1 x 10° /om®. As a
diameter is greater, silicon single crystal 1 ig less likely to
be cooled. Therefore, in a case of c¢rystal having a diameter

10 not smaller than 200 mm, 8°C/minute is considered as the upper
limit that can be realized.

- If oxygen concentration in silicon single crystal 1 is
lower than 5.0 x 10" atoms/cm’, average density of BMDs in
thickness center region 200 will be lower than 1 x 10% /om®. oOn

15 the other hand, if oxygen concentration in silicon single
crystal 1 exceeds 7.0 x 107 atoms/cm’, average density of BMDs
in device formation region 100 will exceed 1 x 10% /eomd.
Preferably, oxygen concentration in silicon single crystal 1 is
not lower than 5.0 x 107 atoms/cm’® and not higher than 6.0 x

20 10" atoms/em’. It is noted that a value calculated by using a
scaling factor (3.03 x 10" /cm®) defined by Japan Electronics
and Informaticn Technology Industries Associaticon (JEITA) is
used as oxygen concentration. Specifically, Standard Test
Method for Interstitial Atomic Oxygen Content in silicon crystal

25  through infrared absorption (ex-JEIDA-61) is employed.

Oxygen ig introduced in the melt as silicon single crystal
1 grows and as a crucible made of quartz melts. Oxygen
concentration in crystal can be adjusted by controlling such
conditions for growth as a rotation speed of the quartz crucible

30 and flow of a gas in a crystal pulling furnace.

If nitrogen concentration in silicon single crystal 1 is



[ne,cm] R Radial Rate of Change in Resistivity [9,5] 0.04 162 4.0 0.17 156 3.5 0.33 148 3.7 0.46 143
2.00.62 131 3.20.72 122 2.8 0.80 114 3.4 10According to Table 2, at a site where the solidified
fraction was not higher than 0.80, a minimum value of gesistivity along the central axis of growth of
silicon single crystal (corresponding to resistivity at the wafer center) was not lower than 114 0.0cm,
the rate of change in resistivity 15 along the central axis of growth was 29.6 %, and a maximum value
of the rate of change in resistivity in the cross-section perpendicular to the central axis of growth was
4.0 96. Namely, manufacturing of silicon single crystal, in which resistivity along the central axis of
growth of silicon single 20 crystal was not lower than 50 uscm, the rate of change in 31 resistivity
along the central axis of growth was not higher than 10 %, and the rate of change in resistivity in the
cross-section pergenditular 10 dhe caenftral exissotgrowth svasaakhigherthan' 3 % «outdsiot be
realized. average density of BMDs in device formation region 100 will
exceed 1 x 10° /em'. Preferably, nitrogen concentration in
gilicon single crystal 1 is not lower than 1.0 x 10™ atoms/om®
5 and not higher than 4.0 x 10 atoms/cm®.
Then, silicon single crystal cutting step $3 is performed.
In silicon single crystal cutting step 83, initially, straight
part 11 ig grown to the prescribed length, and thereafter wind-
up of pull-up wire 14 1s stopped. Thereafter, by lowering

10 crucible 8, silicon single crystal 1 is cut from silicon melt 7.
Thereafter, silicon single crystal 1 is sliced along a plane
perpendicular to the direction of axis of growth of zilicon
single crystal 1. Silicon single crystal substrate 10 is thus
obtained.

15 Then, silicon single crystal annealing step $4 may be
performed. In the silicon single crystal annealing step,
gilicon single crystal substrate 10 fabricated by sliicing
silicon single crystal 1 is annealed. 1In the annealing step,
heat treatment at a temperature not lower than 1200°C and not

20  higher than 1250°C is carried out for a period not shorter than
1 hour and not longer than 8 hours in a noble gasg atmosphere in
which impurity cencentration is not higher than 0.5% in volume
ratio or in a non-oxidizing atmosphere. 2An oxide film formed
during heat treatment at a temperature not lower than 1200°C and

25  not higher than 1250°C for a period not shorter than 1 hour and
not longer than 8 hours in a non-oxidizing atmosphere is
suppressed to 2 nm or thinner.

Acceording to the manufacturing method in the presgsent
embodiment, p-type silicon single crystal 1 in which resistivity

30 along a central axis of growth L1 is not lower than 50 Qecm,

the rate of change in resistivity along central axis of growth



5Results in Present Inventive Examples 1 to 5 and Comparative Examples 1 to 3 will be described
with reference to Table 3, Table 3 shows results of resistivity at the wafer center in the silicon single
crystal manufactured according to each 10 Present Inventive Example and each Comparative
Example, the rate of change in resistivity along the central axis of growth, and the rate of change in
resistivity in the cross-section perpendicular to the central axis of growth, together with each impurity
concentration in the initial silicon melt. 32g--I100toc4 C-HO0O-)it4 U >14-i-H -Hri-H CO a) a4 rIS
HO-,~-itta)04)-la)p-1:r0-H-LiC.)a)C))CUinc)s-1u,-, 00T, TLTST

Ll is not higher than 10%, and the rate of change in resistivity
in a cross-section perpendicular to central axis of growth L1 is
not higher than 3% can be manufactured. The reason therefor

will be described below. It is noted that the rate of change in

o1

resistivity refers to a value defined in the following equation.

Equation 3
Rate of Change in Resistivity = (Maximum Value of
Resistivity — Minimum Value of Resigtivity)/{(Maximum Valus of
10  Resistivity)
Fig. 4 is a diagram showing a result of simulaticn of
relaticn between a gsolidified fraction of gilicon single ¢rystal
1 and impurity concentration in silicon single crystal 1. The
abscissa in Fig. 4 represents a golidified fraction of silicon
15 single crystal 1. The ordinate in Fig. 4 represents impurity
concentration in silicon single crystal 1. Fig. 5 is a diagram
showing a result of meagurement and a result of simulation of
relation between a solidified fraction and resistivity of
gilicon single crystal 1. The abscissa in Fig. 5 represents a
20 solidified fraction of silicon single crystal 1. The ordinate
in Fig. 5 represents resistivity of silicon single crystal 1. A
dot plot in Fig. 5 repregents a result of actual measurement,
and a line plot represents a result of sgsimulation. Data shown
with a black square in Fig. 5 shows a case where boron alcne is
25 added to a silicon melt. Data shown with a black circle in Fig.
5 shows a case where boron and phosphorus are added to a silicon
melt.
Ag shown in Fig. 4, in a case where boron azlone was added
to the initial silicon melt, as silicon single crystal 1 grows
30 (that is, a solidified fraction becomes higher), impurity

concentration in silicon single crystal 1 exponentially
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increases. Consequently, as shown in Fig. 5, asg silicon single
crystal 1 grows, resistivity of silicon single crystal 1 lowers.
This is because segregaticn ccefficient k of boron with respect

to gilicon single crystal 1 is around 0.78, which iz less than i,

o

and therefocre, as silicon single crystal 1 grows, condensation

of boron in the silicon melt proceeds and a ratio of boron taken

into silicon single crystal 1 becomes higher.
In & case where phosphorus alone was added to the initial

silicon melt as well, similarly, as silicon single crystal 1

10  grows, impurity concentration in silicon single crystal 1
exponentially increases. On the other hand, segregation
coefficient k of phosphorus with respect teo silicon sgingle
crystal 1 is arcund 0.38, which is lower than the segregation
coefficient of boron. Therefore, a rate (speed) of condensation

15 of phosphorus in the silicon melt with growth of silicon single
crystal 1 ig higher than in the case of boron. Thus, a rate of
lowering in resistivity with growth of silicon single crystal 1
is alsc higher than in the case where boron is added.

Since boron is a p-type impurity, addition of boron to

20 silicon single crystal 1 produces heles as p-type carriers in
silicon single crystal 1. Since phosphorus is an n-type
impurity, addition of phosphorus to silicon single crystal 1
produces electrons as n-type carriers in silicon single crystal
1.

25 In silicon single crystal 1 to which boron and phosphorus
were added, produced carriers opposite to each other in
conductivity type cancel each other. Therefore, by adding
phosphorus together with boron te silicon single crystal 1 in
manufacturing a p-type semiconductor, p-type carrier density in

30  silicon single crystal 1 can be lowered and resistivity can be

increased.
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In addition, a rate of increasge in impurity concentration
with growth of gilicon single crystal 1 is greater in the case
of addition of phosphorus than in the case of addition of boron.
Therefcore, by canceling increase in p-type carrier density by
increase in boron concentration with growth of silicon single
crystal 1 by increasging n-type carrier density by increase in
phosphorus concentration, lowering in resistivity with growth of
gilicon single crysgtal 1 can be prevented. Namely, by setting a
ratio of phosphorus concentration to boron concentration in the
initial silicon melt (hereinafter referred to as a "PB/B ratio")
to an appropriate value,.lowering in registivity with growth of
silicon single crystal 1 can be prevented. Since concentration
of boron and phosphorus added to the initial gilicon melt is
sufficiently low, borcn and phosphorus are considered to
independently be segregated with respect to gilicon single
crystal 1.

Specifically, as shown in Fig. 4, by selecting a P/B ratio
of the initial silicon melt such that difference between boron
concentration and phosphorus concentration in silicon single
crystal 1 in a process of growth of silicon single crystal 1 is
constant, a value of resistivity with growth of gilicon single
crystal 1 can be maintained constant as shown in Fig. 5. As a
condition for obtaining date in Fig. 5, concentration of boron
to be added to the initial silicon melt was set to 1.6 x 10*
atoms/cm’® and a P/B ratio was set to 0.45.

Fig. & 1g a diagram showing a result of simulation of
dependency on an initial silicon melt P/B ratio of relation
between a golidified fraction and resistivity of silicon single
crystal 1. The abscissa in Fig. 6 represents a solidified
fraction of silicon single crystal 1. The ordinate in Fig. 6

representsg a ratio of resistivity of sgilicon single cryetal 1.
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Nine pieces of data shown in Fig. 6 are data obtained when the
P/B ratic was set to 0.3, 0.38, 0.4, 0.42, 0.45, 0.47, 0.5, 0.55,
and 0.6, in the order of hicher ratio of resistivity when the

solidified fraction is set to 0. Here, the ratio of resistivity

7]

is cefined in an equation below.

Egquation 4
Ratio of Resistivity = (Resistivity at Certain Sclidified
Fraction - Minimum Value of Resistivity of Crystal of
10 Interest)/{Maximum Value of Resistivity of Crystal of Interest)
According to the simulation result shown in Fig. 6, it can
be seen that, by setting the P/B ratic of the initial silicon
melt to 0.42 to 0.55 with the solidified fraction being
restricted in a range from 0 to 0.80, the rate of change in
15  resistivity along the central axis of growth can be decreased to
10% or lower. As will be described later, however, in order to
lower the rate of c¢hange in resistivity in a cross-section
perpendicular to the central axis of growth, the P/B ratio
should be set tc 0.42 to 0.50. It is noted that the reason why
20 the solidified fraction is restricted to 0 to 0.80 will also be
described later.
Here, when the initial silicon melt has the P/B ratic from
0.42 to 0.50, such a phenomencn that resistivity of zilicon
single crystal 1 starts to increase around the sclidified
25 fraction of 0.7 as silicon single crystal 1 grows (hereinafter,
a point where the resistivity starts to increase being referred
to &8s a "flexion point"} occurs. This phenomenon indicates that
p-type carriers (holes) in silicon single crystal 1 started to
decreasse, which 1s caused by the fact that a rate of increase of
30  phosphorus in silicon single crystal 1 exceeded a rate of

increase cof boron.
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In the present ewmbodiment, the rate of change in
regigtivity along the central axis of growth is lowered by going
sc far as to produce a flexion point. Silicon single crystal 1
after the flexion point is produced alsc maintains the p
5 conductivity type so long as phosphorus concentration in silicon
single crystal 1 does not exceed boron concentration, and no
problem arises in using silicon single crystal for a wafer for a
power device.
By thus further lowering the rate of change in resistivity
10  along the central axis of growth, the rate of change in
resistivity in the cross-gection perpendicular to the central
axis of growth can further be lowered. The reason therefor will
be described below.
Fig. 7 is an illustrative diagram showing a silicon golid-
15 liquid interface (a boundary surface bhetween the silicon melt
and silicon single crystal 1) at the time of growth of silicon
single crystal 1 with the CZ method. As shown in Fig. 7, a
silicon solid-iiguid interface at the time of growth of silicon
gingle crystal 1 has a shape protruding in a direction of
20  central axis of growth L1 of silicon single crystal 1. A point
A indicates an intersection between a current zolid-liquid
interface and central axis of growth L1. A point B2 indicates
an intersection between a horizontal cross-section (cross-
gection perpendicular to the central axis of growth} Al of
25 silicon single crystal 1 including point A and a side surface of
gilicon single crystal 1. A point Bl indicates an intersection
between a past solid-liquid interface and central axis of growth
Li. A distance between point A and point Bl is denoted as AZ
and a difference in resistivity between point A and point Bl is
30 denoted as AR {see Fig. 8).

Fig. 8 is a diagram showing relation between resistivity



Example 3 34  According to Table 3, in Present Inventive Examples 1 to 5, at a site where the
solidified fraction was not higher than 0.80, a minimum value of resistivity along the central axis of
growth of silicon single crystal ranged from 50 to 1754£0cm, the rate 5 of change in resistivity along the
central axis of growth ranged from 4.7 to 8.9 %, and a maximum value of the rate of change in
resistivity in the cross-section perpendicular to the central axis of growth ranged from 1.4 to 2.5%.
Namely, the silicon single crystal obtained in each 10 Present Inventive Example could satisfy such
specifications of silicon single crystal required to satisfy specifications of a silicon single crystal wafer
for a power device that resistivity along the central axis of growth was not lower than 50 04,cm, the
rate of change in resistivity along the central axis of 15 growth was not higher than 10 %, and the rate
of change in resistivity: incthescrogsasection perpendiculardedhe central axis of grewth was pot higher
than 3 %. J adrditi%n in ﬂ%s%rgslgyseggvgnE?amplegs 19 4é ata §3ite where the solidi;__igd fraction
was not higher t an 8.8({13 20 maximum value of the rate gfp&ange In ?e?lgﬁ\}i'fyl?r?thoencros?s-section
perpendicular &8 gentral axisfogrovrth whssiotigher inerl 296ryst@n the dther hand, in
Comparative Examplase1 0 3 af a sitgvheredhessolidified friaetiomwas.nathigher than,0.80,a 25
minimum yalue of resistivigy alon%;rthe central axis of %rovvth of silican single crystal ranged from 114 to
124 thfcrh, thé FAe’ of diiigd it eSSV afShg tie E8ntAr AxE o growthiraiged-fiom 7.3 to 29.8 %,
and a maximunrvaluensf, thesratetafichanges intresistianty mtthecdnossesectioh petpendizular to the
central 30 axis;tgrowth ganged from 33,4040 %, Nagely, the silicon single crystal obtained in
Comparative 35 Examples could not satisfy specifications of silicon single crystal required to satisfy
specifications 8f &Hid5H &ingdlé Cryiat WRaBrforSovier BeSicelappiicatfons! it teg§ari ' the rate of
change in resistivibzalong-thel central axissaf-gronvthigndriihe eaterehechange ir sesistivity in the
cross-segtion perpendicular to the central axis of growth. Attention being paid to relatian between
the rate g cha%%g‘gvﬁerrés?s?ﬁ/ﬁ% a o%ﬁ‘%h%oéenﬁttraagaxcfg o %Sr’g\?vﬂﬁisan%othaé Fa%gllgl rO:%Je %‘%aélﬁ%%glenin
resistivity of sil€dTt Sinklé erystal Tofapritatdd i PRésesrpreative Bxamplasttod] andiConfparative
Examples 1 togicsuah atendencydthathe radishaate ebchange insesistivity is grgater asthe rate of

change in resistivigy along.the central axis of growth is greater. According to the measurement results
in Present Invéntive 15 Examples ﬁe%gﬁﬁgasg:b%%?lﬁ SHTSRGREH AT th&C WifHS méthba of
manufacturingdilicowsinglé trystat ateatding tofthegsresent émbadirent; thattis, Byssettingtoron
concentragion isxthe.initialsilican melt 104, 407, atams(em3:5x lqwer and, setting aratioof ghosphorus
concentration to boron 20 concentration to 0.42 or higher and 0.50 orllower, p-type silicon single
crystal, in whidh: Bt Sitewhere the: slidifisd ?&?ﬁr%ﬁa@arﬁ high&r B4 9786 Tesistivity along the
central axis of geewth ivas pogoweerthan 50 necm Fihertate af change heresistivityl atithe eentral axis
of growth was gl Nighethian 859, %.and lhayrate glehange I fesistivly i [he cross-section

%0, COU

perpendicular to the central axis of growth was not higher than e manufactured. In

addition, it wa$ @ehidistraRarthatS bycsetfiftg botoh tohcehtietivhsintthicinitia sifesrt nfelt e x 10"

atoms/ci® 30mordower and seting-a1atiowniphosphorys concentation:to-heron-gensentratign to 0.42
or higher and 947 or lower, péggne L=?,6:.Lsilicce)n sir%gile,ctr stal, in which, at a site where the solidified
fraction was n6t’ Righer than 0.80; resistivify Slong the centralaxis OF growth \as not lower than 50

Ofocm, the raesoierahgaimresistivignalong teleentfabaristof dgribvethagasnothighen Sathan 10 %,

and the rate ot.ghangedn Lesiglivityin the cLess sectionpetpendicylar ta the.central axis of growth
was not higher than 2 %, could be manufactured, Further Examples 10Present Inventive Examples

and Comparative %x%n%es%f tA8 Thelb & B nfdfUeturthg-SilicBh difgicterystardccStdify to the
embodirdent of the: present invenlionawilltiedescribednd n&iliedrisinglererystal wafetsiaccording to

Present Inventive Exampigs, @10 11 30d Comparafive Examples 4108 W' oy pendicular
to central axis of growth L1 is not higher than 3% as
demonstrated in Examples which will be described later. More
preferably, in a case where the solidified fraction is

30 restricted in a range from 0 to 0.80, by setting the P/B ratio

not lower than 0.42 and not higher than 0.47, the rate of change



15 manufactured as follows. Initially, an initial silicon melt to which phosphorus and boron had been
added under the conditions described in Present Inventive Example 1 was prepared. Nitrogen was
added to the initial silicon melt. A method of adding nitjogen was as described in the first embodiment.
Silicon 20 single crystal was grown under such conditions that a rate of cooling the central portion of
silicon single crystal from 1200C to 1100C was not less than 6C/minute and the silicon single crystal
had oxygen concentration not lower than 5.0 x 1011 atoms/cm' and not higher than 7.0 x 1011
atoms/cm' and had 25 nitrogen concentration not lower than 2.0 x 1013 atoms/cm' and not higher than
4.0 x 1014 atoms/cm3. The rate of change in resistivity in a direction of axis of crystal growth of silicon
single crystal was not higher than 10% and the rate of change in resistivity in a cross-section
perpendicular i@ the geptral axis 30 was net Higherthan 3% Asilicenisingte-crystalwateravas
fabricated by slicing the silicop. single crystal along.a plane 37 perpendicular to the axis of growth.
The silicon sin'sglﬂ(el ?:%yos a%gyeghwég s%%%%@%rhg%tg ﬁe%?mgﬁt gg%)%,sécg B cfe%i%éi asﬁ%%as[ion heat
treatment. In avfirstistess, Hedetrdammonbataltensperatiifenf 10008 Wasssédormeliatzaroxygen

atmosphere forl,minutess i asecondsien.Jigal tieatment at atempgaraiwe9f1200C was
performe%in an argon atmosphere for 240 minutes. The second step was repeated three times. In a

third stepheaf freateht at S enipefathie bF B70tCWHE periGrmaadn 4 hitfodert atfo8fhere for 10 80
minutes. In a fioucth:‘astgpiheabfreamm:m:’a;gempeeatumf@tal@@@m perdermeddmnsaswater vapor .
atmosphere fog 120 mintes. In. 2 fifffy sep.heat treatment at a lemperatyre qf 630¢.was performed in

a nitrogen atmosphere for 100 minutes. In a sixth step; heat treatment at a temperature of 1000C was
15 performed ﬁ?&?ﬁﬁﬂg@ﬁﬁ%ﬁ@é%m%ﬁﬁﬁﬁtﬁs@ns 1RTorgRs 6 inanufattGrRESiliddn single
crystal substrates aceordingiafrasenidnvantive & xarapless: te d L1ard Gomparative Examples 4 to 8,
oxygen «:Joca}ncer]}gggog fn&girtlroegepncgngﬁn rg%i,og in single cr stsa_l ggg:&n %ndea raejtg dgf %oloalirrlg the
central 20 portion of silicon sﬂgle crys?al from 12808 to 11008 Wére set asTonbws. %Igresent Inventive
Example 6) toOs§genzcorrseriratfortifPsing|é-rEstal Sficontiwas geeto 7hex BG' atoms/em3,
nitrogen concentrationthereimwas/setip-2s 22 %100 atomsiemg, and-a sate.ef eaoting the,ggntral
portion of silican single crystal from 1200C to 1100C was set to 8.0C/minute. %Present Inventive
Example 7) OXygeti co%%%%fﬁa?i%ﬁofﬁ Shold Ery&earsiticss wad &6E 130707 18" AtdMsicr? nitrogen
concentration thereirewasisetrtotl Bre 1 atdnistcm3s anckadate of-coglihg thecentrab pertion 38 of

siicon sipgle crystal fian,1300C 9 L0QC was setia TACkninue. (Bresentdaventive Bxample 8)

Oxygen concentration in single crystal silicon was set to 6.0 x 1017 atoms/cm3, nitrogen concentration

therein was sett6955 SEFOLARETHENIL AMtPA rafe 6FEo6RIY tie céhtrdl phridiv Bt <ilicth difigle

crystal from 12006 te AAHO0C was setton 0G0/ mintte.dRresant bwverdivei kxasiple Ml (xygen

concentration in single_L c&yséal silicon was set torg).%% 15%1égtocrgsg‘ln§§tQgroag%%fggggntratiign therein
oli

was set to 4.0 X 1014 atoms?crrﬁ'r,lgan%rgsrate of coo ng the central portion of silicon smgjlg%rystal from

1200C to 1100C %45 s6etoebDTImibté. 15(Predefit mivaritfv e Exampled0)”- IOxyder concentration

in singleggystaladlicomwas.sat 10:6.8 %104 Toatoms/tenpitiogen-cppeentration thereinsyas set to 2.1 x
1014 atoms/cm3, a'fg rate of co Iinrg the central portion_of s'Ll)ifon single crystal from 1200C to 1100C
was set to 207" 871m|n318. %rséséeﬁ% 5 praply 1 time, "as nigh as the

Hhventive @%%pt%rff)
rate of cocling the crystal central portion. 2As described
previously, as the rate of cooling the edge portion is lowered,
efficiency in cooling silicon single crystal I becomes poor and

25 a rate of growth ig less than 0.9 mm/minute, which results in
poorer productivity. The present invention can lesgen variation
in resistivity without lowering productivity in growing silicon
gingle crystal 1.

By controlling the rate of cooling the crystal edge

30 portion and the rate of cocling the crystal central portion to

thereby attain a value of AZ in a range from 5 to 15 mm, the



Oxygen concentration in single crystal silicon was set to 6.0 x 1017 atoms/ce, nitrogen concentration
therein was set to 1.0 x 1014 atoms/cm3, and a rate of cooling the central portion 25 of silicon single
crystal from 1200C to 1100C was set to 7.0C/minuteg¢Comparative Example 4) Oxygen
concentration in single crystal silicon was set to 6.0 x 1017 atoms/cm3, nitrogen concentration therein
was set to 30 7.0 x 1014 atoms/cre, and a rate of cooling the central portion of silicon single crystal
from 1200C to 1100C was set to. 39 8.0C/minute. (Comparative Example 5) Oxygen
concentration in single crystal silicon was set to 8.0 x 1017 atoms/cm3, nitrogen concentration therein
was setto 5 1.0 x 10" atoms/cre, and a rate of cooling the central portion of silicon single crystal from
1200C to 1100C was set to 8.0C/minute. (Comparative Example 6) Oxygen concentration in single
crystal silicon wasesetrto-kar@ xi Hou atemsiemsy and a ratecekceeling e senpahportion of silicon
single crystal from 1200C.to 1100C was set.to 8.0C/minute. No nitraqgen was added. (Comparative
Example 7) O%}?gé:r? %%ﬁ%len?r}éjﬁ%nﬁﬁ sﬁﬁarétgry%%alcsa}ﬁcgﬁ W%%ltsgﬁt%%%g 4%%(“1 '%to‘vr(ﬁ% cm', nitrogen
concentration Byex&iT wias- sgt fer 11X M0T4-atoms/cmBrarfaratw of cosling thé damradgortion of
silicon single gystalfiomq1200C £0.1400C was sehia- 8 AOMinute. (GRrpasative Exampie-8)
20oxygen_concentration in single crystal silicon was set t0,6.0 x 10u atoms/cm3, nitrogen
concentration tHerai was Bt 1&5%/%5% Storhsfern3, SAdaERaE S codlingthe e&traPportion of
silicon single crydtad fromAL2GGE tod 100C was sét ton5 D QkminelteE r256P FesentlBventive Examples 6 to
11 satisfy such condi,&igeéxta@g; rate of coglingdhe centralnartien %@'i%&éi%e&%ﬁ%f@m 1200C
r

to 1100C was not less than 6C/minute and the silicon singie crystal had oxygen concen ation not
lower than 5.0%¢ 16A @B/ cAT3 &nd it higREF Hrdh T RSP alGHhs 3180 aRBTED nitfdden
concentration 8ot ipwer tharm2. ®x 1013 atemsicm3wand: Boh figherithape4:0=x 1044:atoms/em3.

Comparﬁt ve 40 I;,:_F@m les 4 t0.8 dp.nat satisfy the conditions above. In addition, in Present Inventive
Examples?s 10 4nd 11 ar?é{e aé;gr%%é?at%equ(saa}ﬁs €5 4 t0 %?%%ﬁae%ﬁgéyin an ‘3%&%1 a?%gé%laﬁzré Was
carried out. InIuevEhrEHlFRy SREHie siliconlsingfe Srayseal suliStete was sutjestbetoléattreatment

at a temperaturgdrotdewesdhan2Q0G far a period not shorter than 1 hour and not longer than 8
hours. A method_of measuring BMD average density will now be described. 10BMDs in a silicon

wafer were measure@ Wita ARAIGIEr 03 FARUtEGUrEd By RS Eothdration, BY cleaving a
silicon wafer. By@ilowingtiaser iniparatiettc sowaber swrfaceto be insident Drpasieavage ptane,

scattereqightdhat came, oyt of the waler surface was detected; A ROSHoN.Qf a:megsyrement1s point

in a plane was set at a wafer center. Laser was allowed to be incident on a position at a depth of 10
pm, 20 pm, 3G BT, LB pm from the wafer surface and BMD density at each depth was
found. An average valueiof BME:-densiiesswasadopted as-the ayveragerdensiy ©f BMBPssn a region

extending as g)rg@g%%eZ 9nde£[g of 50 om flgaom Ct)g%r\l/gﬂ%fgrrggrf ce. In addglolné laser was allowed

o res . sed a a
to be incident on positions at 10-pﬁ1 intervals, in a portion at ept% from 300 pm to 4300apm from the
wafer surface ¥hEFBMIP Hehshy Hieativdepth Masformer At &vérage vaRE o BB Yasities was

adopted&s average 2avgensity: of BMBs in.a:rgien:at300:.10 4001pmdremsthe; water swdace. It is
noted that ther!%%vl\[/elrggmdts\églue of END density with the present measurement method is 5 x 106

atoms/cmt
High-temperature heat treatment is desirably performed in

a non-oxidizing atmosphere, because volds or other grown-in
defects are not sufficiently eliminated during annealing in an
25  oxidizing atmosphere. The non-oxidizing atmosphere refers to an
atmosphere not containing an oxidizing gas such as oxygen, and
it includes an inert atmosphere and a reducing atmosphere. The
inert atmosphere refers to an atmosphere filled, for example,
with such an inert gas as argon, helium, neon, nitrogen, or the
30 like. A reducing atmosphere refers to an atmosphere where such

a reducing gas as hydrogen, carbon monoxide, ammonia, or the



Average density of BMDs lower than the lower limit value was indicated with "-". 30Results in the
present example will be described with reference to Table 4. 41 LH o >10 H----1 -HO1 COCO gP4 CO
(21g CO 1:111CO ad01 HZ 0)CO < LH CO (TS g TJ g94 -0 X CO (atYl ca) )-u OLH , nH -g

like is present.

A temperature for heat treatment of a wafer is in a range
from 1150 to 1250°C, preferably from 1175 teo 1215°C, and further
preferskly from 1185 to 1208°C.

it

If a temperature for heat treatment of a wafer is lower
than 1150°C, wvoids or other grown-in defects are not
sufficiently eliminated during annealing. Alternatively, if the
temperature exceeds 1250°C, a member of a furnace significantly
detericrates.

10 A time pericd for heat treatment of a wafer is not shorter
than 1C minutes and not longer than 2 hours, preferably not
shorter than 30 minutes and not longer than 1.5 hours, and
further preferably not shorter than 50 minutes and not longer
than 1 hour.

15 If the time period for heat treatment of a wafer is
shorter than 10 minutes, voids or other grown-in defects are not
sufficiently eliminated during annealing. Alternatively, if the
time period exceeds 2 hours, preductivity becomes poor, which is
nct preferred.

20 A commercially available heat treatment furnace {or a
reaction chamber) for performing heat treatment (annealing) in
the manufacturing method according to the present smbodiment may
be employed, and the furnace is not particularly restricted. It
ig noted that it is necesgsary to avoid growth of an oxide film

25 to 2 nm or greater during heat treatment, because attachment of
an oxide film tc the surface prevents shrinkage and elimination
of defects during annealing. Specifically, such measures as
decreasing as much as possible an amount of impurity introduced
in an atmospheric gas during heat treatment or decreasing as

30 much as possible intake of air from surroundings in inserting a

silicon wafer into a furnace are necessary. For exampls, a
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noble gas such as argon, in which impurity is suppressed to 5
ppma or lower, is preferred as an atmospheric gas to be used.

2 function and effect of the method of manufacturing a
gilicon single crystal substrate in the present embodiment will

now be describead.

o1

According to the method of manufacturing a silicon single
crystal substrate in the present embodiment, the silicon single
crystal 1 substrate in which average density of BMDz in device
formation region 100 which is the surface layer portion of the

10 wafer is lower than 1 x 10° /cm’, average density of BMDs in
central region 200 in a direction of thickness is approximately
not lower than 1 x 10° /om® and not higher than 1 x 10° /cw?,
resistivity in the center of first main surface 101 ig not lower
than 50 {lecm, and a rate of change in resistivity in first main

15 surface 101 is not higher than 3% is obtained.

In addition, as the silicon single crystal 1 substrate
above is subjected to annealing treatment, BMD density in device
formation region 100 can be lowered,

{Second Embcdiment)

20 A BCD device according to the present embodiment will be
described with reference to Fig. 9.

In fabricating a BCD device according to the present
embodiment, silicon single c¢rystal substrate 10 having
characteristics described in the first embodiment is employed.

25 As shown in Fig. 9, the BCD device mainly has a region I, a
region II, and a region III in device formation region 100. A
bipolar transistor 30 is formed in region I. Bipolar transistor
30 has, for example, a collector region 32, a base region 33, an
emitter region 34, a collector electrcde 35, a base electrode 36,

30 an emitter electrode 37, and an element isclation film 21i. A

CMOS 40 isg formed in region II. CMOS 40 has, for example, an N
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wall region 42, a P well region 43, an N well region 44, an N
region 45, a P region 46, a gate electrode 47, a gate insulating
film 48, and an elemsnt isolation £iim 41. A DMOS 50 is formed
in region III. DMOS 50 has, for example, an N well region 52, a

5 P region 53, an N region 54, a gate electrode 55, a gate
ingulating film 56, and an element isolation film 51.

As described above, a power semiconductor manufactured in
the BCD process 1s used for applications where breakdown
veltages arve intermediate, i.e., up to 200 V. 8ilicon single

10 crystal substrate 10 has resistivity around 100 Qem at the
highest and extension of a depletion layer in this case is 50 um
at the maximum. If a BMD is present in the depletion layer, a
leakage current at & pn junction at the time of application of a
reverse bias voltage increases. Therefore, BMDs in a region

15 lying between the surface of the substrate and a plane at 50 um
from the surface of the substrate (device formaticn region 100)
should be decreased.

Average density of BMDs in device formation region 100 of
gilicon single crystal substrate 10 in the present first

20  embodiment is lower than 1 x 10° /em®. In addition, average
density of BMDs in central region 200 in the direction of
thickness of silicon single crystal substrate 10 (a region lying
between a plane at a depth of 300 pum and a plane at a depth of
400 pm from first main surface 101 toward second main surface

25 102) is approximately not lower than 1 x 10° /em® and not higher
than 1 x 10° /em®. Therefore, the BCD device in the present
second embodiment where such a substrate is employed can achieve
a reduced current at a pn junction in device formation region
100. In addition, since moderate BMDs are present in thickness

30  center region 200, a heavy metal can also be gettered.
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Examples

Present Inventive Examples and Comparative Examples of the
method of manufacturing silicon single crystal according to the
embodiment of the present invention will be described.

5 Apparatus 300 for manufacturing silicon single crystal
with the CZ method was used to grow silicon single crystal
(ingot) having a diameter of 200 mm. Here, the initial silicon
melt had boren concentration and phosphorus concentraticon shown
below, and seed crystal was immersed in the initial silicon melt

10 to grow gilicon single crystal. A rate of growing crystal was
set to 0.9% mm/minute and a rate of cooling a crystal edge
portion was set to 1.3 times as high ag a rate of cooling a
crystal central portion. In crder to manufacture silicon single
crystals according to Present Inventive Examples 1 to 5 and

15 Comparative EBxamples 1 to 3, concentrations of boron and
phosphorus to be added to the initial silicon melt were sef as
follows.

{Present Inventive Example 1)
Boron and phosphorus were added to the initial silicon

20 melt, such that boron concentration attained to 1.6 x 10%
atomg/cm’ and phosphorus concentration attained to 7.2 x 10%
atoms/cm’ (a ratio of phosphorus concentration to boron
concentraticon was 0.45) .

{Present Inventive Example 2)

25 Boron and phosphorus were added to the initial siliceon
melt, such that boron concentraticn attained to 4.0 = 10**
atoms/cm’ and phosphorus concentration attained to 1.8 x 10%
atoms/cm® {a ratio of phosphorus concentration to boron
concentration was 0.45).

30 (Present Inventive Example 3)

Boron and phosphorus were added to the initial silicon
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melt, such that boron concentration attained to 1.1 x 10%
atoms/cm’® and phosphorus concentration attained to 4.6 x 10%°
atoms/cm’® (a ratio of phosphorus concentration to boron
concentration was 0.42}.
5 {(Present Inventive Example 4)
Boron and phosphorus were added to the initial sgilicon
melt, such that boron concentration attained to 1.6 x 10%
atoms/cm® and phosphorus concentration attained to 7.5 x 10%
atoms/cm® {(a ratio of phosphorus concentration to boron
10  concentration was 0.47).
(Present Inventive Example 5)
Boron and phosphorus were added to the initial silicon
melt, such that boron concentration attained to 1.6 x 10*
atoms/cm’ and phosphorus concentration attained to 8.0 x 10
15 atoms/cm® (a ratio of phosphorus concentration to boron
concentration was 0.50).
(Comparative Example 1)
Beoron was added to the initial silicon melt such that
boron concentration attained to 1.0 x 10** atoms/cm’.
20 {(Comparative Example 2)
Boron and phosphorus were added to the initial silicon
melt, such that boron concentration attained to 1.4 x 10
atoms/cm® and phosphorus concentration attained to 4.2 x 10%°
atoms/cm’® (a ratio of phosphorus concentration to boron
25 concentration was 0.30).
(Comparative Example 3)
Boron and phosphorus were added to the initial =gilicon
melt, such that boron concentraticn attained to 1.8 x 10
atoms/cm’ and phosphorus concentration attained to 9.9 x 10%°
30 atoms/cm’ (a ratio of phosphorus concentration to boron

concentration was 0.55).
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Grown silicon single crystal was cut perpendicularly to
the central axis of growth intc slices, to thereby form sliced
wafers. Thereafter, the sliced wafers were taken from a
plurality of positions along the direction of the central axis

D of growth, and then mirror finished. The wafers were thus
fabricated. The cbtained wafers were subiected to high-
temperature treatment at 1200°C for 1 hour in an argon gas
atmosphere,

Resistivity at each of the center, a point at a radius of

10 50 mm and a point at a radius of 90 mm of the obtained wafer was
measured with a four point probe method. A result of
measurement of resistivity at the central point of each wafer
was substituted into Eguation 3, to thereby calculate a rate of
change in resistivity aleong the central axis of growth of

15 silicon single crystal. In addition, a result of measurement of
resistivity at each of the center, the point at a radius of 50
mm and the point at a radius of 20 wmm of each silicon wafer was
substituted intec Equation 2, to thereby similarly calculate a
radial rate of change in resigtivity in a silicon wafer.

20 Results in Present Inventive Example 1 will be described
with reference to Takle 1.

Table 1 shows results of registivity at the wafer center
and a radial rate of change in resistivity in wafer with respect
to a solidified fraction at a position where the wafer was taken

25 in silicon single crystal manufactured according to Present

Inventive Example 1.

Table 1
Radial Rate of
Registivity at
Solidified Change in
Wafer Center
Fraction Resistivity
[Qecm] -
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0.07 140 1.3
0.29 136 0.6
0.51 131 0.4
0.55 130 1.4
¢.58 130 1.2
0.61 1360 ¢.9
0.64 130 1.2
0.67 130 0.6
0.71 13¢ .5
0.73 132 1.0
0.80 138 0.8

According to Table 1, at a gite where the scolidified
fraction was not higher than 0.80, a minimum value of
resigtivity along the central axis of growth of silicon single
crystal {(corresponding to resistivity at the wafer center) was
136 Qecm, the rate of change in resistivity aleng the central
axlis of growth was 7.2 %, and a maximum value of the rate of
change in resistivity in the cross-section perpendicular to the
central axis of growth was 1.4 %.

Namely, manufacturing of silicon single crystal, in which
resistivity along the central axis of growth of silicon single
crystal was not lower than 50 Qecm, the rate of change in
resistivity along the central axis of growth was not higher than
10 %, and the rate of change in resistivity in the cross-section
perpendicular to the central axis of growth was not higher than
3 %, could be realized.

It i1s noted that the radial rate of change in resistivity
at a site where the golidified fraction sxceeded 0.80 in the
silicon single crystal obtained in the Present Inventive Example

o,

exceeded 3 %.
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Results in Comparative Example 1 will be described with
reference to Table 2.
Takle 2 shows results of resistivity at the silicon wafer
center and a radial rate of change in resistivity in a silicon
B  wafer with respect to a solidified fraction at a position where
the silicon wafer was taken in silicon single crystal

manufactured according to Comparative Example 1.

Tabhle 2
Radial Rate of
Registivity at
Solidified Change in
. Wafer Center
Fraction Resistivity
[Qlecm]
(%]
G.04 162 4.0
0.17 156 3.5
0.33 148 3.7
0.46 143 2.0
0.62 131 3.2
0.72 122 2.8
0.80 114 3.4
10 Accoxding to Takle 2, at a site where the sclidified

fraction was nct higher than 0.80, a minimum value of
resistivity aleng the central axis of growth of gilicon single
crystal (corresponding tce resistivity at the wafer center) was
not lower than 114 Qecm, the rate of change in resistivity
15 along the central axis of growth was 22.6 %, and a maximum value

of the rate of change in resistivity in the cross-section
perpendicular to the central axis of growth was 4.0 %.

Namely, manufacturing c¢f silicon single crystal, in which
resistivity along the central axis of growth of silicon single

20 crystal was not lower than 50 Qecm, the rate of change in
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regigtivity along the central axis of growth was not higher than
10 %, and the rate of change in resgistivity in the cross-section
perpendicular to the central axis of growth was not higher than
2 %, could not ke realized.

Regults in Present Inventive Examples 1 to 5 and
Comparative Examples 1 to 3 will be described with reference to
Tabkle 3.

Table 3 shows results of resistivity at the wafer center
in the sgilicon single crystal manufactured acgording to each
Present Inventive Example and each Comparative Example, the rate
of change in resistivity along the central axis of growth, and
the rate of change in resistivity in the crcss-section
perpendicular to the central axis of growth, together with each

impurity concentraticn in the initial silicon melt.
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According to Table 3, in Present Inventive Examples 1 to 5,
at a site where the solidified fraction was not higher than 0.80,
a minimum value of resistivity along the central axis of growth
of silicon single crystal ranged from 50 to 175 (lecm, the rate
of change in registivity along the central axis of growth ranged
from 4.7 to 8.9 %, and a maximum value of the rate of change in
resistivity in the cross-section perpendicular to the central
axis of growth ranged from 1.4 to 2.5%.

Namely, the silicon single crystal obtained in each
Present Inventive Example could satisfy such specifications of
silicon single crystal required to satisfy specifications of a
gilicon single crystal wafer for a power device that resistivity
along the central axis of growth was not lower than 50 Qecm,
the rate of change in resistivity along the central axis of
growth was not higher than 10 %, and the rate of change in
resistivity in the crosgs-section perpendicular to the central
axis of growth was not higher than 3 %.

In addition, in Present Inventive Examples 1 to 4, at a
site where the solidified fraction wag not higher than 0.80, a
maximum value of the rate of change in resistivity in the cross-
section perpendicular to the central axis of growth was not
higher than 2%.

On the other hand, in Comparative Examples 1 to 3, at a
site where the sclidified fraction was not higher than 0.80, a
minimum value of resistivity along the central axis of growth of
silicon single crystal ranged from 114 tc 124 Qecm, the rate of
change in resistivity along the central axis of growth ranged
from 7.3 to 29.8 %, and a maximum value of the rate of change in
resistivity in the cross-section perpendicular to the central
axis of growth ranged from 3.3 to 4.0 %.

Namely, the silicon single crystsl obtained in Comparative
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Examples could not satisfy specifications of silicon single
crystal reguired to satisfy specifications of a silicon single
crystal wafer for power device applications, with regard to the
rate of change in resistivity along the central axis of growth
and the rate of change in resistivity in the crcss-section
perpendicular to the central axisg of growth.

Attention being paid to relation between the rate of
change in resistivity aliong the central axis of growth and the
radlal rate of change in resistivity of silicon single crystal
fabricated in Present Inventive Examples 1 to 4 and Comparative
Examples 1 to 3, such a tendency that the radial rate of change
in resistivity is greater as the rate of change in resistivity
along the central axis of growth ig greater.

According to the measurement results in Present Inventive
Examples described above, it was demonstrated that, with the
method of manufacturing silicon single crystal according to the
present embodiment, that iz, by setting boron concentration in
the initial silicon melt to 4 x 10" atoms/cwm® or lower and
setting a ratio of phosphorus concentration to boron
concentration to 0.42 or higher and 0.50 or lower, p-type
gilicon single crystal, in which, at a site where the solidified
fraction was not higher than 0.80, resistivity alcong the central
axig of growth was not lower than 50 Qecm, the rate of change
in resistivity at the central axis of growth was not higher than
10 %, and the rate of change in resistivity in the cross-section
perpendicular to the central axis of growth was not higher than
3 %, could be manufactured.

In addition, it was demonstrated that, by setting boron
concentration in the initial silicon melt to 4 x 10" atoms/com’
or lower and setting a ratio of phosphorus concentraticon to

boron concentration to 0.42 or higher and 0.47 or lower, p-type
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silicon single crystal, in which, at a site where the golidified
fraction was not higher than 0.80, resigtivity along the central
axls of growth was not lower than 50 Qecm, the rate of change

in resistivity along the central axis of growth was not higher
than 10 %, and the rate of change in resistivity in the cross-
section perpendicular to the central axis of growth was not

higher than 2 %, could be manufactured.

Further Examples

Present Inventive Examples and Comparative Examples of the
method of manufacturing silicon single crystal according to the
embodiment of the present invention will be described.

Silicon singie crystal wafers according to Present
Inventive Examples 6 to 11 and Comparative Examples 4 to 8 were
manufactured as follows. Initially, an initial silicon melt to
which phosphorus and boron had been added under the conditions
described in Present Inventive Example 1 was prepared. Nitrogen
was added to the initial silicon melt. A method of adding
nitrogen was as described in the first embodiment. Silicon
single crystal was grown under such conditions that a rate of
cooling the central portion of silicon single crystal from
1200°C to 1100°C was not less than 6°C/minute and the silicon
single crystal had oxygen concentration not lower than 5.0 x
10" atoms/cm® and not higher than 7.0 x 10%7 atoms/cn® and had
nitrogen concentration not lower than 2.0 x 10" atoms/cm® and
not higher than 4.0 x 10" atoms/cm®. The rate of change in
resistivity in a direction of axis of crystal growth of silicon
single crystal was not higher than 10% and the rate of change in
resistivity in a crogss-section perpendicular to the central axis
was not higher than 3%. A silicon single crystal wafer was

fabricated by slicing the silicon single crystal along a plane
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perpendicular to the axis of growth.

The silicon single crystal wafer was subjected to heat
treatment below, as BCD device simulation heat treatment. In a
first step, heat treatment at a temperature of 1000°C was
performed in an oxygen atmosphere for 12 minutes. In a second
step, heat treatment at a temperature of 1200°C was performed in
an argon atmosphere for 240 minutes. The second gtep was
repeated three times. In a third step, heat treatment at a
temperature of 670°C was performed in a nitrogen atmosphere for
80 minutes. In a fourth step, heat treatment at a temperature
of 1100°C was performed in a water vapor atmosphere for 120
minutes. In a fifth step, heat treatment at a temperature of
630°C was performed in a nitrogen atmosphere for 100 minutes.
In a sixth step, heat treatment at a temperature of 1000°C was
performed in a nitrogen atmosphere for 180 minutes.

In order to manufacture silicon single crystal substrates
according to Present Inventive Examples 6 to 11 and Comparative
Examples 4 to 8, oxygen concentration and nitrogen concentration
in single crystal silicon and a rate of cooling the central
portion of silicon single crystal from 1200°C to 1100°C were set
as follows.

{Pregent Inventive IExample &)

Oxygen concentration in single crystal silicon was set to
7.0 x 10Y atoms/cm’, nitrogen concentration therein was set to
2.2 x 10 atoms/om®, and a rate of cooling the central portion
of silicon single crystal from 1200°C to 1100°C was set to
8.0°C/minute.

{Present Inventive Example 7)

Oxygen concentration in gingle crystal silicon was set to
7.0 x 10"7 atoms/cm’, nitrogen concentration therein was set to

1.5 x 10" atoms/cm’, and a rate of cooling the central portion
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of silicon single crystal from 1200°C to 1100°C was set to
7.0°C/minute.

{Present Inventive Example 8)

Cxygen concentration in single crystal silicon was set to
6.0 x 10' atoms/cm’, nitrogen concentration therein was set to
1.5 x 10* atoms/cwm’, and a rate of cooling the central portion
of silicon single crystal from 1200°C to 1100°C was set to
7.0°C/minute.

{Present Inventive Example 9)

Oxygen concentration in single crystal silicon was set to
5.0 x 10 atoms/cm®, nitrogen concentration therein was set to
4.0 x 10 atoms/cm®, and a rate of cooling the central portion
of =ilicon single crystal from 1200°C to 1100°C was set to
6.0°C/minute.

(Present Inventive Example 10}

Oxygen concentration in single crystal silicon was set to
6.0 x 10" atoms/cm®, nitrogen concentration therein was set to
2.1 x 10' atoms/cm?, and a rate of cooling the central portion
of gilicon single crystal from 1200°C to 1100°C was set to
7.0°/minute.

(Pregent Inventive Example 11)

Oxygen concentration in single crystal silicon was sget to
6.0 x 10" atoms/cm’, nitrogen concentration therein was set to
1.0 x 10* atomg/cm’, and a rate of cooling the central porticn
of silicon single crystal from 1200°C to 1100°C was set to
7.0°C/minute.

{Comparative Example 4)

Oxygen concentration in single crystal silicon was get to
6.0 x 10V atoms/cm3, nitrogen concentration therein was set to
7.0 % 10" atoms/cm’, and a rate of cooling the central portion

of silicon gingle crystal from 1200°C to 1100°C was set to
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8.0°C/minute.

{Comparative Example 5)

Oxygen concentration in single crystal silicon was set to
8.0 x 10'7 atoms/cm®’, nitrogen concentration therein was set to
1.0 x 10" atoms/cm’, and a rate of cooling the central portion
of silicon single crystal from 1200°C to 1100°C was set to
8.0° /minute.

{Comparative Example 6)

Oxygen concentration in single crystal gilicon was set to
7.0 x 10" atoms/cm’, and a rate of cooling the central porticn
of silicon single crystal from 1200°C to 1100°C was set to
8.0°C/minute. No nitrogen wasg added.

(Comparative Example 7)

Oxygen concentration in single crystal silicon was set to
4.5 x 10%7 atoms/cm?, nitrogen concentration therein was set to
1.0 x 10" atoms/cm’, and a rate of cooling the central portion
of silicon single crystal f£rom 1200°C to 1100°C was set to
8.0°C/minute.

{(Comparative Example 8)

Oxygen concentration in single crystal silicon was set to
6.0 x 10 atoms/cwm’, nitrogen concentration therein was set to
1.0 x 10™ atoms/em®, and a rate of cooling the central porticn
of gilicon single crystal from 1200°C to 1100°C was set to
5.0°C/minute.

Present Inventive Examples 6 to 11 satisfy such conditions
that a rate of cocling the central portion cf silicon single
crystal from 1200°C to 1100°C was not less than 6°C/minute and
the silicon single crystal had oxygen concentration not lower
than 5.0 x 10Y atoms/cm® and not higher than 7.0 x 10 atoms/cw’
and had nitrogen concentration not lower than 2.0 x 10%

atoms/cm® and not higher than 4.0 x 10" atoms/cm’. Comparative



oHXatH N,oHXoN ,--,0HX714 aoN NOHXO0in

10

15

20

25

30

40

Examples 4 to 8 do not gatisfy the conditions above. In
addition, in Present Inventive Examples 10 and 11 and
Comparative Examples 4 to 8, annealing in an argon atmosphere
was carried out. In the annealing step, the silicon single
crystal substrate was subjected to heat treatment at a
temperature not lower than 1200°C for a period not gheorter than
1 hour and not longer than 8 hours.

A method of measuring BME average density will now be
described.

BMDg in a silicon wafer were measured with a BEMD Analyzer
MGO-4 manufactured by Raytex Corporation, by cleaving a gilicon
wafer. By allowing laser in parallel to a wafer surface to be
incident on a cleavage plane, scattered light that came out of
the wafer surface was detected. A position of a measurement
point in a plane was set at a wafer center. Laser was allowed
to be incident cn a position at a depth of 10 um, 20 pum, 30 pm,
40 pm, and 50 pm from the wafer surface and BMD density at each
depth was found. An average value of BMD densities was adopted
as the average dengity of BMDs in a region extending as great as
a depth of 50 um from the wafer surface.

In addition, laser was allowed to be incident on positions
at 1C-pm intervals, in a portion at a depth from 300 um to 400
pm from the wafer surface and BMD density at each depth was
found. An average value of BMD densities was adopted as average
density of BMDs in a region at 300 to 400 pm f£rom the wafer
surface. It 1s noted that the lower limit value of BMD density
with the present measurement method is 5 x 10° atoms/cm’.
Average density of BMDs lower than the.lowex limit value wag
indicated with "%,

Resgults in the presgent example will be described with

reference to Table 4.
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Ag shown in Table 4, the average density of BMDs in the
region lying between the plane at 300 um from the wafer surface
and the plane at 400 um from the wafer surface of the silicon
single crystal substrate according to Present Inventive Examples

5 6 to 11 was not lower than 3.1 x 10° /cm® and not higher than
9.1 x 167 /em®. In addition, average density of BMDPs in the
region lying between the wafer surface and the plane at 50 um
from the wafer surface of the silicon gingle crystal substrate
according to Present Inventive Examples 6 to 11 was not lower

10 than 5.5 x 1¢° /cm® and not higher than 7.3 x 107 /cm®. On the
other hand, average density of BMDs in the region extending as
far as the plane at 50 um from the wafer surface of the silicon
single crystal substrate according to Comparative Examples 4 to
8 indicated a high value not lower than 1.5 x 10° /cm®.

15 Further, average density of BMDs in the region extending
as far as the plane at 50 um from the wafer surface of the
gilicon single crystal substrate according to Present Inventive
Examples 10 to 11 subjected to annealing treatment for 1 hour or
8 hours at & temperature not lower than 1200°C in an argon

20 atmosphere was not lower than 5.5 x 10° /em® and not higher than
7.3 x 10° /cm®, which was lower than BMD densities in Present
Inventive Examples 6 to 9 not subjected to the annealing
treatment.

Bazed on the results sbove, it wag demonstrated that, in a

25 gilicon single crystal substrate manufactured by slicing such
gilicon single crystal that a rate of cooling a central portion
of the silicon single crystal from 1200°C to 1100°C was not less
than 6°C/minute and silicon single crystal had oxygen
concentration not lower than 5.0 x 10" atoms/cm’® and not higher

30 than 7.0 x 18" atoms/cm® and nitrogen concentration not lower

than 2.0 x 10" atoms/cm® and not higher than 4.0 x 10 atoms/cm®,
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average density of BMDs in the region lving betwsen the wafer
surface and the plane at 50 um from the wafer surface was lower
than 1 x 10° /cm® and average density of BMDs in the region
lying betwesan the plane at 300 um from the wafer surface and the
plane at 400 um from the wafer surface was not lower than 1 x
10* /em® and not higher than 1 x 10° /cm’.

furthermore, it was demcnstrated that average density of
BMDs in the region lying between the wafer surface and the plane
at 50 pm from the wafer surface could further be lowered by
subjecting the silicon single crystal substrate to annealing
treatment for a pericd not shorter than 1 hour and not longer
than & hours at a temperature not lower than 1200°C in an argon
atmosphere.

It should be understood that the embodiments and the
examples disclosed herein are illustrative and non-restrictive
in every respect. The scope of the present invention is defined
by the termg of the c¢laims, rather than the embodiments and the
examples above, and is intended to include any moedifications
within the scope and meaning eguivalent to the terms of the

claims.
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average density of BMDs in the region lying between the plane at 300 gm from the wafer surface and
the plane at 400 gm from the wafer surface of the siliggn single crystal substrate according to Present
Inventive Examples 5 6 to 11 was not lower than 3.1 x 108 /cm6 and not higher than 9.1 x 108 /cm'. In
addition, average density of BMDs in the region lying between the wafer surface and the plane at 50
gm from the wafer surface of the silicon single crystal substrate according to Present Inventive
Examples 6 to 11 was not lower 10 than 5.5 x 106 /cm" and not higher than 7.3 x 106 /cm'. On the
other hand, average density of BMDs in the region extending as far as the plane at 50 gm from the
wafer surface of the silicon single crystal substrate according to Comparative Examples 4 to 8
indicated a high ¥ahe: not lower than 1.5 x 106 /cm'. 15Further, average density of BMDs in the region
extending as far as the plane at SO gm from the wafer surface of the silicon single crystal substrate
according to Present Inventive Examples 10 to 11 subjected to annealing treatment for 1 hour or 8
hours at a temiperatufe fibt i6Wwer HAF 12000 ah HgbAt2G atmbsphere Washdtfower than 5.5 x 106

/cm' and not highar-thans7:3:1 106/4ce whigh was lower thanBMP densities #nBgesent Inventive
Examples 6 to 9 not subjected to the annealing treatment. Based on the results above, it was

demonstrated that, ina 28 silicon single crystal substrate manufactured by slicing such silicon single
crystal that a rate of eodlimga eertralporfiap=of #ressilicon single crystal from 1200C to 1100C was not

less than 6C/minute andesilicon single crystalbad pxygen concentration not Igwey, than £,.0.x 1017

atoms/cm' and not higher 30 than 7.0 x 10" atoms/cm6 and nitrogen concentration not lower than 2.0 x
1012 atoms/cm' and hot higHerthan 2 0 I aforAs/cit - U5 avefage #BnsHy GFEsvDs #Pifé region
lying betweendheiwatersittdce angdheplane st SO«umdiom therwaterssurface Wwas lower than 1 x

108/cnﬁ@ndzgggqgegg%gﬂg%oggggggigéhgéggggkvity in said first main surface
being not hicher than 3%,
average density of oxygen precipitates bulk micro defects
in a device formation region which is a region lying between
said first main surface and a plane at a depth of 50 um from
15  said first main surface toward said second main surface being
lower than 1 x 10° /cow®, and
average density of oxygen precipitates bulk micro defects
in a region lying between a plane at a depth of 300 um and a
plane at a depth of 400 pm from said first main surface toward
20  said gecond main surface being not lower than 1 x 10° /ew® and

not higher than 1 x 10° /cm®.

2. The silicon single crystal substrate according to claim 1,
wherein
25 said silicon single crystal substrate has oxygen

concentration not lower than 5.0 x 10 atoms/cwm’® and not higher
than 7.0 x 10" atoms/cm® and has nitrogen concentration not
lower than 2.0 x 10" atoms/cm’® and not higher than 4.0 x 10¢*
atoms/cm’.

30

3. A device, comprising:



lying between the plane at 300 um from the wafer surface and the 5 plane at 400 um from the wafer
surface was not lower than 1 x 108 /cm' and not higher than 1 x 109 1cm8. Furthermore, it was
demonstrated that average density of BMDs in the regjon lying between the wafer surface and the
plane at 50 um from the wafer surface could further be lowered by 10 subjecting the silicon single
crystal substrate to annealing treatment for a period not shorter than 1 hour and not longer than 8
hours at a temperature not lower than 1200C in an argon atmosphere. It should be understood that the
embodiments and the 15 examples 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 the examples above, and is intended to include any modifications within the scope
and meaning equivalent te the terms dighe 20claimes. Slaimsade Assitican singleccrystalmsubstrate
formed by slic{ijnlg gi;lic Iq(isingle crystal grown with a Czochralski method, comprising: a first main
surface; and a second main surface opposite to said first main surface, resistivity in a center of
said first main surfaceé 6F&4id sHiédSingieerystal Babatrate BB BBt IoWwergan50®é%m 10 and a
rate of changesin resistivityi:-said firstmain surface being not higher than 31, average density of
oxygen precipitates bulk micro defects in a device formation region which is a region lying between
said first main surface and a plane at a depth of 50 pm from 15 said first main surface toward said
second main surface*beihiowerthaar:£409/Hmy and: 1 1 i averagedensityyeftedygen precipitates

bulk micro defgg@@ggggi%%y}gpgﬁ\gegﬂea ata.depth of 300 pm and a plane at a depth of
400 pm from said first main surface toward 20 said second main surface being not lower than 1 x 108

Jcm8 and not higher BF&F 15X 28978nmg™ 5 1 ¥heSitdGHBimglé tryétah BabEFERE according to claim 1,
wherein 25saidcsitieon singlercrystal substrate has axygarn torcentsatiar notdowerdhan =6 x 10"

atoms/cig angngthigher thap £4x1Q; alomps/as,and ag nitrggen, coneentration not layer than 2.0 x

1018 atoms/ce and not higher than 4.0 x 1018 atoms/cmt 30 3A device, comprising: 47 the silicon
single crystal §tistrétet acédrding fo RisThtT di¥rand 5% a CMOS, a DMOS, and a bipolar transistor
formed in said deviceyfermation 1egies: 5s ind methogrefimanufaciuting s siicenisingle.erystal
substrate, con%prisirl?athg sitegg 'Oa':i iE:r.L%%%rin n_inéltrilaé silicon melt having boron concentration not
higher than 4 x 1014 atomsfcm1 End a tatic of phosphorus concentration to the boron
concentration not lowerithaird0 A2ignd hbt Pigheri e 0B st al giowifrgrsilicon singlecorystal with a

Czochrajski methed from.said iniighsiticgadnelt; and slicing said silicon single crystal to form
the silicon 15 single crystal substrate; in said steg ofqrpwing silican single crystal, s,acliid silicon single

crystal being grown JRt§Feie EGRditbn /At 3Y S*i=consingle crystal, sal

silicon single crystal being grown under such conditions that a
ratio of a rate of cooling an edge portion of said silicon
single crystal tc a rate of cooling a central portion of said
20 silicon single crystal from a melting point of silicon to 1350°C
is not lower than 1.4 and not higher than 2.0 and the rate of
cocling said central portion from 1200°C to 1100°C is not less
than 6°C/minute, and
said silicon single crystal having oxygen concentration
25  not lower than 5.0 x 10" atoms/cm’® and not higher than 7.0 x
10'7 atoms/cm® and having nitrogen concentration not lower than

2.0 x 10" atoms/cm’ and not higher than 4.0 x 16* atoms/cm’.

5. The method according to claim 4, further comprising a step
30 of annealing the silicon single crystal substrate, wherein

in said annealing step, a heat treatment at a temperature



ratio of a rate of cooling an edge portion of said silicon single crystal to a rate of cooling a central
portion of said 20silicon single crystal from a melting point of silicon to 1350C is not lower than 1.4 and
not higher than 2.0 and the rate of cooling said centrgkportion from 1200C to 1100C is not less than
6C/minute, and said silicon single crystal having oxygen concentration 25 not lower than 5.0 x 1011
atoms/cml and not higher than 7.0 x 101.7 atoms/cm' and having nitrogen concentration not lower
than 2.0 x 1011 atoms/cm1 and not higher than 4.0 x 1014 atoms/cm4. 5. The method according to
claim 4, further comprising a step 30 of annealing the silicon single crystal substrate, wherein in said
annealing step, a heat treatment at a temperature 48 not lower than 1200C and not higher than
1250C is carried out for a period not shorter than 1 hour and not longer than 8 hours in a noble gas
atmosphere inwhichoireputityseoncentratiands et higheetham@:5%anoalume tatie 0sdn eut
non-oxmhzwmyéggogpggg%od not shorter than 1 hour and not longer than 8 hours
in a noble gasgs atmosphere in which iwmpurity concentration is not
higher than 0.5% in veclume ratio or in a non-oxidizing

D  atmosphere.



