SI LI CON WAFER AND METHOD FOR PRODUCI NG THE SAME The present invention
relates to a silicon wafer and a production nethod therefor. Mre
specifically, the present in- 5 vention relates to a polished (mrror
processed) silicon single crystal wafer (-mirror wafer) which is doped with-
ni trogen, hydrogen and carbon, and cohprises a void region, and nethod for
producing the silicon wafer. 10 Character sties of the growh of a silicon
single crystal b 0 i SKi | ( A.ngludes (2) crystal
growh froma frégaﬁéﬁﬁﬁgéﬁ%?kg'ﬁ%&?ﬁaﬁ$%hg%§£§¢§@??§Fi%na ly stable, (2)
t he doping or adjustnment of inpurities, which is necessary to adjust
resistivi | L acco - 15, i-Q | _in an axis
directionEﬁﬁeﬁﬁ%&%géégﬁgﬁgﬁﬁbggg%gﬁ%?%ﬁgh?lggg%??%g”?og%ﬁgisgﬁd of

i mpurity, d63)itherscantr dhemffotrhe Bxygemecontentinat iton effsott ve-to getter

metal Lnpurities by dissolving.oxygen fromthe crucible, and the control of
the. ox) gorCBbHCRMT AL FOr O dOBARt- CoREentF abt &it 26 by " tbhtFolr-6f the

pul | i ng- up1e0BgidiOnwa€4) thatctheatise ehianquardszeer Wctble ©k-graphite
parts having higher purity and |arger scale, and (5) the use of a large
si zed appd&fat usY IR eRALTE® Thedff GWERTEFSA ¢ afgé dran®tert™i |icon single

crystal which.is:f.ree of dislecations,, Asra,large size sili- 25 con single
crystal grown by the Czochral ski nmethod can be used as a substrate for LSI,

severe control of the quality of the silicon crystal is required. Gown-in
defects existing inside a crystal just after the 30 silicon single crystal
growt A0 ofhexygerr e 6k pif dités 9rdvst cdfatti 6AliAducEdsih &  dedc&Ypr oduct i on
process and Ki faLlure ete, d Jorate devig baracteristics. On
t he other% 5§%§% FQ%% ﬂa§ eén cFar?%?%d fﬁatuoxydéﬁ %FgC|€itates can be
utiliced efrbectifrelny aasree getrtferengt s treelof wheavyi snmetralr st atororiaidivease i n

mechani cal_strength of a substrate,. and thus_they are considered as
i ndispensﬁﬁﬁ@i?hpﬁgiF%@sdﬁfuﬁ?gseﬁF?u%%ang 86nf$@%*lgﬁv?hé§ C%?Vgtal def ects

IS a veryrpetiantto Aasesdinghyritt@ teehnbcaltd i=ekdubo salose a probl em
to CO?% centration gradient in an axis direction due to a segregation
éoefficient specific to the kind of impurity, (3) tThe con-
trol of the oxygen concentration effective to getter metal
impurities by dissclving oxygen from the crucible, and the
control of the oxygen concentration or dopant concentration
20 by control of the pulling-up condition, (4} that the use of
a guartz crucible or grarhite parts having higher purity and
larger scale, and {5) the use of a large sized apparatus
which enables the growth of a large diameter silicon single
crystal which is free of dislocaticns. As a large size sili-
25 con single crystal grown by the Czochralski method can be
used as a substrate for L3I, severe control of the gquality of

the silicom crystal is reguired.

Grown-in defects existing inside a crystal just after the
30 silicon single crystal growth, c¢r oxygen precipitates, dislo-
cation induced in a device production process and stacking

failure etc. detericorate device characteristics. On the cother



trol these crystal defects, various trials have been per-forned to produce
a wafer where density or size of the grown-in defect is controlled, and for
exanple, Patent Literature 1 10(JP-A-2006-312576) discloses a production of
a silicon single crystal, in which a non-defect region, where grown-in
defects do not exist, is enlarged ove? the whole wafer surface, and having
sufficient BMD, which has gettering action in the inside, by setting
nitrogen in the relevant single.crystal at 15 1'<1012 to equal to or |ower
than 5x10%9BEor) 8 AT 67 “Set tTh Ky Pay8R" Pt Al pr eastio Fn

at nospher i,¢ ; gased ngirde+ srgrowkhs apparating attequmlhekoyoretawer otthan 40 to
400 Pa, in the course of producing the silicon crystal, 20 According to a

|
product i oATREERYY 16 MERRATHISGe S PATEHL: Tt r ARRT A i ERF ST S 6ed t hat |

by making .t @gn&REEQEegéa@kﬁsﬁgﬂéﬁﬂfg“yﬂpuEQtPéQQQP%IHQgﬁf,hMQHOgen parti al
pressure, and by the doping of carbon or the like so as to suppress

f or mat bon cobitthe afi ngeke ke yGBElappeartingsi A vhey cimpsrakTtand as a 25

resul t, al-ewahlguppes kivddimets Oxygen eeneents af rarbean be ddaner eased,

wi thout elicitation of OST nuclei, Therefore, a wafer can be produced which
i s conposé&dosf taesforrdetebtdsfeqt on, Vi tHSuE T datt dxsiengegRvite

char act er i SUI.cS. . £yenphen, Qxygen, concentiatlon. iy g ch addition, it is

al so de- 30°Scribe atent Literature 1, that the rel evant non-defect
regi on neans dafeoXiidatbonriliducedndt dekicngrpbaal tP{irerteat tera'ni® Be referred
to sinply as ', DST")..r.egion, Pv.__region . 3 ngn-defect. regi where a
vacangg poivht 2 ﬁgﬁﬁlﬁ§gébﬁ%ﬁgﬁf¥ﬁhﬁdpéoﬁég¥ﬁﬁigﬁ ag%%ﬁ%ﬁ%%gggﬂ?egion
where an idgyerst| tiraknsihi £omrpacptcdefetion, swlom nanty-ib Stiddtsnore in
Patent Literature 2 (JP-A-2005-142434), there is_disclosed a production

met hod f ordcansit| PEbHsi-AghetErdpst arhat'dr “Gbtgi Kby SEPEFn silicon

singl e crystal doped wi.th ga bom: and, ai ty0g9en: ngng-t:hen :by-heain-t r eat ment
the wafer at a"tenperature of 900C to nmelting point of the silicon single
10 crystalsidendey seixedogasteardspheret d1adsvhatapove ParEattidterature 1,

as sha 'Hr1m@f%%r3§ﬂ§1k%pé§11&&ﬂlQggﬁl5ﬁﬂ94§k%ms§mf’%nﬁaﬁyQQQﬂ»Conf'r”Ed
that b pu’ilng-up € silircon crystal using a grow ng apparatus hay- 15
i ng a hot tienengavsidigpkheitenpesatiue eigradiceptekhe tdee puklidag direction of
the single crystal just after salidific timont onbg %gall%rpgt g@e crystal
peri pher al 9541 PERITAHEN Bt =T He EPyST at EentéF pal t - &Y, “anhd"§r owi ng
under a predetenpined hydrogel pakt kak: phessuyseaithe Pi region wi dens(
However, the
20 ZAccording to a production method of the above Patent Litera-
ture 1, it is disclesed that, by making it an indispensable
regquirement to produce under hydrogen partial pressure, and
by the doping of carbon or the like soc as to suppress forma-
tion of the ring-like OSF appearing in the crystal, and as a
25 result, allowable upper limit of oxygen concentration can be
increased, without elicitation of OSF nuclel. Therefore, a
wafer can be produced which is composed of z non—defect re-
gion, without decreasing device characteristics, even when
oXygen concentration is high. In addition, it is alsoc de-
30 scribed in Patent Literature 1, that the relevant non-defect

region means an oxidation induced stacking fault (hereafter

may be referred to simply as “OSF”) region, a Py region ({a



20 Pi region is not adequate to an appl-ication where IC effect is required,
because of its inability to form BMD( Moreover, doping with nitrogen or
carbon in a predeterm ned concentration does not lead to a significant

i nprovenent, since the P" region hardly changes by the doping of carbon,
and the P, re- 25 gion does not chang® by the doping of nitrogen, even when
hydr ogen partial pressure is over 160 Pa. Therefore, in the production
net hod i n Ratent ki tefalilingete & hal@rics Boproblem-that wideahng of the P,
regi on cannot be 30controlled effectively. 4 In addition, in the above

Pat ent Li&e¢at Urerggiarhdasipicnfesiingbel oF ysrae waf ertadisththigh crystal line
property and. high thermal. condugtivity.is produced, by decreasing size of
grown-in a%f'%%%rggg*gﬁa s 6%5@%%%@%&’dopi ng nitrogen and carbon, and
then by perform ng heat treatnent of the silicon wafer so as to decrease
defect_in particular at the surface |ayer rt.of th fer. However, the
probl e r éﬁ‘hjrjnyotrﬁafms%ﬁ’“ﬁn& ent TG BT éct' Jg%ﬁgoq%tiégg%% mnédSdie to | ow
density of stfe Ox¥a8ns P5eGiRi-t 8t esetHdy addi &ion,i dhesoegy reenee=of voids (
hol es forned by aggregat ed vacancy point defects) is less in particular in
t he OSF r&@gfon.cos@éhean”OSEicegy oh 17s ERar acherd Z8dshyl t HPsbyehce of
crystal d i ck i t e, gat Lde, | [t )0k ~an oxi de
film nang%gg%?rso eggﬁg(r?%eg{’egﬁgt T%%@(kﬁ/l g%ib‘é- Fr%%%&%ggs}{?g%f.eﬁltﬁ such a

ni t r ogen- dopetborystal of PA0EG on haMiing relativikelorel ewl voird sdeaset y

(spec{lléi cal I%z a re%L_on having the dSer})sithy of over 1x103/cnB8 and equal to
or |ower than Bx103FERE 11T He°nftTogen-doped crystal) is present which has
inferior high C-node pass rate. Therefore, the nitrogen doped crystal

di scl osed in the above Patent Literature 2 cannot be said to have high
C-node padd Fat erayealahdle LaREATSTS nfeAPoP P GBI PEF2EHE Bxi de film

Accor di nglyqsgebodiment s ofy thg phesent, d:nveptiomsegkat onpr@ui de a silicon
waf er conposed of a silicon crystai formed with gettering PVD inside having
decr easedratbumi—wof tgeowhtigrrdetretsl wridowhi ehovinssaperfoyed A28 of the
oxl deTgl ! % agdmohtaszo%-ce)oga Céi%%d%hghge%rﬁgér%@u%y %z?acgiga%%digl gltﬂe -UTIQQG panS
rate). In 4ddf ti'on,*“Enbodi ent s of e present invention se to provide a
product i onnpetihedcfien thecrabovegse! tcmralafiest aftewisewiof fideeiabove

probl ems, as a result of int eﬁnsiveéy st,ugi es._carried gut br}é t.h ggr esent

i nvent or s i P& W& 4&8n2F outfd THAT2a RTTFCEA 2L ry3tal (5Eei hgf a(:“r?f al

silicon) havipg exseekleptClscharact erdishiCenefr an exidesfiidyd and good C
5 node characteristics (good in high Cnode pass rate) can be obtained by
t he dopi ngvetoadt rogenal caromrandthy diioged! Ph "pricaét er Mgt the
concepgrati ons.. Ln.additi , ent, i 1 Qr s;nhave-dound . that in tne
10 ca‘gg mﬁér'lteggclg%\‘bé%dl?% nag{éqééggd&lg ‘rafl%a g\h/g?ﬁ?%f&%gﬁa?gt%i or hicéhg% t han

pr edet er mreedi concértcrabe ot iintso ithei Bity conferysitdl. MohecoG8F does not

di sappear gven by increasing hydrogen amunt i.n_silicon I .9 _any | evel.
15 S GFere Al Vot Cas The USBIRG of M LFGeRs b4t boR  Arc Ry ogen i n
predet er nizned eencentr akhons; &' kaphdscoald nghriveadmentsinse care ited out and
the silicon crystal is gul | ed-up at a predeterm ned tenperature gradi ent

(her eaf t eFeFéPlriad o CA81ISR dfaglet STpetdatir 62 g dti 67 PRt adcf§stal growt h

lon- o5 gion deces not change by the doping of nitrogen, even when hy-

drogen partial pressure is over 160 Pa.

Therefore, in the producticn method in Patent Literature 1,
there is a problem that widening of the P, region cannot be

30  controiled effectively.



20 gitudinal direction"” or sinply "G'), and at a predeterm ned pull-up
speed (hereafter referred to sinply as "V') It has been found that, by
this treatnent, a silicon.crystal havipg still nore excellent GO
characteristics of an oxide film and still better C nobde characteristics
can be obtained. 25 Here, explanation wll be given on characteristics of
"rapi d coobnngidiacear dimgHeo abbee (rasant Li nyentiren 2, Conwentliienal | y, an
operation of rapid cooling of the silicon crystal has been carried out in
vi ew of enfEHEienGTBE budtT Tt V}%ﬁbl’:?y?ﬁagﬁﬁ%ﬁ?%ﬁﬁw 5 §48Bol i ng
treat nent, vjd,has -bgen-generak s t,0-3d-BCr BasE- Lol :hgnppratysr e gradient and
pul | -up speed. On the other hand, the present inventors have found that
"rapi d coof¥egr- iy SEf et iafy sPerperatinse gt advemotipganveryrsiacfw 6

pr edet er m n i i.bi ng: I']= e ; simlar to
that of a g%%/ognﬁt ggﬁgm%et o] ,@k?r%ﬁ%s&%]ﬁgggo%%é%er%%ﬁt gfﬁ%%%}%\égh?l y smal |,
and t he vov#isrcenpesetbuldireskikéeShaped agyrigdtses adf thwids-tahech do not

i nfluence {Lhe functi on %{/%a %em' conduct ort%evi cg}. Accor dj ng ott he first
aspect of tHEPRELENDT | et oh; THEFE T s BF I ded a STF 10 € ngl e cryst al
waf er whi chuisicdeped:m éfrdict keges: WAakbeniasd Aydregesy @HiHIkSbAg: a
plurality of voids, wherein a nunber which is equal to or nore than 50% of
the total RefrFE ISP PBRHS G FF8se bubbl e-1i ke shaped aggregates of voids; a
V1 region having a void density of over 2x104/cnB and bel ow 1x102/cnB which
occupies equal to or less than 20% of the total area of the silicon wafer;
a V2 regi obn heddingoa, voiel aensireycafobytdst 6 2EG4 LonBethic agteupi es

equal to or_pore than 80%of the total ar of t Sl hiLgo fer..and a
Ul K or oPHeTe i ABRY 15 i EhEr s el os o Hoer thalr BErosEnD. In
addi tion, tbei&ecosdcasaecisrofrethen preseatrattwetddonyr ehatesenaea et hod
for producing the silicon single cre/st,al wafer, the method conprising

pul ling a SFifoGTadi Agfesct )V@'?LEJP I eF PUPFE Ut UrRadE Wt TPE T yst al

pul I -up speggrang daphpgsd ha 18l | hep Sidghee CEyStal. Wi thi & tagan, carbon
and hydrogen; controlling that a nitrogen concentration in the silicon
crystal isCseeda @alge BxUD33 I8 SRADIB rdtepgrenBercoftYerti ng ttlhat a car bon

concentrat| [ ; i]i.c r i .

1012t ondy heh - e FoH e nieh Bt oREr LY BB A Su8a i n the
crystal publenpmauingacis idersetyt of beved tLo160 Rd; ambrtquelll Eagot hat a

t enper at ur radient in | ongi tudinal direction of the silicon crystal

Wi thin a { CHEEr atte FaRg& ol 106 oo T200C B Rer 5B Equie o or more
than 3. 5C ymicic oty OhkbAgd halgnt bemode gzyst abtpul IThepespeed die set to be
equal to or |lower than an upper |imt_value and equal to or higher than a
| ower |im Er9eduéloPgAdCEitd nG1acEPT9E R WaE PP FomPERBE k15 GR$fngl e
crystal, whergin.the ;a&awh%geﬁi@prm%a@s ésgfﬂrart%%gnahayal@g a void
density of over 2x104/cnB and bel ow 1x105/cn}§ whi ch occupi es 20% of t ot al
area of sakddsid iicdrxwaf ein idOIt hé shagixéder §stml was pulled with the upper
limt value of the crystal pull-up speed, and conprises a V2 region having
a void density of 5x102 to 2x104/cnB which occupies 80% of the total area
of said sihtecorimafier efbddignesicBgbe tHey ghrakbenasiprdritadnwesdk thee | ower |imt
val ue of the crystal pull-up speed. According to enbodi nents_ of the present
i nvent i on, P&°%i%5 (?oﬁlg/é?‘érﬁ af e FPBROSRET en) a\/\f”t%lcfﬁngﬁréﬁﬁ?i t\PEG t abl y
usabl e as g;sendiaendycloivsievi-Cae B2 Re debtalged anhe-shkisanwaker has
sufficient EMDs” (bul k nicro defects) inside which act as gettering-sites,
and i s supéefertdnacd wbich He exPee %7 |in CRAJChas g ewdchi ghlf@- mode pass
rate. In addjt] S - S Lsl.i tal from
Lo o the S iadh DREAUSG.LAG it Le R, MBSE Blad N |“]%d%o§§?s Crsgueti vi ty
can be enhancediisiigmi;f egardiments of the present invention seek to

provide a production method for the above silicon wafer.



Fig. 1 is a cross-sectional view of a silicon crystal, schematically

showi ng the influence_of doping with nitrogen, carbon and hydrogen, and the
rapid cooling treatnment on the generation of crystal defects. Fig. 2 is a
drawi ng showi ng the relation between partial pressure of hydrogen and OSF
density. 8 Fig. 3 is a transnission%®lectron nicroscope photo, show ng an
oct ahedron-1i ke void aggregate, present in a usual silicon wafer. 5 Fig. 4
is a transm ssion_electron mcroscope photo, showi.ng a bubbbe-l i ke shaped
aggr egat e*df Wi 85 PregEntSi AR c6R vl BT0F Ot he PréséhitY i nvent i on.

Fig. 5 issa,diraw-pgrschenmat .b_«gaéﬂeyps_r@g%’agmmit@@@gei@fha@nb@@;LO
tahedron-1ike void and a bubbl e-Ii ke shaped aggregate of voids on oxide
filmfornbeiwhthat & gligopscaysenematirel erosstaecttbran/ vireiw-show ng an
exampl e of, 2 si.ngl goprystal.oull-un burpace used;hp, the pessent in- 15
vention. Fig. i's a drawm ng show ng relation between t pul I -up speed and
t he def ecthodegihanatosnettiion i(fodde nsilibbotr-rordestraks 2R gan8cé s a graph
showi ng i nvest i aéi ontfre ul.ts op r.eﬂl ation between iqé%r%gne di stribution of
voi ds and 0SS 8Yst19 COR1BFyst 411 TFaFGHy Wit iR ‘S HGEE pals rate.

Fig. 9 ispadirawnngeShawsagrretadrisan between the Vi region 25 and the V2
region, and VVGand Vin a silicon crystal. Explanation will be given bel ow
on best enbodi nents applying the present invention, with reference to

drawi ngs agcoppas .30 nied. .Lirshouldbe-npied Ahat the aforgsai d draw ngs
are schematic ones to assist understanding of the present inven- tion,
t her etr ecpsopietreonatidry isehat i oiedf 1di aphsicon cdndaual to or

higher than predetermined concentration into the silicon

crystal, the OSF does not disappear even by increasing hydro-

gen amount in silicon melt to any level.

15 till more, as well as the doping of nitrogen, carbon and hy-
drogen in pradefermined concentrations, “rapid cocling”
treatment is carried out and the silicon crystal is pulled-up
at a‘prédetermined temperature gradient (hereafter referred
te as “average temperature gradient in a crystal growth lon-—

20  gitudinal direction” or simply “G”), and at a predetermined
puli-up speed (hereafter referred to simply as “V7). It has
been found that, by this treatment, a silicon crystal having
still more excellent GOI characteristics of an oxide film,
and still better C-mode characteristics can be cobtained.

25 Here, explanation will be given on characteristics of “rapid
cooling” according to the present invention. Conventionally,
an operation of rapid cooling of the silicon crystal has been
carried out in view of enhancing productivity. However, in

.

conventional rapid ceooling treatment, 1t has been general to

30 increase both temperature gradient and pull-up speed. On the

other hand, the present inventors have found that “rapid

cocling” by limiting temperature gradlent in a very Rarrow



9 shape along with configuration are drawn wi th exaggeration. Therefore,
the aforesaid drawings are partially different frompractical ones. 5 The
silicon wafer of the present inventi onehi s characterized in being doped with
ni trogen, carbon and hydrogen, in havithg bulk mcro defects in a degree
required for gettering in a device process (hereafter referred to as "M
val ue"), amtkdenehavied) nemicds andli chirfredmispechd ipcdl Fyp stragedatgyr egat es.  Ex-

10 planation will b iven belowin detajl on ea f the characteristics.
Far s Seosint bl innarat: o bR ErH et SRsEedl P UaRaRar s cally
showi ng t hesidfdeuenee Ofsrdepiagehansiili coms amestval dd Seaiddaenitus ogen,
carbon and hydrogen, and subjecting the silicon crystal to the "rapid
cool i ng" thEtlieht sherast dgRgeptthepresent iiffedei BAL ot e G8ner ati on of

crystal de{lﬁé“f%nc@@n%ﬂ |- Up spesd, of,-ag8i]{igon crystal shown in Fig. 1is
hi gher at the nore upward position, when viewed in a |ongitudinal 20

direction. In addition, in Fig. 1, [A] represents the case w thout doping
of the single crystal with.nitrogen, carpon and hydtogen,. [3] case with
dopi ng of g%%orsdl.l Pcon t"cviﬂ%eyst%FEw‘?l T ter%ogg?l,proen ef/l)é f}&‘?e?%lec[n dagé‘g‘%th dopi ng
of the silieairenystiad siltikohydiogen croaty] WAk tdhectase dsiped dopi ng of
the 25 silicon crystal with nitrogrg? and with suybjecting the_silicon
crystal to"tHe PLEERPER ¢ FATERG" 209 RIREHED [ B 16 tedse® Wit 2dopY ng t he

silicon crystal; i t fnoidipgenand- hrdrages, eand Wt Brsabieethibngséhe silicon
crystal to the "rapid cooling" treatnent, and [F] the case with doping the

silicon cryStdle 30tal thuerr 6§evicl Enrcvsrcand? géhe HimPe®i B~ subj ecti ng

the silico al .to the "rapi | ings _tr n f to [F] of

Flo. 1 has i PP o i ng b R0 gt S 5 e HoP 2T ki oh are

formed by agyréggat eddvaeanmeyl of nm'dehbct Sccuphe OSFquagdgiconot aleoxi dat i on

i nduced stacking fault region), a Pv.region . a Pi region, and an | region
(a region %‘Trh %ﬁn?gd@%&%aﬁo?ﬁﬁﬁ Yy & ugf]ejr%orbfwaifﬁ?er%t‘f?‘t i*aP*8tl i con
Spoi nt defggtSis al Abid aaddditgnds [ Hl1dad Bkeb* Fdnd. wii gl fk@tpias

egual to or more than 80% of the total ares of the silicon

wafer; and a bulk micro defect density which is egqual to oxr

higher than 5x10%/cm®.

In addition, the second aspect of the present invention re-
lates to a method for producing the silicon single crystal
wafer, the method comprising pulling & silicon single crystal
in a pull-up furnace with a crystal pull-up speed and doping
the silicon single czrystal with nitrogen, carbon and hydro-
gen; controlling that a nitrogen concentration in the silicon
crystal is set to be 3x10"® to 3x10*® atoms/cm’; controlling
that a c¢arbon concentration in the silicon c¢rystal is set to
be 1x10%® to 9x10'% atoms/cm®; controlling that a partial pres-
gure of hydrogen in the cxrystal pull-up furnace is set to be
2 to 60 Pa; contreolling that a temperature gradient in a lon-
gitudinal direction of the silicon crystal within a tempera-
ture range of 1100 to 1200°C is set to be egual to or more

than 3.5°C/mm; controlling that the



a void shape, and also [D], [F] and [F] in Fig. 1 have characteristics of

havi ng speci al VI

region and V2 region at a part of the V region. Presence

or absence of each treatnment in [A] tQ7[F] is summari zed in the foll ow ng

Table 1. 10 "V1 region” in this descri

ption refers to a region having a

void density in a range of over 2x104/cn2 and bel ow | x102/ cn®2, and "V2
regi on" refersaopalleg epehdvinger ol dedemsilt yoi praleengeheh §x102 to

2xtoaron. 16 Table 1 (AL (8] 19, L LF N 11.0080.99P1 g0 Yes o Yes

value; and cutting a silicon wafer from the silicon single
crystal, wherein the silicon wafer comprises a V1 regicn hav-
ing a void density of over 2x10%/cm’ and below 1x10°/cm’® which
occuples 20% of totél area of said silicon wafer if the sin-
gle crystal was pulled with the upper limit value of the
crystal pull-up speed, and comprises a V2 region having a
void density of 5x10% to 2x10*/cm® which cccupies 80% of the
total area of said sgilicon wafer if the single crystal was
pulled with the lower limit value of the crystal pull-up

speed.

According to embodiments of the present invention, a silicon
wafer {a mirror wafer) with high guality suitably usable as a
gemiconductor device, can be obtained. The silicon wafer has
sufficient BMDs (bulk micro defects) inside which act as get-
tering-gites, and is superior in GCI of the oxide film, and
has good high C-mode pass rate. In addition, because the
pull-up speed of the silicon crystal from which the silicon
wafer is cut can be increased still more, productivity can be

enhanced significantly.

Fig. 1 is a cross-sectional view of a silicon crystal, sche-
matically showing the influence of doping with nitrogen, car-
bon and hydrogen, and the rapid cooling treatment on the

genaration of ¢rystal defects.

Fig. 2 is a drawing showing the relation between partial

pressure of hydrogen and OSF density.



YesYes Hydrogen doping No No Yes No YesYes i i Carbon dopingl No No No No
NoYes Rapid cooling treatnment No No

Fig. 3 is a transmission eleciron microscepe phote, showing
an octahedron-like void aggregate, present in a usual zilicon

wafer.

5 Fig. 4 is a transmission electron microscope photo, showing a
bubble-like shaped aggregate of veoids present in a silicon

wafer ¢f the present invention.

Fig. 5 is a drawing schematically showing influence of an o¢-
10  tahedron-like void and a bubble-like shaped agygregate of

voids on oxide film formation.

Fig. & 1s a schematic cross-sectional view showlng an example
cf a single crystal pull-up furnace used in the present in-

15  wvention.

Fig. 7 is a drawing showing relation between the pull-up

speed and the defect reglon formation in the silicon crystal.

20 Fig. & is a graph showing investigation results on relation
between in~plane distribution of voids and 0SF in a silicon

crystal, zlong with high CT-mode pass rate.

Fig. 9% is & drawing showing relation between the V1 region

25 and the V2 region, and V/G and V in a silicon crystal.

Explanation will be given below on best embodiments applying

the present invention, with reference to drawings accompa-
30 nied. It should be ncted that the aforessild drawings are

schematic ones to assist understanding of the pressnt inven-

tion, therefore proportionality relation of dimension and



No Yes YesYes 1 ;Rénark [ flatflat VVG'V/G First, it has been found
that the shape of a void present in 20 the V region of a conventional
silicon crystal is, as shown in Fig. 3, an octahedron having a {111}

plane(in Fig. 1, it is represented by a square synbol). In a silicon
crystal

shape along with configuration are drawn with exaggeration.
Therefore, the aforesaid drawings are partially different

from practical ones.

5 The silicon wafer of the present invention is characterized
in being doped with nitrogen, carbon and hydrogen, in having
bulk micro defects in a2 degree reguired for gettering in a
device process (hersafter referred to as “BMD value”}, and in
having voids which form specifically shaped aggregates. Ex-

10 planation will be given below in detail on each of the char-

acteristics.

Fig. 1 is a crogs-sectional view of a silicon crystal, sche-
matically showing the influence of doping the silicon crystal
15  with nitrogen, carbon and hydrogen, and subjecting the sili-
con crystal to the “rapid cooling” treatment according to the
present invention on the generation of crystal defects. The
pull-up speed of a silicon crystal shown in Fig. 1 is higher
at the more upward position, when viewed in a longitudinal
20 direction. In addition, in Fig. 1, [A] represents the case
without doping of the single crystal with nitrogen, carbon
and hydrogen, [B] the case with doping of the silicon crystal
with nitrogen, conly, [C] the case with doping of the silicon
crystal with hydrogen, only, D] the case with doping of the
25 silicon crystal with nitrogen and with subjecting the silicon
crystal to the “rapid cooling” treatment, [E] the case with
‘doping the silicon crystal with nitrogen and hydrogen, and
with subjecting the silicon crystal to the “rapid cocling”
treatment, and [F] the ¢ase with doping the silicon crystal
30 with nitrogen, carbon and hydrogen, and with subjecting the
silicen crystal the “rapid cocling” treatment. Any of [A]

to
to [F] of Fig. 1 has a V region having voids (a regilon with



with a crystal size of equal to or larger than 200 mm produced by the
Czochral ski nethod, the size of the octahedron 25 void is about 100 to 300
nm Such an octahedron-like void 11 may largely give influence on decrease
in device performance, in particular, GOT characteristics of the oxide On
the other hand, in the silicon wafer according to the pre- 5 sent invention
bubbl e-1i ke shaped aggregates of voids are present, each aggregate is
conposed by a plurality of voids, whet®in the nunber of voids conposing
bubbl e-|i ke shaped aggregates of voids is equal to or nore than 50% of the
total void nunber (refer to (E) and (F) of Fig.. Here, the 10 above "t ot al
voi d number"@T¥ PP ESe sl HFentiBd ¥ YRGS 2ENtEARTY i97 BheBubbl e- 1 i ke
shaped aggregates o6f o¢ei dsyiand ihexnugbam ahaveids-petirgortained therein.
The present inventors performed intensive studies and ob- 15 served silicon
si ngl e crysteatohaf e YW EH-%&rt # afis S 8Pon 28FedR rod oAt ¢t 0$c 6pE-TEM
JEM 2010, npnyf agturedebys Heheqs ldc) ushsenyatiQndifaot isoniygs a 110
direction, and diffraction condition was set to two-wave condition, where
220 ref Pectidnti defsedist edld! By st trAgi P Swat ERhgiamurEL82F r'dm 20 Bragg
condi tion to.heyl arger thanil.oipithgraboue-mentiangd bubhle-like shaped
aggregates of voids were discovered, and it has been found that such a
bubbl e- | i keeskapedi swgglepeiiey aPev/GildEl siagiioni eahtPyreqitanéé 2 he hi gh
C nmode pasggarx%t 8r % ¢OmpA&d, sl conventiqpal et ahedranstike shaped
voids. 25 Fig. 4 is a transm ssion electron m croscope photo, show ng a
bubbl e- | i keirshapeth dgdr égatueratizasi ds Wi dvlisvire§ente iln a silicon single
crystaliowaf er according to the present invention. The shape of the
aggregat e q%ﬂsgggqgéJ1inlgﬁlgldgggkfition refers to a region having a

vold density in a range of over 2x10'/cm® and below 1x10%/cm’,

and “V2 resgion” refers o a reglon having a veld density in a

range of 5x10% to 2x10%/cm®.

15

Table 1
[A] (8) | (¢} | (1 | [E] _ [F]
Nitrogen doping No Yes No Yes Yes Yes
Hydrogen doping No No Yes No Yes Yes
Carbon doping No No No Mo No Yes
iii;im:izllng Ne No No Yes Yes - Yes
Remark fiat flat
V/G “V/G

First, it has been found that the shape of a vold present in
20 the V region of a conventional siliceon crystal is, as shown
in Fig. 3, an octahedron having & {111} plane(in Fig. 1, it
ig represented by a sguare symbel). In a silicon crystal
with a crystal size of egual to ¢r larger than 200 mm, pro-
duced by the Czochralski methed, the size of the cctahedron

25 void is about 100 to 300 nm. Such an octahedron-like void



30 Iike a bubble. The aggregate is fornmed , when a plurality of voids not
havi ng the {111} plane, and not being a regular octahedron |like the void
shown in Fig. 3, are assenbled. 12 Therefore, the aggregates of voids

whi ch are observed pecu- liar in the silicon single crystal wafer according
to the present invention, are called "bubble-like shaped aggregates of
voids". In the case of the silicon wafer taking such a 5 void
configuration, as will be described |dter, such an effect is exerted that
the voids have |little adverse influence on a device. Still nore, a

bubbl e- |'k%a§h§£’v§3d=}.gggi@Q@E@l@énc\éobgsa&freégg f @sente igdveptdHrecan be said
a being a consi derabl harni ess” void. 10_A possibl e nechanismfor the

bubbl e- I|kéﬂshaﬁéwuég@reéﬁtéh%¥KVSFH%tMFtﬁst@ﬁﬁoﬁoﬁ%agémcharacter|stlcs of
the oxide filmis speculated as follows. Fig. 5 represent schematic

cross-sectional views showi ng states where oxide film410 are 15 fornmed on
voi ds exposedtiat athersidnbonnwHier 4190 HRf 8k e CORREEY Fo( AYe S¥6Ws t he case

of the gctahedron, v 1gn%&ﬂx§@dlfﬁgsggﬂﬂﬁ the. &ases0fs theqbubhl e-1i ke shaped

aggregate 42 of voi In the case of" the ocCctahedron void 41, the void 41
i S never carpketiel y‘%a@bv@?mgbye tifve coRp e Sf PY ng Ppﬁléﬁ%ﬁyn@fa"%ltdéte 20 of

|nC0np|eteyJ%EQ?ﬁ'g% gﬁmﬁ - Othgﬁmfb$%?051ﬁgSW§ﬂﬁﬁ@ 9ﬁ&p%hg%édnag i's

easily deteriorate in"the case where the bubble-Iike
shaped aggn&gaeeﬁﬂzfoﬁovbid§ ﬁQW%xﬁes@@H@Fethﬁﬂséﬁ%a@éthﬁtt¢§ﬁconpletely

covered by th cause si of- each voi d; 43 copstituting the
bubbl e- 25‘%?‘ %%%pe %ﬁ%ﬁegaﬁg %Ealggsna ﬁgAsva ré%ult G of the oxide

f|Inl|§Dd|ﬁﬁm@alTtdﬂalbeodét@mb@féﬂ@d¥eﬁﬂnﬁheh@ﬂhgﬁehaﬁﬂVoadeK@ -44 of a

silicon crystal do [ ~onl [ oW a | ate-1i ke
or a bar-1iKe"g Ip%%ﬁm% %%9%%?ﬂ?26%%Ff§i§%%%e ﬁ“%héF%gggpof such a
void, a 301ummdr|$fnﬁmés‘ﬂﬁﬂpb&h@M@dcdveméd-by the oxide filmas shown in
(O, and thus withstand voltage characteristics thereof is easily
decreased, simlarly as shown in (A).

The present inventors performed intensive studies and ob-

15  served silicon single crystal wafers with a transmission
electron microscope (TEM, JEM-2010, manufactured by JECL,
Ltd.) . Observation'directian was a 110 direction, and dif-
fraction condition was set to two-wave condition, where 220
reflection is excited. By setting mismatching amount 3 from

20 ragg condition to be larger than 1 g, the above-mentioned
bubble-like shaped aggregates of volds were discovered, and
it has been found that such a bubble-like shaped aggregates
of voids significantly enhance the high C-mode pass rate, as
compared with conventional occtahedron~like shaped voids.

25 '

Fig. 4 is 2 transmission electron microscope photo, showing a
bubble-like shaped aggregate of veoilds which is present in a
silicon single crystal wafer according to the present inven-
tion. The shape cf the aggregate as shown in Fig. 4 looks

30 like a bubble. The aggregate is formed , when & plurality of
lvoids not having the {111} plane, and not being a regular oc-

tahedreon like the void shown in Fig. 3, are assembled.



13 In the case where voids formthe bubbl e-1ike shaped aggregate of voids,
the size of each void constituting the bubble-like shaped aggregate of
voids being small, and its form being al nost a sphere, the decrease in

wi t hstand vol tage characteris- 5tics of the oxide filmis made difficult.

It should be noted that 'formof alnbst a sphere” in the present
description neans a shape having ratio A/E (aspect ratio) which is equal to
or smaller than 2, wherein A is maxin® dianeter and B is dianeter in a

per pendi cular direction to a direction where A 10 is obtained, in

nmeasur ementrQf-. £, Stze Ny -ebseryvipg, dihe Mﬁi&farr@”b@sé%‘i‘ﬁeh%éb@bser vation
surface. In the case where the aspect ratio is over 2, as shown in Fig.

5(0), the Vdird im theverlicerpFetdicy cEoVeéred2 by~ t36€°8%1 e “Pi F#R therefore

wi thstand vol.tage icharacherksticsils eashhy-degs %%gxh ab3rdhig .50 ze of a
voi d constituting the bubble-Tike shaped aggregate of voids of the present

i nvention i peeferably Wguakst elothgmellhepnt ¥ r502 Mie aReF: rfore preferably
equal tgq ogmﬁga£&ggggpgnv$p ?gywﬁﬁebpqﬁngglggdwp%g§ constitutdng the 20

aggregate i s not especia Imted, however, it is preferably equal to or
nmore than Stectoie gyecfed amay b?@ﬁjazplﬁ@ tewenbi et khadvatee andletidel nore

pref erably 30,10.100. Tha MOLG:S! 28, WA, khe.phoue.Janges. sid || more

enhances the effect that the aggregates are foun harm ess”. In
particul ar,vdids 25f tthe pasenwherent:hen matbee ofid hebvmqj acomstitut i ng t he
aggregate ig _equal qthan 5, identification of the aggregate wth
TEM (to be Jé |6é%%%§%e?$%§ay becone easy. That is, in all of the cases
wher e mﬁnlcroscope is used in observation on the voids in the pr esent
descrlptloqi the bove TEM 30, shaII Q&o used,  al t! gggh %SJJIﬁltatIOH
on resol uti‘on’® dﬂqtlon e nu &r “of - voi ds co stltu ng

bubbl e- I|kemahap@dﬁaggﬁegaﬂeSgaﬁﬂwmhd&musteqmah.mmeOQKHErélhham 50% of the

t ot al nunbg%ﬁpg%gg%ggé %ﬁ esent |q?éhe S|L&gggn§|ng@magry§§ggsmafer (voids
with any kitd" h Phcludi ng oct B

sectional views show;ng states where oxide film 410 are
15 formed on voids exposad at the silicon wafer 411 surfaces.
First, (A) shows the case of the octahedron veoid 41, and (B)
shows the case of the bubble~like shaped aggregate 42 of
voids, In the case of the octahedron void 41, the void 41 is
never completely covered by the oxide film, providing a state
20 of incemplete formation of the oxide film. In such an oxide
film, GOI is easily deteriorated. On the other hand, in the
case where the bubble-like shaped aggregate 42 of voids is
exposed at the surface, it is completely covered by the oxide
film, because size of each void 43 constituting the bubkle~-
25  like shaped aguregate 42 is small. As a result, GOI of the
oxide film is difficult to be deteriorated. On the other
hand, a void 44 of a silicon crystal doped with nitrogen,
only, is known to have a plate-like or a bar-like shape 44
{refer to JP-A-2001-151588). In the case of such a void, &
30  woid is never completely covered by the oxide film as shown
in {C), and thus withstand voltage characteristics thereof is

eagily decreased, similarly as shown In (A}.



hedron-1|i ke shape); the nunber of such voids is preferable equal to or nore
than 70% and still nore preferable equal to or nore than 90% The presence
wi thin the above preferred ranges still nore enhances the effect that the
aggregates are found to be "harm ess”. 10 Next, description will be given
on the relation between the ratio of voids constituting bubble-Iike shaped
aggregates of voids to the total nunber of voids and the w thstand voltage,
characteristics of the oxide film AstdHescribed above, bub- 15 ble-Ilike
shaped aggregates of voids neke it difficult to |ower the withstand voltage
charact eri st ¢gc Of2hgnod deshii | M. nThes efetee-Diid REESASIAGrihasatio of
the voids constituting bubble-like shaped aggregates of voids (voids which
are "harm exfsvoldt Whehstanafveriage! erarasteri 514 ¢6=of e~ 20%xi de film
to the total, nupber of . voids, the withsiand volt age ebaractggistics of the
oxide filmcan be inproved. By setting the ratio of voids constituting
bubbl e- | i kenshapetbhayggr egt €§cofasfoildsvwitdsthad t vridlReauriercotr oi ds at

equal tg orhigher than: 0% khe. Ri.gh & mde;pass,rabe, of sbhe. Ml re- 25

gi on hagsi ngtlt e void densi ty of over 2x104/cn8 an bel%w I>_<1005/crr8, becones
20 to 40% ‘Ewd therhighel@Garsde passelate oF phesoyr cegiomthavi ng the void
density fr 10 2x104/ coB. hecoge Q.40,.100% In.the ¢ where the
bubbl e- I i kce%saﬁlgpeﬁhggarégat e ggt voi 33 i%;aész)agseﬁtjl t{hg Vi regi gn and V2

regi on 30 bwot bzprmiilde ahdn gh Comde passmpatwabfdiz@eter 40% 2 456 |In the
present descr.ipti e .region. risipg, voids. ated by the
fol |l ow ng n%ltcﬁn%g%glqﬁ- %I gen%%g%égg%ut%ﬁg%’%f&v%?d% %Qﬁgf'ﬁl\é@iiwﬁ?%)% waf er was
measur eth byiusbngiran, L5TDescanmers MD- 6)e simaubacteediby tRaytext Co., which
s a corn- 5 gerclal defect, eval uation, appargtus, This, M6 L radiates
visible |ignht N §sEr Front a brewster s angl e, and défect’s a scattered I mage
of p-pol arizedcki ghticass awef ectad mhgen wi tiga Taner aharvedged in a
vertical direetion., Because Lhe,!aser Panelrates qaly.domn te,5 pmfrom the

stand voltage characteristics is easily decreased.

15
The size of a void constituting the bubble-like shaped aggre-
gate cf veoids of the present Invention is preferably equal to
or smaller than 50 nm, and more preferably egual to or
smaller than 30 nm. The number of +woids constituting the

20  aggregate is not especlally limited, however, it is prefera-
bly equal to or more than 5, mere preferably equal to or more
than 10, and still more preferably 20 te 100, The void size
within the above ranges still more enhances the effect that
the aggregates ars found to be “harmless”. 1In particular, in

25  the case where the number of the void constituting the aggre-
gate is equal to or more than 5, identification of the aggre-
gate with TBM (to be described later) may become easy. That
is, in all of the cases whare a microscope i1s used in obsesr-
vation on the voids in the present description, the above TEM

30 shall be used, although there is limitation on resclution.



10 defect present at a depth of down to 5 pmfromthe substrate surface can
be nmeasured. By adjustnent of detection sensitiv- ity voids with a size of
equal to or larger than 50 nm as converted to a sphere, were neasured. The
vol unme density of the voids was calculated fromthe area density of the
voi ds neasured, and the penetration depth of 5 um In addition, a region
havi ng the void density of over 2x104/cn2 and bel ow | x105/cn8, was defi ned
as the VI region, and a region havingi4 he void density of 5x102 to
2x104/cnB, was defined as the V2 region. 20 In addition, a bubble-like
shaped aggregat®: «Qf,Voids wWassddent bEied bystheafiaklowg-method. About ten
voi ds anong those observed by using MO-6 were subjected to investigation of
the shape théepedfadoyeumiargcd ToalfsnPssion &P eet monsntiero-025%8%cope (TEM. An
aggregate couposed ofa plyralidy Qob-y0i ds (id mas.confimed.that equal to
or nore than 40 voids were present in the aggregate of voids shown in the
phot o of Fitgl 43fayagveedd wédhazna dnBbtethekenaifaped-aggiggat@-of voi ds.
Ratio of the,aggragat e yas determped {7 qu.an,obseryation fer. 30 sult with
TEM 16 A'silicon wa%’egri@&zécér‘di ng to the pr esent Tn\alger?ti on has, in
addi tion t earhe abovervioi dheonfigurati onllt nory egedasafivlereyi ¢v and V2
region) . Navipg. wald fdenst iyl N A.predgatm fad J£apge, MaLeh, 1S
significantly smaltl er an tlh%t&lenet Ee re- gi on. T%(eaprreegl ons (V1 and V2
regions) comppésisyglvoras ehhpredeteeniifedtstze ahd predecermared density
function asio%ggséaa%gl alllelfééalré %,-,plef ect regions and regions which secure
sufficient gettering-sites. 10 Explanation will be given in detail also
| ater df these V1 and V2 regions. However, it has been confirnmed by the
present inyentors that, in order to formthe V1 and V2 redions
pr edet er m \r/%\%&“hi ?ersc%éﬁthoonpiwﬁ"é"gg%encgéﬁfﬂrla(frf %Ee lbealea étmérbrﬁtﬁﬁe‘%nhyder ogen parti al
pressure, and:ipretietedm sredtcootimgbrpbe-aree LS apeddadorepatHowever, as
shown in Fig. 2, un%es§ a.certain degree of .carbon concentration is present
i nsi de the %’Fp?cib% HOPy S H, nﬁ%?‘dé)%eg?%qsdg“ﬁoghediwé"ééﬁ%%dﬁg@g%“gbey changi ng
amount of hyderegesripatts alf pressurde (ref.er rengedipk ofovki goutlk, the OSF
regi on does .not . v downwar gékwand the Vi and V2 regions 20 substantially
functi oni ng &5 A" hon2BEt e ACYFEET o, Car B NS UFEF gy S EEE

iower the withstand voltage characteristics of the oxide

film. .Therefore, by increasing the ratio of the voids con-

stituting bubble—~like shaped aggregates of voids (veids which

are “harmless” for withstand voltage characteristics of the

20 oxide fiim) to the total number of voids, the withstand volt~

age characteristics of the oxide film can be improved. By

setting the ratio of volds constituting bubbkle-lilke shaped

aggregates of voids to the total number of voids at egqual to

or higher than 50%, the high C-mode pass rate of the V1 re-

25 gion having the void density of over 2x10*/cm® and below

1x10%/cm®, becomes 20 to 40%, and the high C-mode pass rate of

the V2 region having the void density from 5x10% to 2x10%/cwm’

becomes 70 to 100%. In the case where the bubble-like shaped

aggregate of volids is absent, the V1 reglon and VZ region

30 both provide a high C-mode pass rate of 20 to 40%.



The present inventors have perfornmed OSF eval uation by the foll ow ng nmethod
on wafers obtai ned under various hydrogen 25 partial pressure and carbon
concentration. Firstly, the substrate was treated at 1100C for 1 hour under
at nosphere of steam containing oxygen. After that, the oxide filmwas re-
noved with hydrofluoric acid, and then the substrate was etched by 1.5 um
with Iight etchant, and ellipse-shaped, 30 hal f-noon-shaped or rod-shaped
OSF pits generated at the surface wer® observed with an optical mcroscope.
An OSF area density [pieces/on:2] was determined as POSF pit num 17

ber/ obser vati 0Re af:2aLn DY NE# NG: , OSFaddetNusdiern thmgr fdiakdvafisvi ew of a
diameter of 2.5 nm with an optical mcroscope. By investigating the OSF
area densi t\pSaPbigieacai At 8r T FEE It TORCEf  tHePnarerdi RS ECgest OSF

area densi ty: 39pAg jhhem A 1vasy dalRLNNede 2Asr Eo?s!gléing as sfown in Fig. 2,
in the wafer doped with | x10mto 9x10mat ons/cnB8 of carbon, the OSF

di sappear edaifien” WHrbyemapaft¢airepr B8 firéebecane"Bgttalist 6 ™1 ower than 60

Pa. On ghe gther; hand..idy:t0e: vaf ek 0oL Jnt entionalky: depedid th carbon and
havi ng a carbon concentration 10 of bel ow | al G35at ons/ cn8, the OSF never

di sappear edigvkbhe Wwieht hiadicsgéncpdr Prars Hressute wasdneaigeds 4t shoul d be

noted that jn.the. £358,0f.4 hebubhlesl i ke shapedicrece AGGLEORLES of voi ds,
each voi d conposing thée aggregate is 15 nmeasured as one void. As is shown

in [F] of R gamgratdygaikled égi onvaridcehed V2l eyl on Bareupr é5enta356t wveen the V
regi On. and ;; r?l%t; =d %gli?r}low-ll;h ovél‘ ptneglrgp t@x@dsﬁ‘:ﬁ'@:r\ﬁe@&‘ﬁ%P%{t icular, t he
V2 region), ehay- Oing signiticantly lower void density, as conpared with
t he V ri€gi aixfehere-dasgetdensi tiypis cdvdewt P05/ e roar ehe ondistiered a f act or

for providing.a_.silicon si crystal wafer baving.significant]ly excellent
wi t hst and Vo t%é% ¢ nafggcxféear@i%%tgﬁbs@%? ét% 6)??15e 'fici@m “and ssiegﬁ??l cantly high
0- node chariant epist ivcsp 25ias weldaas the:f astor tthat thempajority of voids

uhich are prgseiled ot DoMRLe) SOPse, pHRR! £l 1Ke hapsd agareaates of

the voids was calculated from the area density of the volds

15  measured, and the penetration depth of 5 pum., In addition, a
region having the void density of over 2x16%/ci® and below
1x10°%/cw®, was defined as the V1 region, and a region having
the void density of 5x107? to 2x10%/cm®, was defined as the V2
region.

20
In addition, a bubble-like shaped aggregate of wvoids was
identified by the following method. Abkout ten volds ameng
those cobserved by using MO-6 were subjected to investigation
of the shape thereof by using a transmission electron micro-

25 scope (TEM). BAn aggregate compesed of a plurality of volds
fit was confirmed that egual to or more than 40 voids ware
present in the aggregate of volds shown in the photo of Fig.
43 was defined as a bubble-iike shaped aggregate of voids.
Ratic of the aggregate was determined from an observation re-

30 sult with TEM.



In the case where a silicon wafer does not substantially con- 30tamn
hydrogen ([A], [B] and [D] of Fig. 1), in addition to the above nenti oned
void configuration, it beconmes difficult to obtain high C node
characteristics in a degree suitably 18 applicable to the sem conduct or
devi ce, even when the void density can be nmade equal to or |ower than
2x104/cnB. Still nore, even in the case where hydrogen is contained ([C
and [E] of Fig. 1), the void density i& high and nany voids re- 5 main in
the silicon wafer which cause a decrease in yield of a finely integrated

circuits. GQngthe. ot hgk-pandorkind he sid icegemafer-accor disng 1:0 the present
i nvention, by doping of hydrogen, carbon in addition to 10 nitrogen, and by

carryi ng oWddgRecralievELmERPIONEE? FApT tFUEE6F Pihvg ¥ Pr B3 1P8At [Vt Hévoi ds

mai nly comase 299rg0aLes,9f a-hubbleskidesshape, or gtdercet-hanoles with a
oct ahedron-11i ke shape, and still nore the void density can be nade

si gni fi cantdapokevwerichsieorivehfiowalyysnginefhebaasésihier ¢ ehd %foi d 15
densityxis al : 1than+2x10 ( s ot Q- Ofilc@WeE than the
upper 1ini ﬁ%&l‘u@%f%hﬁ%%eﬁﬁ% , HLE, tg%ﬂjlt% ihe above mentioned
voi d confi guredetermirad adhrepse pusfdegente@cendene Woxi 8erd54%H S low. As a

result, the.slibeon single Leyst alotaler. ol Lhg.prgaent ddayention provides

excel | ent 20w thstan ol tage characteristics of an oxide film and

si gni fi cantduffheginCorpterichasaittseri stics. That is, in the case of adding
carbon ([F] of Fig. 1), the boundary at the |ower side of the V1 region
sifts in an upward direction, and the boundary at the upper side of the V2
regi on §i f t®xpilanatdowsil 2Sengi vediimedtioin, 2aso clorfpar ed Wietth Yhe case of not

addi ng car ban, of _Fi 1), As .a.result, . dt the V2 .region is
br oadened, %ﬁH%%Féﬁﬂ‘fﬁb émﬁggg’ﬁgigagf&%%thgfgﬁ%? E¥gr§?gfﬁaht7096can be
attai ned noreree@astt yrhoverit hedwholce fwaherhe % sohpdr edowwtsh b case of not

adding carb n. ing$e, ther 30 han%bng&%%a%@0£heg%%gg %@SJ garbon is
added, if ﬁ%%eéﬁﬁﬁﬁ I%%I%?ﬁ? geH dSPiInRg 1S 00’ high, the 6§F ?eglon wi dens
and t he drogen partial pressure, and predetermined cooling rate are
15  mandatory. However, as shown in Fig. 2, unless a certain de~
gree of carbon concentration is present inside the silicon
crystal, OSF defects do not disappear even by changing amount
of hydrogen partizl pressure (referring to [F] of Fig. 1, the
OST region does not move downward), and the VI and V2 regions
20 substantially functioning as a non-defect region, are nct

formed.

The present inventors have performed OSF evaluation by the
folliowing method on wafers obtained under variocus hydrogen

25 partial pressure and carbon concentration. Firstly, the sub-
strate was treated at 1100°C for 1 hour under atmosphere of
steam-containing cxygen. After that, the oxide film was re-
moved with hydrofluoric acid, and then the substrate was
etched by 1.5 um with light etchant, and ellipse-shaped,

30 half-moon-shaped or rod-shaped OSF pits gensrated at the sur-
face were observed with an optical microscepe. An O3F area

density [pieces/cm’] was determined as [OSPF pit num-



19 V2 region disappears, and it is difficult to attain a high node pass
rate of equal to or higher than 70% In addition, if the void density is
equal to or higher than 5 5x102/cnB8 (equal to or higher than the | ower
limt value of the V2 region), and if the voids have the above nentioned
configuration, nost parts of the region do not overlap with the OSF region
which is present in a region having the void density bel ow 5x102/cre.
Therefore, high Cnode pass rate, in 10 a degree suitably applicable to the
sem conductor device relevant to the present invention, can be obtained. It

shoul d be noted. that..a.fegion between.fl -2 in. (Fhof Fi g sl.represents a
silicon wafer accordi ng to the present 1nvention. It is understood that,
when (F) ofcefFivgew lod ¢ obzerteaedet 125 Somhy wtdmah| ogydreel gfidseshornds, in the
silicon wafer, includes the .region, T egi.on; ..havi.ng: a voi d density
of over le%S/l(I:“r’r%?t‘l‘?ﬁsﬁ?%e&ﬁ% i -er%gdgerﬁ)salg? }%gt;rgggof 86%9 \ét]jt :f)resence of
such a regiwonpn nf 2thecawadéer theverrdestso®l larapotmtsitmaynarakeheifficult to

produce a wafer. havi.ng .t he hi_gh 0-.nmode_pass, rate..of equal _higher than
70% ovdh {HE GROFE VAFer MOR EHO Ot her REdd. “bedalse the U3 hgion having
a voi d densidry dop=@x1@4 tolBX 102t cnBhasothericghcGmdetpassirate of 70 to

100% it be;, 25 cones possible to produce a wafer_ having a.hi C node pass
rate of equ%llsaPB“%?ecﬁi“gﬁlér %ﬁ%gﬁe%d%;r%éelie:rp'teﬁguﬁ%oaeé’a%f%%%lblf/ggoeﬁti ng all

of the waf ercwsur tage dcorbe tthecM2 gtegiromendlhenMVine egieon rposibioned bet ween
the V region ang th Vé regi on_has a gi h .G node QRass rate. of 20 to 40%
but, as | ong A& thi¥PE6 Yegi GATTE prFBSelt ™ 3 ¥4 0 of equalf 1% or | ower
t han 209 r el Aatdevewt D todt atonaryen®, ofnt hesmatesr dilsabpeanssepessitehe for

nydrogen partial pressure was changed.

It should be noted that in the case of the bubble-like shaped
aggregates of voids, each void composing the aggregate ls

15 measured as one void.

As is shown in [F] of Fig. 1, the V1 region and the V2 region
are present between the V region and the OSF region. The V1
region and the V2 region {(in particular, the V2 region), hav-
20  ing significantly lower void density, as compared with the V
region where the density is over 1x10%/cm’®, are considered a
factor for providing a silicon single crystal wafer having
significantly excellent withstand voltage characteristics of
an oxide film, and significantly high C-mode characteristics,
25 as well as the factor that the maijority of volds which are
present in the wafer compose bubble-like shaped aggregates of

volids.

In the case where a silicon wafer does not substantially con-
30 tain hydrogen ({a], [B) and [D] of Fig. 1), in addition to
the above mentioned void configuration, it becomes difficult

to obtain high C-mode characteristics in a degree suitably



20 attaining the high Cnode pass rate of equal to or higher than 70% over
the whole wafer. In view of productivity, it is preferable that the void
den- 5 sity is as small as possible in view of suppression of generation of
growin defects, but, becones equal to or higher than 5x102/cm and that
the lower limt value of V/Gis specified at 0.7. 10 The V2 region
specified in this way occupies equal to or nore than 80% of the total area
of the silicon wafer according to thetSresent invention. In such a case,

wi t hstand vol tage characteristics of the oxide film beconmes extrenely good,

as well as the high C-rmde pass rate which can jal..to,or, 15 hi gher
t han 70% Iaﬁpthceabgﬁsgo\r;ﬁ“&5”??1%051??1%0%-&%%3881);5‘%%‘g%g‘l i“gge‘aolc}éﬁ to or higher
than 70% sueb;@y Sizhi somatefl esucancber usedrstifdn ¢kedt/ky’.i nsaidevi ce such as

DRAM or the like requiring not so severe wthstand vol characteristics
of the oxi d&*Fi |HiSTas culparad Wth ‘“aycgrloggﬁ ﬁ%r?ﬁrngéll?er?{ ggg? -*%0 tion, the
V2 region preferablsy occupleesopyuahs1or ds noge dnklanaB0%piandoayor e
preferably occupies 95 to 100% of the total area of the si]l] cQn wafer. On
the other F&Rd, % ﬁélevil"rje?@inoi‘ia%@i FEYT DI AT "ﬁg‘{etchsa%%i d %Se*déer?si ty of over
2x104/ cnB and;bhel pwnkxdO5/enB) rocedpi es equal to or |ess than 20% of the
total area of the silicon wafer. In such a case, wthstand voltage
characteristics of the oxide filmbecones still further good, as well as

the high Cgmode Rass rat€ surely shbecosesagqualcdopdong hicghes dan 70% 30
21 higher than 5x103/cnB, preferably equal to or higher. than 5tx109/cn8 and
more pref ersgblelBHIAE R0 B SRP YLt RA %R TOOFTIBT T EHoUt Y b€ noted t hat

the aboye ENQrgﬁﬁﬁj%Md09§n§ﬁ@kYn§n%%@5the above mentiocned “rapid

cooling” treatment, the voids mainly compcse aggregates of a
bubble~like shape, rather than holes with a octahedron~like
shape, and still more the void density can be made signifi-
cantly lower as conventionally. In the case where the void

15 density is egual to or lower Than 2x10%/cm® (equal to or lower
than the upper limit value of the V2 region), in addition to
the above mentionsd void configuration, an adverse influence
on the oxide film is low. As a result, the silicen single
crystal wafer of the present invention provides excellent

20 withstand voltage characteristics of an oxide film, and éig—
nificantly high ¢-mode characteristics. That i3, in the case
cf adding carbon {[F] of Fig. 1), the bcoundary at the lower
side of the V1 region sifts in an upward direction, and the
boundary at the upper side of the V2 reglon sifts in a down-

25  ward direction, as compared with the case of not.adding car-
bon ([E] of Fig. 1}. As a result, the width of the V2 region
is broadened, and high C-mode pass rate of equal to cr higher
than 70% can be attained more =asily over the whole wafer, as
compared with the case of not adding carbon. On the other

30 nand, even in the case where carbon is added, 1f the amount

of hydrogen doping is too high, the 0SF region widens and the



BMD density after heat treatnent, and the above END density within such a
range can provide sufficient gettering capability. 10 The END density in
the present description is nmeasured as follows. First, heat treatnent for
oxygen precipitation (hereafter referred to also as "precipitation heat
treatnment') is carried out to the silicon wafer at 780 CC for 3 hours,
subsequently at 1000 C for 16 hours. Then, the sill 15 con wafer is cleaved
and subjected to a neasurenent of thel% n-plane BVD of the silicon wafer,
with a END anal yzer MO 4, manufactured by Raytex Co. In-plane positions of
measurenment _points were set fromthe center to the , _in..a 10 mm pitch.
In this way? VEIGE 6t HHRE2ERD density idsl*él%%%lrtmtﬁeasg%% Thgl{%hl £ ogenp
concentr at in@he Ofasad Shté oM ewaf Brecacearidinag tio=rt WE%present invention is
3x1013 to 3x1015atons/cnB, and the preferable nitrogen concentration is
2x1014 atons/cnB to 2x10 atons/cnB. 25 In the case where the rel evant

ni trogen cancemyathon:f sreadeid ache: vgual efeOrechbgherhtharma3x1013

atoms/ cnB, the END density can_be equal to or higgﬁr .1 han 5x106at ons/ cnB,
and wheR t RE1POVBr (SCHREE GF SThBIHI%T 6GEh EEnc8HET dti*oh \{ag-ugqa | to or 30

hi gher thann2xiDL4 atonp/6a8irthe ENDidenskt ynecanobe madeoted be equal to or
hi gher than | x103atons/cnB.. In addition, when the rel evant njtrogen

concent r at iGRTFEHEGHAR - 958 PROVRPTt Hah T*F2°3x A0 That %‘ﬁ?ﬁ@ﬁﬂ‘f“ﬁ’ecause t here

is little owerbap Qfithe 8F [egi-@B=and ot BerV2i dreghBihyg ithei Sojppssi bl e to
attain high C node pass_rate af e%ual to or higher than 80%in nost region
in the resuyleranty SELPEot Waf @ - 1TPeSROTIY Benot W Fhatst Herer 10

10 a degree suitably applicable to the semiconductor device
relevant to the present invention, can be obtained. It
should be noted that 2 region between f£1-£f2 in (F) ¢f Fig. 1
represents a silicon wafer according to the present inven-
rion. It is understood that, when (F) of Fig. 1 is cbsezved,

15 only a small part of both ends, in the silicon wafex, in-

cludes the OSF region.

The V region, having a void density of over lxlOE/cm?, has the
high C-mode pass rate of 0%, but presence of such a region in

20 a wafer, even in small amount, may make difficult to produce
a wafer having the high C-mede pass rate of egual to or
higher than 70%, over the whole wafer, On the other hand,
because the V2 regicn having a void density of 2%x10' to
5x10%/cm® has the high C-mode pass rate of 70 to 100%, it be-

25 comes possible to produce a wafer having a high C-mode pass
rate of egual to or higher than 70%, over the whole wafer, by
setting all of th@lwafer surface to be the V2 region. The V1
region positioned between the V region and the VZ region has
a high C-mode pass rate of 20 to 40%, but, as long as this

30 region is present in a ratio of egual to or lower than 20%

relative to total area of the wafer, it becomes possible for



5 nitrogen concentration in the silicon single crystal and the nitrogen
concentration in the resultant silicon single crystal wafer are
substantially the same. The carbon concentration in the silicon wafer
according to 10 the present invention is |x10Th to 9x10' atons/cnB, and the
preferabl e carbon concentration is 3x1013 atons/cnB to 5x10Th atons/cnB.
When the rel evant carbon concentration is within a range of 153x10Th to
5x10That ons/cnB, it becones relativeld easy to con- vert the whole wafer
surface to the V2 region, and in addition, by setting hydrogen parti al
pressure at 35 to 54 Pa, it _bec S.passible t ttai L C- node pass
rate of eqﬁ%Fang@rt ?EH@P theg§©€£ﬁ?“§h%§ﬁﬁgﬁg %%f%dﬂ% At t he canon
con- 20 . ceatratsd,onvén dhkewssld @afiesi ngle crystal and the carbon
concentration in the resultant silicon single crystal wafer are
substantially the sane. In addition, the silicon single crystal wafer
accordi ng ti@ 2bed e presentvitwenti on ceftains: nhbkr ogenyohydizagen and
carbon; _contains a plurality of voids conposin bqbble-li%e shaped

aggr egabes *6fYvol G¢ Wﬁ#@haérgoﬁ?gggni“Pﬂggqﬂéﬁgﬁglg?sﬁ%ﬁ8 tfan 50% of the
total nunberzefcweirdsicwant akfs:ta, Vbut egkoardavigugl acveirdntgnsi ty of over
2x104/ cn8 and bel ow 1x105/ cnB 30 whi ch o§cupies equal {0 or | ess than 20%
of the tot&P28red of M he ¥ [FPEONTE AGIR drfstal > Wit 8F: Vdonfains a V2 region
having a vaidcdensi bty ©f7.5x102 to 2x104/cnB which occupies equal 23 to or
nmore than 80% of the total area of the silicon single crystal wafer; and
contains a bulk mcro defect density which is equal to or higher than
5x108/ cpB. THaeysiddeon sidigkeegrinsthialyawabes Reeoegiag thost he rpr esent

invention is out froma o ,
than 80% of the total area of the silicon wafer according to

the present invention. In such a case, withstand voltage
characterigrics of the oxide film becomss extremely good, as
well as the high C-mode pass rate which can be equal to or

15  higher than 70%. In the case where the high CU-mode pass rate
is equal to or higher than 70%, such a silicon wafer can be
uged sufficiently in a device such as DRAM or the like re-
gquiring not so severe withstand voltage characteristics of
the oxide film, as compared with a flash memory. In addi-

20  tion, the V2 region preferably occupiles sgqual <o or more than
90%, and more préferably occupies 85 to 100%, of the total

area of the silicon wafer.

On the other hand, the V1 region (& region having the void
25 density of over 2x10%/cm’® and below 1x10%/cm’®) occupies equal
to or less than 20% of the total area of the silicon wafer.
In such a case, withstand veltage characteristics of The ox-
ide film becomes still further good, as well as the high C-

‘node pass rate surely becomes equal to or higher than 70%.

30
The bulk micro defect density {BMD density) of the silicon

wafer according to the present inventicn is equal to ox



5 silicon single crystal produced by the present invention. A second aspect
of the present invention is a nethod for pro- ducing a silicon single
crystal wafer conprising pulling-up a silicon single crystal and cutting
the silicon single crystal 10 wafer fromthe silicon single crystal. The
single crystal is pulled-up in a pull-up furnace by controlling that the _
nitrogen concentration in the silicon single crystal is set to be 3x1013 to
3x105atons/cre; by controlling that tdde carbon concentration in the silicon
single crystal is set to be | x10Th 15 to 9x10That ons/cnB; by controlling
that the p%ﬁ%b%l RLESSULE, 9f hydragend ntihe €f ¥st abgl knip furnace is set
to be 3 to 6 a; by control [ing that %he tenperature gradient in a

| ongi t udi nak1di/cattndnmofe rhefsidbleondwilngreceryistiar Widhin a tenperature
range fro”ﬁ%%QQC&O 1200C, during pulling-up said 20 silicon crystal, is set
to be equal” fo’'or 'higher than 3.5 C/mm and controlling that the crystal
pul | -up speed is set to be equal to or Iower than an upper limt value and
equal to or higher than a lower |imt value, wherein a wafer out fromthe
producedl sillti eoriisi hglwotePystal Enprisestd PRYEYi B 25 havitig®a voi d
density of spyeg.2x104Lem.and: bel.awehx 1054688 mhizehvocouptessi29% of the
total area of said silicon wafer, if the single crgstal was pulled-up with
the upper Rifhin alcher gfangRecdt yEPHLH AL Hpl YPFe 88t “4nd? WHEPErn a waf er
out fromthe produced silicon single crystal conprises a V2 re- 30gi on
having a voi d density of 5,4102 to 2x104/cm which occu- pies 80% of the
total area of said silicon wafer, if the sin- 24 gle crystal was pul |l ed-up
wth T08 | MR el ehsval UG ofic [N SChYSidlr Pt oliR sSRe8treq 41 addi tion, 1 he
silicon singl'e crystal wafer is cut froma 5 silicon single crystal which
was pul | ed-Agdipws £ hEineht iheaddtyraimert for oxygen preciplitation

{hersafter referred to also as “precipitation heat treat-
ment”) is carried cut to the silicon wafer at 780 °C for 3
hours, subsequently at 1000 °C fer 16 hours. Then, the sili-
15  con wafer is cleaved and subiected to a measurement cf the
in-plane BMD of the silicon wafer, with a BMD analyzer MO-4,
manufactured by Raytex Co. In-plane positions of mezsurement
points were set from the center to the edge, in a 10 mm

pitch. 1In this way, value of the BMD density is determined.

20
The nitrogen concentration of a silicon wafer according to
: i : 15 3 3 st
the present invention 1is 3x10% to 3x10°° atems/cm’, and the
= - s : : L4 - / 3 & 2)(1{}153
preferable nitrogen concentration is 2x10" atoms/cm” To
atoms/cm’.
25

In the case where the relevant nitrogen concentraticn is made
to be egual to or higher than 3x10" atoms/cm®, the BMD density
can be egual to or higher than 5%10% atoms/cm®, and when the
lower limit of the nitrogen concentration is egual to or

30 higher than 2x10* atoms/cm’, the BMD density can be made to be
equal to or higher than 1x10% atoms/cm®. In addition, when

the relevant nitrogen concentration is egual to or lower than



Control of the above nentioned pull-up speed is carried out by control of
size (wdth) of the V1 region the region hav- 10 ing the void density of
over 2x104/cnB and bel ow | x105/cnB), the V2 region (the region having the
voi d density of 5x102 to 2x104/cnB) and the OSF region. It should be noted
t hat the above nentioned pull-up furnace is not especially limted, as |ong
as gromh condition of a crystal in the present inven- 15 tion can be
attained. In addition, description w B2 be given later on control of the
pul | -up speed. The method for producing the silicon wafer according to the
present invention canpri sgs donl ng.the sitican shogle G yslalsz20 with -
nitrogen, carbon and hydrogen I n predeterm ned concentrations; controlling
that the parddiah pregsaré ofeohytr odensi psisdélehee atystalhighl F=up furnace is
set to be al,a pregelecnpad.ual Heio.contral Lhog dhat.a.Lapidscqol ing
treatnent of thé silicon single crystal”is carried out conprising a prede-
25 term neditt efperatitenygradiient waftra predeverdiovedoped Ithap speed; and
control Iy ng, Lhat Lhe el dengl ty da adiusted; 50 as. Lo he present within a
predeternlned‘rgnge I'm at” 1east a part of the y o e silicon single
crystal . | miaddigtr omacehtedessan yshet hesditamet eflighbnt hengiel oo singl e
crystal may. 30 De sef al 2 predetermned, yalue. 25 By the present
invention (TN par?lcular, since nitrogen, carbon, and hydrogen are added In
predet erm ned concentrations, and since a "rapid cooling" treatnent is
performed by controlling the above mentioned tenperature gradient in the 5
above nentiﬁﬁ%&aféﬁ%éPﬁ ﬁ?%mﬁéﬁaeuégﬁﬁ predetef e Cg%‘ﬁ%? he OSF region
can be ghr utke pAssand eésubityicanyski b ofcontcro® bautkd/cehizck ean be present
in the OSF reqgi on,. can Ee elimpated. In this.way, the, sillicon, wafer can be
broduced, VG A S UBEPPBIE TG OF ah® GXide TIAT Ehd “Ras 1 gh C mode
pass 10 ratg£onhizk® mai ntai ni ng predeterm ned anount of BMD concentration
as gettering-sites. In other words, with shrink of the OSS region, a | ow
voi d density region, which never crosses with the OSF region, can appear
over a W deyiangge tdl-adgi td:0honMOSicepariS of ik heitsiihi gomnyef €f obtai ned by
t he e
15 3x20%° to 5x10*° atoms/cm’®, it becomes relatively easy to con-

vaert the whole wafer surface to the V2 region, and in addi-

tion, by setting hydrogen partial pressure at 3% to 54 Pa, it

becomes possible to attain high C-mede pass rate of egual to

or higher than 90%. It should be noted that the carbon con-

20 centratien in the silicon single crystal and the carbon con-
centration in the resultant silicon single crystal wafer are

subsgtantially the same.

In addition, the silicon single crystal wafer according to

25 the present invention contalns nitrogen, hydrogen and carbon:
contains a plurality of voids composing bubble-like shaped
aggregates of voids which are present in egual to or more
than 50% of the total number of voids; contains a V1 region
having & void density of over 2x10%/cm® and below 1x10°/cm’

30  which occupiess squal to or less than 20% of the total area of
the silicon single crystal wafer; contains a V2 region hav-

ing a void density of 5x10% to 2x10*/cm’ which occupies equal



15 production nethod according to the present invention, are such a. |ow
voi d density region having trace anount of the shrunk OSF region (at the
end part of the silicon wafer of (F) of Fig. 1). 20 Then, although the void
density becones significantly |ow, considerable nunber of voids is stil
present which mght |ead to decrease in GO of the oxide filmor high
C-node pass rate. However, due to the nethod according to the present
invention (in particular, due to the #®bping of nitrogen, car- 25 bon and
hydrogen in predeterm ned concentrations, and due to the "rapid cooling”

[reat Tent GOMBL N0 AaprageberManed Lennecal i . 0kadi o antha _

predet ermi ned pull-up speed), the majority of voids conpose bubble-Iike
shaped aggregat-es,vwsird: dendhertnhave a betlafédronidiicks d¢rapiey Whi®h makes
them harm ess 30_1q considgrable extent ..o 26, Ihe; abave; mentd aned. expressi on
"harm ess" feans that “t he Voi ds provi de substantially no adverse influence
on a devi cetalSwiekér mererdiny sucthearcase;t Begausernt Be put |=rgp speed (V) is

significgantly .increased,  productjvity . ls i.ncr easad Ssignificantly.
The nit%ggéﬁjégﬁ3e%f¥§ i%%m%ﬁ* J%i“f§gﬁgﬁfﬁg|§r%§§gtg Va?éf'according to
the present invention is 3x1013 to 3x105 at- 10 ons/cnB, and the preferable

wher 6 the  PRIUART THEPFbgEn BartEnrat Fon TS Bqual 6 hr FIgHer T han x1013
atoms/ cnB, &henEND densbtysicane 1&besequalert oogpriviigbeputiiag-up a _
508l oM/ ot ccTShIenSt e b ot LR, Ot hey LAy ggen sangentyation i
10 wafer from the silicon single crystal. The single crystal is
pulled-up in a pull-up furnace by controlling that the nitro-
gen concentration in the silicon single crystal is set to be
3x10" to 3x10°° atoms/cm’; by controlling that the carbon con-
centration in the silicon single crystal is set to be 1x10%
15 to 9x10% atoms/cm’; by controlling that the partial pressure
of nydrogen in the crystal pull-up furnace is set to be 3 to
60 Pa; by controlling that the temperature gradient in a lon-
gitudinal direction of the silicon single crystal within a
temperature range from 1100 to 1200°C, during pulling-up said
20 silicon crystal, is set to be equal to or higher than 3.5 °C
/mm; and controlling that the crystal pull-up speed is set to
ve equal to or lower than an upper limit value and equal to
or higher than a lower limit value, wherein a wafer cut from
the produced silicon single crystal comprises a V1 region
25  having a void density of over 2x10%/cm® and below 1x10°/cm’
which ccoupies 20% of the totazl area of sald silicon wafer,
if the single crystal was pulled-up with the upper limit
value of the crystal pull-up speed, and, wherein a wafer cut
from the produced silicon single crystal comprises a VZ re-
30 gion having a void density of 5x10° to 2x10%/cm’ which occu-

pies 80% of the total area of said silicon wafer, if the sin-



to or higher than | x1®atons/cnB. In addition, when the rel evant nitrogen
concentration is equal to or |lower than 20 3x1015 atons/cnO because there
is little overlap of the OSF region and the V2 region, it is possible to
attain high C node acceptance rate (C node good product rate) of equal to
or higher than 80%in nost region of the resultant silicon wafer. In
addition, the doping of nitrogen into the silicon 25 single crystal can be
performed by a known method, for exanpt e, by charging a silicon wafer
having a nitride filminto silicon nelt, so as to attain the above nitrogen
concentratiQn. .}§s:shouh d heipeted thatcihecnts nogen coneentraid on in the
silicon single crystal and the nitrogen concentration in 30 the resultant
silicon sirmgletet ystaruneféedare substantially the same. 27 For the
description of the oxygen concentration in the silicon single crystal wafer
according to the present invention, a value calculated by using a

conver si on Faetdrtie3., 08%l GLlLerR)s iof 19 apad CEL é6dieeni € sSHnd “Phfor mat i on
Technol qgy s'ﬂ%ﬁﬁ rd:g iéSéggk;g&'mcw@;f Aihsqaused. Specidiceahdy, a standard
measur ement” nmethod of niter-lattice oxygen atom con- centration in the
silicon crystakrby infrared absorption (fornmer JEIDA-6l) is used. It is
preferable that the above oxygen concentration is set to be equal to or

| ower than 108.0x1017 atoms/cnB, nore preferably equal to or |ower than

7. 0x1017at ghetenB, ofande stidve more opedf eridbip Bpepdl0$7c40: 22081017
atoms/cnB. \Wen th yge 18 trati S . of.J: v J.han

8. Ox10f | at obr}’s 8%“,% %ﬁ %Z%Dgggc%%ﬂ- ggn %?n\?iln 'gge ec(:tgea'reegltg\gﬁéar%ssed. I n
addi ti of®, amcoxygervicodeentuvabf o ek56f10°'dwer arkape B0)¢ 1071 7atlons/ cnB i s not
preferable, because ex- trene decre i ield J stal: put Ling-up can
not be avoi%léed@lf“%lﬁgul{%h é:e%?necflaﬁgg '{}h%vgkgg%en%g%%c%ﬁts} g?i lcc){?\ in the
silicon singlie!cmystalg rtanddrthecgkygen tconmelnt bat iomd Aheheheesul ting
silicon single crystal wafer are.substantially_ 20 .the sane._During the
crystal is ”Taelag’lfp@‘,onﬁ ”glr%"lug diss6fved ijorto%ns?%cé"aéggr?lz Gft%:licb{]e hol di ng
the silicondml tsanthwhansfaried dhtoctheatelhit @nd piratent hevgrowi ng silicon
singl e & yst al

tion can be attained. In addition, description will be given

iater on contrel of the pull-up speed.

The method for producing the silicon wafer according to the
present invention comprises doping the silicon single crystal
20  with nitrogen, carbon and hydrogen in predetermined concen-
trations; controlling that the partial pressure of hydrogen
inzside the crystal pull-up furnace is set to be at a prede-
termined value; controlling that a rapid cooling treatment of
the silicon single crystal is carried out comprising a prede-
25 termined temperature gradient and a predetermined pull-up
speed; and controlling that the void density is adiusted so
as to be present within a predetermined range in at least a
part of the body of the silicon single crystal. In addition,
if necessary, the diameter of the silicon single crystal may

30 ©be set at a predetermined valus.



25 The step of doping the silicon single crystal with hydrogen according to
the present invention preferably conprises introducing hydrogen gas into an
at nrosphere of a pull-up furnace during pulling-up the silicon single
crystal, or adding water, acid, or a hydrocarbon such as al cohol, CH4,

C H4, etc. 30 The partial pressure of hydrogen in the crystal pull-up fur-
nace is set to be 3 to 60 Pa, preferably 3 to 60 Pa, nore 28 preferably 20
to 50 Pa, and still more preferably 3% to 45 Pa. \Wen the rel evant hydrogen
partial pressure is equal to or 5 higher than 3 Pa, the ratio of voids

conposi ng hubhl e-|ike sh ar, ¢ 5. 0f i ds, Lo t:he Lot al.spumber  of
voi ds beco SQEHGEFS?%ééﬁgggaﬁgr(?%3%i56@51%%d iﬁ partigﬁlar, in the case
wher e t he aboyempahtialgepr essurgeiisireqrabet orgrehi ghreent ah 935/ Pa, t he

ratio becones equal to_or. higher than 60% .10 |n additdgp, .when the above
parti al pr@ggLﬁ ‘?saeqﬁ%thS<%fnﬁowg$ﬁgﬁbnt6bs a, g%%%usg There is little
overl ap of tthe (GGF thegimveandnttihe«¥2targgirenyrd tgriegipdssibtiee to attain a

hi gh C pode acceptance rate (C-nmode_good _product. r ), ' is equal to or
hi gher gﬁaﬁbg‘@/o“ge\%rloﬁ% rtlei}lp%ﬁcétu\%ﬁof %m‘}seura ace’ xoefj“igérﬁﬁée\gp{ésﬁ Fant silicon
si ngl e crystal osmfrelicThancae bonrveancent patk o ti,nathedisidl ¢Eorcsbngl e
crystal wafer according to the present .in tion is 1x1015, 1.0 .9x1015
atons/an,féﬁhttﬁﬁnﬁpegﬁ}gblgr A7 Dol ct cé%?r%ﬁqﬂgﬁ'iéﬂﬁg%oﬁﬁ&ko
205x10mat opsleaB. Mhenid hayr etievant i ear bateconeentratddonsiis B¥Xt0' 5 to
5x105atons/cnB, it becones relativel asy to ¢ e .whol e wafer

o ot 2y <

surface tofhe"8EFi&gibr%Tafd #h °4d aé’s?%?%% (:[t_%gd%ygaS%S dr ogen
par ti al{gpr @ssMr e.1at1 382110 A8Pa; drkdbeconesdpassil e BMD concen-

tration as gettering-sites. In other words, with shrink of

the OSF region, a low void density region, which never

crosses with the OSF regicn, can appear over a wide range. In

addition, most parts of the silicon wafer obtained by the

15  production method according to the present inventlion, are
such a low void density region having trace amount of the

shrunk OSF region (at the end part of the silicon wafer of

(F} of Fig. 1}.

20 Then, although the void density becomes significantly low,
considerable number of voids is still present which might
lead to decrease in GOI of the oxide film or high C-mode pass
rate. However, due to the method according to the present
invention (in particular, due to the doping of nitrogen, car-

25 bon and hydrogen in predetermined concentrations, and due to
the “rapid cooling” treatment comprising a predeternmined tem-
perature gradient and a predetermined pull-up spesd), the ma-
jority of voids compose bubble-like shaped aggregates, and do
not have a octahedron-like shape, which makes them harmless

30 to considerabls extent.



to attain high CL-node acceptance rate which is equal to or higher than
90% It should be noted that the carbon concentration in the silicon single
crystal and the carbon concen- tration in the resultant silicon single
crystal wafer are 30 substantially the sane. 29 Now, explanation wll be
given on a single crystal production apparatus, which is capable of
carrying out the above nentioned "rapid cooling” treatnent, wth reference
to an exam ple. Fig. 6 is a schematiZ cross-sectional view showing an 5
exanple of a single crystal production apparatus used in the present
invention. The single crystal production apparatus_ s in Fig. 6

conpri ses 4 REMBEF Fortiferti wYa gem C&ﬁaﬁfjg or ﬁ% & ihcgl\é@a%% a mechani sm for
pul | i ng- up va1 9% OMvsEag @ seEysially dhedrenberidfionen®d thng ddwcsem conduct or
material is 10 accommpdated inside a heati ng chqu;rper 2a, .a Qge mechani sm
for pul|inGTipl t¥e&2gr bt $rngl €5€r yRIA  Fs " Thetal T 84 *&F °The /i nsi de and
out si de of sacputildang:ypihanber, 2bosonstitutihangaaspard ioframedpper part
structured body, which is designed to be separable fromthis heating
chanber 82a.5i¥ht SL9@ppe¥- part 15structured body has al so a middl e chanber 2c.
I nsi de the heating chanber 2a, a crucible for accommpdating a nelt L is
installed, and this crucible is supported so as to be freely rotatable and
freely descended and ascended by a 20 rotation shaft 5. The rotation shaft
5 is rotatets andgen sverdedawing asceridedceby sinddkvervappara@i@s not shown.
The drive apparalus aseends Lhe crucible wheg.idie i guidk surface i

| onered, sG-as ogcorrpens te the Tiqui d surface | oweri ng acconpanying the
pul | i ngoup cafs/an’si agh ecter pstfdraBie | mitadden 2B cehbratithel#rdtE appar at us

al ways rotates }he;, cr Lgxi kgeat\;/gmtszcﬁg predeterm ned rotation rate to carry out
stirring of* & fel t° L5 ‘The* €ruéibl'e is constituted by a quartz crucible
3a, and a graphite crucible 3b for supporting the quartz crucible.

In the case where The relevant nitrogen concentration is
equal to or higher than 3x10™ atoms/cm’, the BMD density can
15 be egual te or higher than 5x10% atoms/cm’, and when the lower
limit of the nitrogen concentration is egual to or higher
than 2x10°%* atoms/cm’, the BMD density can be made to be egual
tc or higher than 1%x10% atoms/cn’.  In addition, when the
relevant nitrogen concentration is egual to or lower than
20 3x10'° azoms/cm’, because there is little overlap of the OSF
region and the V2 region, i1t is possible to attain high C-
mods acceptance rate {C-mode good product rate) of equal to
or higher than 80% in most region of the resultant silicon
wafer., 1In addition, the doping of nitrogen into the silicon
25  single crystal can be performed by a known methed, for exam-
ple, by charging a silicon wafer having a nitride film intc
silicon melt, so as t©o attain the above nitrogen concsntra-
tion. It should be noted that the nitrogen concentration in
the siliceon single crystal and the nitrogen concentration in
30 +the resultant silicon single crystal wafer are substantially

the same.



At the side wall part of the crucible, a heater 4 to nelt 30 silicon is
arranged so as to surround the circunference of the crucible. At the
outside of heater 4, a heat insulator 12 is installed so as to surround the
circunference, and to 30 prevent that heat fromheater 4 radiates directly
to the heating chanber 2a. In the pulling-up chanber 2b, a pull-up wire 8
is installed, 5 wherein one end thereof is attached at a wre w ndi ng-up
machi ne 11 and which wire is hangi ng flown by penetrating through a top
wall of a ceiling part of the mddle chanber 2c, and a chuck 10 for hol ding
a seed crystal 9 is attached at the |ower end of this p -up.wire 8. The
W re w ndi é’-ruﬁhﬁéiefsrﬁﬁﬁ’?tﬁg nﬁgptu ®l ngnt ﬁ%gg?zhtgﬁaéti?:? ylsnt g}jg SSL!L le adual | y
growi ng at dchesl.omer centt=i deraf stherseedraryist alre9e@ccordiniggnt 0 gr owi ng
speed thereof. At the sane %i me,. the windin - up. rrgchi ne 11 al ways rotates
the singl e TFISERICASTF AT ﬁp%sslinf;ead"ioflé‘%fisg%ntgc “fotation direction of

t he cruci bl .15 Froffa Fagatst roductdOns entd ance i3 ifoar frechrati ~an
accommodat i on part of the pulling-up_chanber 2b, argon gas.is introduced,
and thi § ary8n @%’?tiré@ﬂepﬁsé’ﬁéﬂ“to% et TS char g f r o7 & 958 di’s@har ge exi t
14, after passtag tREOUGHk-nAShacaf ot het20-heaticagochanmbetoRaonReason for

passi ng argon gas, thr,oqup i nside the ch_agbe[ ]%T% t gi S vva'é iisrto pr event
m xi ng of SiFOtAS G B0 Has W tH ChESH PEo TS &1°Ga5 8hd CO gas are
generat ed insi-ger thepshanber due:.t oroeld bRgzofaisiel kBoN thket hodke heater 4.
25 Above the crucible , a liquid cooling structured bo%y 21 and a cooling
body 22 ar €*HFPArGEFht HE charter “8 FPasTED! stft PEURIS GFoMi ng si ngl e
crystalyg The dxi gui-d £0PkiNgnStd Yet t06: body.21 tbSca 1stiedcitsmed body havi ng
| i qui d cool ant passi ng . .
7.0x10"atoms/cn’, and still more preferably 5.0x10% to
7.0%10% atoms/cm®. When the oxygen concentration is egual to
or lower than 8.0x10%7atoms/cm’,high C-mode non-conforming de-
fects are suppressad. In addition, an oxygen ccncentration
15  of lower than 5.0x10"z2toms/cm’ is not preferable, because ex-~
treme decrease in yvield in crystal pulling-up can not be
aveided. It should be noted that the oxygen concentration in
the silicon single crystal, and the oxygen concentration in
the resulting silicon single crystal wafer are substantially
20  the same. During the crystal is pulled-up, oxygen is dis-
solved from the guartz crucible holding the silicon melt and
transferred into the melt and intc the growing silicon single

crystal.

25 The step of doping the silicon single crystal with hydrogen
according fo the present invention preferably comprises in-
troducing hydrogen gas into an atmosphere of a pull-up fur-
nace during pulling-up the silicon single crystal, or adding
water, acid, or a hydrocarbon such as alcohel, CH,, C:Her etc.

30 The partial pressure of hydrogen in the crystal pull-~up fur-

nace is set to be 3 to 60 Pa, preferably 3 to 60 Pa, more



30 through inside thereof. In Fig. 6, the liquid cooling structured body 21
is constituted as a water cooling nenber made of stainless steel, and water
is used as a coolant. 31 The cooling body 22 is conposed of a materi al

wi th high thermal conductivity and arranged so as to cool the grow ng
single crystal S. A material conposing the cooling body 22 may be sel ected
from substances wth high thermal conductivity 5 and high heat radiation
rate, for exanple, silver, silver alldys, carbon or copper and the |ike,
but it is nost preferable to use silver or silver alloys, as such a
material has.chigh1thes i seopductiivitylandratptdrer-sang ®i ae 4mcks the risk
to contam nate the nelt or the single crystal. Coating gold 10 or silver or
al | oys ther®of on the surface of a cooling body nmade of copper or copper
al l oys may al so be adopted. The liquid cooling structured body 21 and the
cool ing body 22 are jointed by explosive bonding, and the jointed part con-
15 stitut esingn explresENA thEHATPREY BEAt'Sd PaARESWYH ‘FofT®¢plBstve bondi ng,
materialss t,0 he,jQi.nt 80 Ar enar rangeds i ipar abhls:a Busilkt-able interval
apart. By putting suitable anount of explosive on either of the materials
via a buf f ettizngd neavervaiesand Byidenitei B9 HETohe SHE Tt Aerdef with a
detonator, hoth 1m- .20, teri.als. coklhdeom Lhspog:e$5-0f:£Xph0gicon, and at

t he expl osion poi ht, both nmefal materials show viscous fluid-Iike behaviour
by very | argeedefornab: cpoypeedrdnd higisupress et otgeferateimet al j et
flow from the explasi on, palal La.dhe Ioruacd. o By hbs TRkakojet, the oxide
filmor gas a&sorptlon 2 ayer at the netal surface is renpved, therefore
a cl eantsurfraeedappear eteradher gsowel osetiplbyrasyhrepiesstitad, tank bot h
materials joint conpletely.net rgi.gall y. S the joi nt rt between
t he coolingdggﬁy%ﬁgpgﬁdgéhéggﬁg%%gﬁ%gggg%rﬁﬁgiggfﬁkgﬁ?e Eﬁgsbgﬁ IS

expl osi ve bondibngajcoicht e, raggond ijtoi ntredspatt s stophed hasspgite of a
joint part belween different meials (and sLLLL mre, pearl y.100%of 32

cont act rat'®“Can §eCUred”i n cont act area. erefore. neat
equal to or higher than 8§0% over nearly the whole surface of

18  the resultant silicon single crystal wafer.

The carbon concentration in the silicon single crystal wafer
according to the present invention is 1x10%° to 9x10™ at-
oms/cm’, and the preferable carbon concentration is 3x10% to

20 5x10*° atoms/cm’.

When the relevant carbon concentration is 3x10%% to 5x10% at-
oms/cm®, it hecomes relatively easy to convert the whole wafer
surface to the V2 region, and in addition, by setting the hy-
25 drogen partial pressure at 35 to 45 Pa, it becomes possible
to attain high C-mode acceptance rate which is egual to or
higher than 90%. It should be noted that the carbon concen-
tration in the silicon single crystal and the carbon concen-
tration in the resultant silicon single crystal wafer are

30 substantially the same.



conduction fromthe cooling body 22 to the liquid cooling structured body
21 becones extrenely good, which enables to decrease tenperature of the
cool ing body 22. 5 The cooling body 22 is arranged at a position for
shielding radiation heat fromthe crucible or the nelt L to the single
crystal S, with a nearly rotation-symetry-shape to the center axis of the
growi ng single crystal S. and is jointed to 10 the liquid cooling
structured body 21 at the upper end p&#t of the cooling body 22. In Fig. 6,
the cooling body 22 is drawn in a cylindrical shape, and contact area of

t he epr05|ve bondln oi nt art 15 25 bet en the coolin y 22 and
the 1iquid ESOﬁFﬁbag 61wfgf Fody™ %@%rfrj?ﬁﬁ aﬁgggggg of

Cross- SeCtm&@alaﬁﬂﬁawﬁidﬁiﬁﬁtﬁpaHM@|bﬂgxhﬁ@yngihﬂ.sU@fanﬁﬂoﬁemhe cool i ng
body 22 has .the proper Qa apl e of absorb e incident heat radiation,
by naki ng Pﬁ@“?ﬁsﬁ&g e %ooﬁ?ﬁémﬁ%ﬂywiﬁhﬁﬁaeﬁﬁn 20 thé"sthgie crystal s

bl ack. In addition, 6th£ aoet:meﬂ@u@:f ckhﬁ—@s@ﬁtﬁ,ﬁ@alb@dyw%oﬁdaﬁgrhgi the crucible
or a heat shleldln% body 26, nay he a surface h reflectance SO as

to refl &t FRECTHE d@ni“ﬁ%ﬁtc¥ E&tPBﬁmxﬁéo?HegﬁfaﬁPﬁ 561 g 6t r uct ur ed

body 21 is @cwaterineestidg chashamn ot arydeughmbcukypen shapestand is
arranged between the mddl e chanber 2c and the heating chanmber 2a. First,

in produci PR %ITRGH e® GYBEAPES 2 PREPUpPEF Fart "90% siFUCPUTEd body,

having the pul Ling-up &hﬁ@%éc]@ﬂllshh@ofnﬁdhﬁnme@r&ﬁq andgthe liquid
cooling structured body 21, which is expl osive bonding jOlnted with the

cool i ng bode22a11§h“§3ﬂ@§ﬁaF%&éﬁ“ﬁﬁ6ﬁ1@ﬁbsﬁ%ﬁ¥FﬁﬁccﬁaﬁﬁeFr¥§'then silicon

p0|ych% accommodated inside a heating chamber Za, and the mechanism
for pulling-up the grown single crystal is installed at the
inside and outside of a pulling-up chamber 2Zb constituting a
part of an upper part structured body, which is designed to
be separable from this heating chamber Za. This upper part

15  structured body has alse a middle chamber Zc¢.

Inside the heating chamber 2a, a crucible for accommeodating a
melt L is installed, and this crucible is supported 30 as to
be freely rotatable and freely descended and ascended by a

20 rotation shaft 5. The rotation sha*t 5 is rotated, and de-
scended and ascended by & drive apparatus not shown. The
drive apparatus ascends the crucible when the liquid surface
is lowered, so as to compensate the liguid surface lowering
accompanying the pulling-up cf a single crystal £. In addi-

25  tion, the drive apparatus always rotates the crucible with a
predetermined rotation rate to carry out stirring of the melt
L. ‘The crucible is constituted by a gquartz crucible 3a, and
a graphite crucible 3b for supporting the gquartz crucible.,
&t the side wall part of the crucible, a heater 4 to melt

30 silicon is arranged so as to surround the circumference of
the crucible. At the outside of heater 4, a heat insulator

12 is installed so as to surround the circumference, and to



talline of a raw material and very trace anount of inpurities, which wll
becone dopants, are charged into the crucible, and then the upper part
structured body is attached at 5 the heating chanber 2a again. In this
state, inside of the crucible is heated with the heater 4, to wait till the
sem conductor material in the crucible is nelted. When the sem - conductor
mat eri al has reached a nolten state, the pull-up wire 8 is descended by
actuation of the wire wi nding nachi ne3011, so that the seed crystal 9
attached at the chuck 10 is subjected to contacting vvith the surface of the

nelt L. When the single crystal AS“sta S:£9.9ro ed crystal 9 in
this stateP EHEN ttﬁlé‘gvﬁef% &fﬁﬁl%@“ﬁﬁ d‘lagg 1&“’Irec ul | edtﬁg in

predet er m ned:speath-t@efralke the single crystal S growmn. 15 In this way, in
the process for growing the single crystal S under pulling-up fromthe nelt
L, radiation heat fromthe single crystal Sis injected to the cooling body
22 conposed0fna graterjalp Whithodd gh, t hegural-ugonducti ng imatetial,. In this 20
case, since the cooling body 22 is exgl 0S] ve bondi naﬁ% nted with the

li quid €ooli¥igest raftct GP%Q‘”’“%G?/f 2T AwhrcS §tcodiéd "8 TPt d cool ant

and thus maimhai Pediat whOW Lerperatunging adi-atihppeheatawxghange with the
single crystal S becones good, and it becorres possi, BI e Efg’glﬁgcrease cool i ng
rate of thePBugh Myl @PcrYst &F S, CoAt- PRPTANE t Tife “LBStR t°is possible

to Quench the shad ercrysi@lsoS WhirdiRg PUWldelngrpiaigenes aidraphef the crystal
defect of the si ngle crystal S beconmes extrenely rare. 30 Once, when the

si ngl e crysttalthe Hasrhedh JPulFhed g land Bé6l ed, J&‘“si”f*?%d’ﬁ@ﬁﬂ@“@ cryst al
waf er ig C%acfh:@@ 1hesingle gk ystal .angstiafi Q?%ﬂa@daLﬁWer@Qlﬁ@ to various

condi ti oni ng

at thm lower end side of the seed crystal 9§ according to
growing speed therecf. At the same time, the winding-up ma-
chine 11 always rotates the single crystal S in an opposite
direction te a rotation direction of the crucible. |

15
From a gas introduction entrance 13 formed at an accommoda-
tion part of the pulling-up chamber 2b, argon gas is intro-
duced, and this argon gas is designed to be discharged from a
gas discharge exit 14, after passing through inside of the

20  heating chamber 2a. Reason for passing argon gas through in-
side the chamber in this way is to prevent mixing of SI10 gas
or CO gas with the gilicon melit. 3i0 gas and CO gas are gen-
erated inside the chamber due to melting ¢f silicon with the
heater 4,

25
Above the crucible , a liguid cooling structured body 21 and
a cooling body 22 are arranged in the chamber so as to sur-
round a growing single crystal. The liguid cocling structured
body 21 is a structured body having liguid coolant passing

30. through inside thersof. In Fig. &, the ligquid cooling struc-
tured body 21 is constituted as a water cocling member made

of stainless steel, and water 1s used as a coclant.



treatnments like polishing so that a mrror polished wafer is obtained.

Then, a precipitation heat treatnent may be perforned to precipitate
oxygen, in order to obtain a BVMD density of a degree which is necessary for
gettering in a device 5 process. The conditions of such heat treatnment are
not especially limted, as long as the desired BMD density can be obtai ned.
However, the heat treatnent is preferably perforned at a tenperature from
700 to 1000C for 1 to 30 hours. In ad#fition, such heat treatnent may be
performed under a con- 10 stant treatnment tenperature or a constant
treatnment tinme, or may be perfornmed in t st ages .where at | east any of
themis ch%eﬂoﬂlcﬁqgnéo?fh QtFEa"EC’r‘Pé’ﬁtS,eda‘?%Daf Wt"g&ﬁﬁpﬁ“’éfh £'HBat"Freat - nent
descri bed if:iJRcAd:2007%1176432eahgke performedsol tnshetdwdnbesnot ed that, in
the precipitation heat treatnment 15 adopted as a neasurement nethod for END
density in %iecabdvie desct MPERDIR! CRBPETWGYsFage Weals t1%4at rentey s
performed. Bt iskh P L a0 LRkt aXIAl whayeligmynbanfiocapeatvibe surface of
the mrror polished wafer by a known nethod. 20 Subsequently, an

expl anati orprst 2f fe fedpi @2 EG6F PRy A Feat ARMFARPLE 1Fe “gPerd WHFEHis per f or ned
with a predefer mped. t eppeiRtUr & 0radi ente and: a; priedes e Med-pul | - up
speed, during the above mentioned crystal pulling-up. 25 The tenperature
gradi ent i etael SAgRIUGERABET dir 8ELISENn 26F e 2§ FiCoR BFVRTA % hin a

t enper at ur g, fangg. {rom-.1100..t 9: 1200C Ls 8R! <L berequalid axer-hgher than
3.5C mm during the pulling-up of the silicon single crystal. Wen the above

t enper at ur eeqgradiamingts Brruaklt o Or thEghelw ehany 335 M -i&Fd93¢" when t he

pul | - umspegd 4§, 02Cl2a3e0,d 0nd: £8 LAl Bnd20KE . e aboyagRDEpNed V2
regi on between the void region and the 055 region will appear over a w de

range. |t imdpedutatred o35ophar alHevappuardreedfadpReed”2 region is caused
by the inter- action of point defects, at tenperatures in the region of
1100 to 1200C. The above nentioned tenperature gradient is preferably 3.5
to 5.0C ramfhendriquips efoed abd yt3ustureddb8dY iR aBdat spplindrdeey p¥ef erably
3.8 to 4.2 nmm. By setting it Lemmerature gradi ent..within the above

ment i oned VEry 3lof"n‘1lzfcg(§3 ra gleognghe r%‘ég?’a a%o%Itﬁ%gj(?cnlc;st:useﬁs]&lthat t he voi d
densi t yitheconesitsbgm faxpamtive bowlirandothad het Vdi-ds Feompeses bbbl el i ke
shaped aggregat.es whi.ch.have nearly. adyver @Q yence 10 _on_t he

sem conduct%c%q&&é\?i’ cet J:rllag%&at ?%n{yﬁnﬁgds?%egl%%%% sci aﬁ %arn lbg piaﬁl ed- up
stably and gasiikyrat irekativepyrt oypphbsup spéethle anpart icdukar, the case

of setting the .upper limt of the above, tiQned. tenperature gradi ent at
5.0C/ mm i s Buitabl & Pecalse gfyl)e/sl?%e‘gjrgéwt 5§ staple, 8even “at relatively
and by initiating cne end therecf with a detonator, both ma-

20 terials collide with progress of explosion, and at the explo-
sion point, both metal materials show viscous fliuld-like be-
haviour by very large deformation speed and high pressure t
generate metal et flow from the explosion point to the for-
ward. By this metal jet, the oxide film or gas adsorption

25 layer at the metal surface is remcved, therefore a cléan sur-
face appeared adheres closely by high pressure, and both ma-

terials joint completely metallurgically.

Since the jointed part between the cooling body 22 and the
230  liguid cooling structured body 21 is expleosive bonding
jointed, a good jointed part is formed in spite of a joint

part between different metals, and still more, nearly 100% of



15 I ow pul | -up speed. According to the present invention, the crystal
pul I -up speed is controlled by specifying a ratio of the V1 region or the
V2 region occupying the total area of the silicon wafer. Spa- 20 cifically,
the upper Iimt value of the crystal pull-up speed is a value when the V1
regi on becones 20% of the total area of the above nentioned silicon wafer.
On the other hand, the lower limt value of the crystal pull-up speed is a
val ue when the V2 region becones 80%gf the total area of the above 25
mentioned silicon wafer. The above nentioned upper limt value is
preferably a value when the Vi region becones 0%of the total area of the
above nent i GWEASSi 13 CoRNaTePECHITY FRe“HAHGFE AETR onBUI'GWer 193t t value is
preferably a,value,wWheprthe V2.16Q enabecones80%;eh:the.iohgl area of the
above nen- 30 tioned silicon wafer. The above nmentioned upper limt value
is still novevpierst &Ry & ParoesMisRr #ie WECPRgith chet eSS 0% of the total
area of thegahoye, eALLonEd SLEiGaN wal 8l 136 and the above nentioned
lower Iimt value is still nore preferably a value when the V2 region
becones 9100% of the total area of the above sili con wafer. In this case,
the whol e S’H-Lef ace: of; the, vaf et Q%Q%ﬁ the V2.1egionq, SiliRiARLE detail, the
control of the crystal pull-up speed by such setting of the upper limt
val ue and tiwsliboier Heiem fromltbe, civsibaeréedheure by Icont ¥l Bingiaa si ze
(wi dth) of the.Vl £eg) kB9 Mol 80k e RLONG ML N & OB, I et O
Control 10 % t%ﬁ% és’i zé"(e?vm“'?g%h%r gfrtﬁe VI regqi on{;an t he. V2 egri1 on is as
descri bed abovexi€ori rrbk ofowihe simes(wigit®)l 6f atve i68Pimdggiiore depends on
t he abo r’r,gﬂti d. shrin 0f QSF .cegion, 15 Fig, /. is a drawi ng
showi ngycfhe‘rellgg‘?lb% %ggﬁi‘lé%%ect%g@b%ﬁ %ggyspegd %‘Jﬁed the occurrence of a
defect regiohtha tdeisigl bedin 28i.ngl e crystal. The |l ower part of Fig. 7 is a
drawi ng showi ng a cross-settion of a pulled-up single crystal.
Cross-sections fromthe single crystal taken at points (a), (b) and 20(c)
are shown im tihe.uppemepastlioh Fogy 27. ibtdhme been dvoundkidat any of the
Cross_seCtIégE%e?taggnégg%aéé)dregbgfEy%g é%ﬁ15¥¥%e ponding jointed part
16 25 between the cooling body 22 and the liguid cooling struc-

rured body 21 has nearly the ssme area of cross-sectional

area of a main cooling body. The surface of the cooling body

22 has the property capable of absorbing the incident heat

radiation, by making the inside of the ceooling body 22 facing

20  the single crystal 3 black. 1In addition,.the outside of the
cooling body 22 facing the crucible or a heat shielding body
26, may be a surface with high reflectance so as to reflect

the incident heat radiation.

25 The ligquid cooling structursd body 21 is a water cooling
chamber of & doughnut-type shape, and 1s arranged between the

middle chamber 2¢ and the heating chamber 2a.

Pirst, in producing the single crystal 5, the upper part
30 structured body, having the pulling-up chamber 2b, the middle
chamber 2c¢ and the liguid cooling structured body 21, which

is explosive bonding Jjointed with the coolling body 22, is



an area ratio of the V2 region of equal to or higher than 80% and that a
total area ratio of the V1 region plus the OSF region is equal to or |ower
than 20% That is, the 25 points (a) and (c) are boundaries, and the
cross-section where the V1 region is 20% of the total area of the above
mentioned silicon wafer represents the upper limt value of the crystal
pul | -up speed, and the cross-section where the V2 region is 80% of the
total area of the above nentioned sil33 30 con wafer represents the |ower
limt value of the crystal null-up speed. Therefore, the cross-sections at
points (a) and (c) and any cross-sections _between these both ends refer 37

to silicon Ssﬁ%ﬁ%“&aedcrffr?i“atfh%/&ﬁé'r?goﬁf%rf‘%d26\7 S presstit PPavention. In

addi tion, a.nunesigak range-et:ihenarystak -pukl=upnspeedmnd(y)- according to
the present invention is 0.53 to 0.68 i m nute, preferably 0.53 to 0.63

rant mi nut e, tighd Wore Bt B PEEPADIGPIETED (3EC0CBITIRT M rut e EacH of these

three rang%ﬁewér{@%ﬁl@ﬁd@hé Cbp?e!&%ﬂﬁ%, serprret-enabl s range.-andsa.qore prefer-
abl e range, réspectively, ined in terns of the ratio of 10 the V1 region

or the 2 regi breBecupyimea Re aotial alealof tFecabove FfeAti bifed silicon

wafer. A Cf&'ﬁk%z&% | 1UR: SPeREr WHLhH L Se 2 Quak ot 10r | pnetet baf: 0. 87
m minute enables to avoid a state that the whol e surface of t he above

nent i oned sidnidsorewakserblc dresht Heuvibkedisone i id eWabl é8t & Yenerate 15

the V2 Feg'%fﬁmih&r GLOLE: o1 thaeotea%%x provides, extr engl y.ge0d, GI of the
oxi de film®but also the I gh G node pass rate (C—rmde conformng rate) of

equal to orwﬂneghexstQQanaﬁ@ﬂ@ b@natthetion of the wire winding machine
10 11, so that the seed crystal 9 attached at the chuck 10 is

subjected to contacting with the surface of the melt L. When
the single crystal § starts to grow onto the seed crystal 9
in this state, then the wire winding up machine I1 is pulled-
up in predetermined speed to make the single crystal 8 grown.
15
In this way, in the process for growing the single crystal S
under pulling-up from the melt L, radiation heat from the
single crystal S is injected to the cooling body 22 composed
of a material with high thermal conducting material. 1In this
20 case, since the coeling body 22 is exploesive bending jointed )
with the liguid cooling structured body 21, which ig cooled
with a liguid coclant and thus maintained at low temperature,
radiation heat exchange with the single crystal 5 becomes
good, and it becomes possible to increase cooling rate of the
25 gsingle crystal §. At the same time, because it is possible
to quench the single crystal 8 during pulling-up, generatiocn
of the crystal defect of the single crystal 5 bescomes ex-

tremely rare.

30 Once, when the single crystal S has been pulled up and
cooled, & silicon single crystal wafer is cut from the single

crystal and ,if desired, subjected to various ceonditioning



ot her hand, a crystal pull-up speed which is equal to or higher than 0.40
mm m nute enables to avoid a state that the 20 whol e surface of the above
silicon wafer beconmes the OSF region, and provides the high C node pass
rate (C-node conformng rate) of equal to or higher than 70% The
measurenent of the CO of the oxide film (calculation of 25 high C node
pass rate) was carried out as follows. At the surface of a substrate
(wafer) after heat treatnment, the oxi#e filmw th a thickness of 25 nm was
foSmed under dry oxygen atnosphere at 1000C, and the GO of the oxide film

was measur ed, @&L&@‘O%{K@fpo%ﬁéh% ¥§i 1601 gk ertr odessvid haan: acea 30 of 20

m2 were use or the neasurenment of the GOT at the wafer surface. The
rati o of téptelest.r odesy, %walwatlh@t andtvotedgerbf™ay Padement current of

100 m and anel ol tleclLelde 3840t ensidyeol cequaliho, skpfugher than 11

MW/icm is € pass rate, and hi gh C-node pass rate
of equal taioy di gherytdmwn7IOBois qegglwd?y"égodé‘eutﬁr&wm rofe’icgccording to

t he- Vor nk%XQEQQerTb%er Qﬁ;é¥9&%Qﬁpgud§?%Eeakxégtm ¥S%fg RGronth,. 59 (1982)

625 to 643)7, @ pararme ichi1s eratio o e crystal pull-up
speed (V) mm.ineumeeagaa énperat uhe dpsadiednBMl mleasery seal byrodwt h

| ongl tudi nal, d'feﬁ{o'wgg?@)t)h_edgé? V088 XPE 200 10081, aAgEm LAt On 10 of a

mcro defect™ ('poi ect eﬂ ned as av age tenmperature
gradi ent i nswaactytgleaktgrovitthnl 0hyitoudpitHlC diorettticodtf romsnel T4 ng point to

1350C. There ore bec u control of the crysta l] - p Yg in the
present e M EAR E% Sp&eTTied “al 5o %yxgaT cd%ait F?)Qﬁe%og %? it will be
15 explai neﬁ:glael PMatAchel airipeeaMiE val seonasadefimednas: frokkows: A pul | -up

fur- nace haV|n t he sa structure as the p furna; for ulling-up a
silicon sirftfi% Crlifsrﬁﬁl’:m p&d iF t AT r Byen, © gol%aasptbon and Ryar o%en was
used for putdanggs Up-angi ticonestmgite @mq/ml ewhirehe Washensoi tdoped Wi th

nitrogen, carbon and h dr o-__gen u I-u peed V. Then, a wafer
was cut outmefnrtoijr??%ébﬁ | Yed-up™ %(f%/ t{gﬁ%f E‘é éé?érae 0 precipitation

should be noted that, in the preclpltatldp heat treatment

156  adopted as a measurement method for BMD density in the above
description, the two-stage heat treatment is performed.
2till more, an epitaxial layer may be formed at the surface

f the mirror polished wafer by a known method,

20  Subseguently, an explanation of the rapid cooling treatment
will be given which i1s performed with a predetermined tem-
perature gradient and a predetermined pull-up speed, during

the above mentioned crystal pulling-up.

25 The temperature gradient in a longitudinal directlon of the
silicon crystal within a temperature range from 1100 to
1200°C is set to be equal to or higher than 3.5°C/mm during
the pulling-up of the silicen single crystal. When the above
temperature gradient is egual to or higher than 3.5°C/mm, and

30 when the pull-up speed is decreased to a certain degree, the
above mentioned V2 reglon betwsen the void region and the

O8F regicn will appear over a wide range. It 1s speculated



heat treatnment at 780C for 3 hours, and subsequently at 25 1000C for 16
hours, and then the BVD density was neasured with a BVMD anal yzer. A region
havi ng the BMD density of equal to or higher than | x108/ cnB was defined as
a V-rich region conprising the Pv region, the CSF region and the V region;
a region having the BVD density of below | x10B/cnB was 30 defined as an
l-rich region conprising the Pi region and the | region; and a boundary
bet ween the V-rich region and the |- 3389 rich region was defined as a V-1
boundary. The V/ G value at the position of the V-1 boundary was defined as

(VI Gcdt. T&%tapﬁgla%@amldéeo@ftrw 6209@%&1 be detaunmped.unkess the.

absol ute value of Gis known. However defining the relative VG where
VI G is stardaidnzed pbyrf \eGpeEs! § tPRPEGRSTERr 8 “CRafedM?En t he rel ati ve

VI'Gis |argerqtbam beothe %@fgggvg%egor@cm o 1hQ Y- LiLhenedion, while
when the relative VVGis smaller than 1, the fect regi on becomes the

| -rich re- fGigion.y BySexari-Aation 8¢ elratfiesn betwbere thé® B(A% - up speed
and the gV-1.poypdary posiidQn.ii, %d»éange@ 2t°g%u5e| ati ve MG val ue of a

crystal pulﬁed up at a certain pul spee can be determ ned by using a
pul | -up furmemmﬂ@ ghedwn?ewswmrbﬁeaml@ pepeiched Fory ¢ont¥siling the Vi1

region and Le V212900, DYV Guios B8, L0Laue cnl e prasgnbe enbodi rent

shown in (#5 gi on appears ere G Is’in a range of
equal to orcdmeghergniﬁanaﬂtlbx@Vﬁfs)md tthat rrraddptiomonphes 2bpes— 20gi on

appears Vwm?fievéggéé% aggggég%ggewﬁgchlhééé\gégkigngg(%dverse influence
10 on the semiconductor device. In addition, the single crystal
can be pulled-up stably and easily at relatively low pull-up
speed. In particular, the case of setting the upper 1limit of
tha above mentioned temperatures gradient at 3.0°C/mm is suit-
able, because crystal growth is stable, even at realatively

15 low pull-up speed.

According to the present invention, the crystal pull-up spesed
is controlled by specifying a ratio of the V1 region or the
VZ region occupying the total area of the silicon wafer. Spe-
20  cifically, the upper limit value of the crystal pull-up speed
is a value when the V1 region becomss 20% ¢f the total area
of the above mentioned gilicen wafer. On the other hand, ths
lpwer limit value of the crystal pull-up speed is a value
whan the V2 regicn becomes 80% of the total area of the above
25 mentioned silicon wafer. The above mentioned upper limit
value is preferably a value when the V1 region becomes 0% of
the total area of the above mentioned silicon wafer, and the
above menticned lower limit value is preferably a value when
the V2 region becomes 80% of the total area of the above men-
30 tioned silicon wafer. The above mentlioned upper limit value
is still more preferably a value when the V1 regilon becomes

0% of the total area of the above mentioned silicen wafer,



0.7x(VIGsrft. Therefore, the present invention conprises a silicon single
crystal wafer having a defect region representing a VG which is equal to
or nmore than 1. 1x(V/ G 0dt and which occupies an area which is equal to or
| ess than 20% of 25 the total area of the silicon wafer, and having a
defect region representing a V/Gwhich is 1.1x(V/@Gsmto 0.78(V/IGcrit
whi ch occupies an area of the silicon wafer which is equal to or nore than
80% of the total area of the silicon ¥afer. More preferably, the silicon
single crystal wafer has a defect re- 30 gion which occupies the whole
surface of the wafer and which represents a region where V/Gis equal to or
| ower t han P91 KES/2EPEF i 122 4REEhas V&~ def et vﬁé‘g‘?dﬁ fthi th "6¢8UHi%es an area
40 which isequalz @10¢ vRRettharn 80% of vkhentotiabsasearef ttha silicon
wafer and represents a region where V/Gis 1. 1x(V/GQOrit to 0.7x(V/Q=1,..
Still nore F3Fef &F d5rey 22t ¥e 5t F FCb2SFhgl B CPyStA Swaft "Hhase a'def ect regi on
whi ch occu-¢s8ephesrkhgaholkecswud ace of dbeowafer and represents a V/ G
which is 1.1x(V/ Qcrit to 0.7x(V/G,,. The relation between the V1 region
and th_e5V2_ region, and between the V/G and the V in the silicon crystal is
shown in Fig n9re H2-EXp] anat bon M1l L rbengicver- below: ofp apee@ss, rel ation
among voids and in-plane USE distribution in the silicon crystal, along
wi th high Gibdecpass patée THepredent "antentdrisichavesexaftt hed nut ual
relation between; 15 ,vokds, and, i Asdh-ane; ASE disd rihuthpnd Rpthe silicon
crystal, along with high 0-node pass rate. The voids and in-plane CSF
di stributi oisitAntdel sheiCormegryst Al CaE e rTdashe €fthyctsithg Fhe-“@hove
mentiongd comercial. defes!, eyaldation.appanatus.. 82 E3finscanner (M- 6)
manuf actured by Raytex Co. The nmeasure- 20 nent conditions were as
descri bed abroveib®i giverhe Cansacdert the size Pehgd) 6f tike OF6i 85 and USE
measured, apdth dIRASUL & Nt APt AQE o2 PN - § e Aol uge, densidae ([lere]) of
t he voi ds \?%s nca%%u ated. The experinnecr)lts ingl uded%case [ B] representing
dopi ng w t lremiibrogen, only, i.e. no hydrogen dopi ng, no 25 carbon doping
and no "rapid cooling"” treatnment according to the present invention; case
[Dl representing doping with ni- trogen and the "rapid cool H} treat nent
accordifg t'odhé bt EsERTVIWVERLTOH e RE A pTHY =W t Hihyd g‘@n and no
dopi ng W t hscarbosy -andocasechFd Sopi Bgradtt hepidd agenne canbesm and 30
hydrogen and the "rapid cooling” treatnent according to the present
| nventi on. single crystal. The lower part of Fig. 7 is a drawing show-
ing a cross-section of a pulled-up single crystal. Cross-
sectionsg from the single crystal taken at points (a), (b} and
20 ) are sheown in the upper part of Fig. 7. It has been found
that any of the cross-sections at points {a), (b} and {(¢) has
an area ratio of the Vi region of egqual %o or higher than
80%, and that a total area ratio of the VI region plus the
O8F region is esqual to or lower than 20%. That is, the
25 peints {(a) and (c) are boundaries, and the cross-section
where the V1 region is 20% of the total area of the above
mentioned silicon wafer represents the upper limit wvalue of
the crystal pull-up speed, and the cross-section where the VI
region is 80% of the total area of the above mentioned sili-
30  con wafer repressnts the lower limit value of the crystai
pull-up speed. Therefore, the cross-sections at poeints {a)

and (¢) and any cress-sections between these both ends reler



41 Fig. 8 shows the exanmination results regarding the relation between the
voi ds and in-plane OSF distribution in the sili- con crystal, and the
correspondi ng C-node pass rates. The conditions for cases [B], [D] and [F]
are summarized in the 5followng Table 2. Table 2 B D El N trogen doping
Yes Yes Yes Hydrogen dopi ng

37

te silicon single crystal wafers cobtained by the present in-

vention.

In addition, a rnumerical range of the crystal pull-up spead

b (V) according to the present invention is 0.53 to 0.68
mme/minute, preferably ©.53 to (.63 mm/minute, and more prei-
erakbly 0.56 to 0.63 mm/minute. Each of these three ranges
corresponds to a range, a preferable range and a more prefer-
able range, respectively, defined in terms of the ratio of

10 the V1 region or the V2 region occupying the total area of
the above mentiocned silicon wafer. A crystal pull-up speed
which is equal to or lower than 0.87 mm/minute enables to
avoid a state that the whole surface of the above mentioned
silicon wafer becomes the V1 region, and enables to generate

15 +the V2 region. Therefore, it not only provides extremely good
G0I of the oxide film but also the high C-mode pass rate (C-
mode conforming rate) of equal to or higher than 70%. On the
other hand, a crystal pull-up speed which is equal to or
higher than 0.40 mm/minute enables to avoid a state that the

20 whole surface of the above silicon wafer becomes the O8F re-
gion, and provides the high C-mode pass rate {(C-mode conform-

ing rate} of egual to or higher than 70%.

The measursment of the G0I of the oxide film (calculation of
25 high C-mode pass rate) was carried cut as follows. At the
surface of a substrate {(wafer) after heat treatment, the ox-
ide film with a thickness of 25 nm was formed under dry oxy-
gen atmosphere at 1000°C, and the GOI of the oxide film was
measurad. A number of 164 polysilicon slectrodes with an area
30 of 20 mm® were used for the measurement of the G0I at the wa-
fer surface. The ratio of the electrodes, showing withstand

voltage of a judgment current of 100 mA and an e



No No Yes Carbon doping No No Yes Rapid cooling treatment No Yes Yes As
shown in Fig. 8, a region having the void density [[/cn2 10in a range of
5x102 to 2104/ cnB8 and a good high C-node pass rate (70 to 10099 was found

in case [F], only. The Qher regions had a | ower high C nbde pass rate
whi ch was only 20 to

38

intensity of equal to or higher than 11 MV/cm, is defined as
high C-mode pass rate, and the high C-mode pass rate of equal

to or higher than 70% is Jjudged “good”.

5 Still more, according to the-Voronkov theory (V. V. Voronkov;
Journal of Crystal Growth, 59 (1982) 625 to 643), & parameter
V/G, which is the ratio of the crystal pull-up speed (V) and
the average temperature gradient in a crystal growth longltu-
dinal direction {(G), determines type and total concentration

10 of a micro defect (pcint defect}. Here, G is defined as av-
erage temperaturse gradient in a crystal growth longitudinal
direction from melting point to 1350°C. Therefore, becauss
control of the crystal pull-up speed in the present embodi-
menﬁ can be specified also by calculation of V/G, it will be

15 explained helow.

A relative V/G value was defined as fcllows. A pull-up fur-
nace having the same structure as the pull-up furnace for
pulling-up a silicon sgingle crystal doped with nitrogen,

20  carbon and hydrogen, was used for pulling-up a silicon single
crystal which was not doped with nitrogen, carbon and hydro-
gen at varicus pull-up speed V. Then, a wafer was cut out
from the pulled-up crystal to be sublected to precipitation
heat freatment at 780°C for 3 hours, and subsequently at

25 1000°C for 16 hours, and then the BMD density was measured
with a BMD analyzer. A reglon having the BMD density of
equal to or higher than 1x10%/cm’ was defined as a V~rich re-
gion comprising the Pv region, the OSF region and the V re-
gion; a region having the BMD density of below 1%x10%/cm’ was

30 defined as an I-rich region comprising the Pi regicn and the

I region; and a boundary between the V-rich region and the I-



15 The di anmeter of the above nentioned silicon single crystal and the
pressure inside the crystal pull-up furnace may be set at predeterm ned
values. In principle, the diameter of the silicon single crystal is 20 not
limted. However, the dianeter is preferably set to be equal to or larger
than 200 mMm When the dianmeter is equal to or larger than 200 nmm the
present invention is particularly suitable, since silicon single crystal
wafers with a dianeter of equal to or3% arger than 200 nmare mainly used
for menu- 25 facturing devices such as DRAM 42 The pressure inside the

crystal pull-up furnace is _set to be 40 .to 250 r. Lower_ Iimt val ue
i s equal td”ﬁB RiGiver YEhats “20°Hisar ° %er3F3§f§yggﬁélv%%%gﬁgﬁi%her t han 60

nmbar, and mekeppsefienabl yrrequal Hoanosrhivgherethan 86 tihar .mhich to 5 avoid
effectively a decrease of the product yield during pulling-up of the single
crystal. The higher Iimt value is equal to or |ower than 250 nbar,
preferably eguabsd:ater vhiowek st han cibfcnhar deanthinerewpreafserablap-equal to or
| ower than 100 nbar which enables to avoid effectively a decrease of the 10
product i €1%d 8ar Ty =ptf 15 ng- (°6F ERE S ngPE ?V§T‘5F.“I§><6F3ﬁ%ﬁ%n of the
present inuemnti e h/cbes gicvenhelew by mweans..of iexanpbesiceddawever, the
present invention should not be |limted to the foll ow ng. exanples. That is,
the fol - 15-H36WHY dXEnPEESERV GNPy eX&lifpl iffeati & E,d%ﬁ&tag%*one, whi ch
has subst anii.al by-dhe sase-cepstidgubhpnias et eshmalegisalticencept descri bed
in the clainms of the gresent invention and exerts sim|ar action effect,

shoul d be i¥fcEBAEHES AreRchnSFBgICAr  sEME 0P EHE e et iHivETiti on. 20

Exanpl ejpl Ruldhi Ny W20 n: iinl beOR 18 NGh B:eGkMSE adnd@s 1 Cakd isgde@uUt by using a
silicon crystal production apparatus. The silicon crystal production
appar at us UFEdtha {He Ppredeit Pexianprelt stdyance, the relative V/G

value of a crystal pulled-up at a certain pull-up spesd, c¢an

be determined by using a pull-up furnesce with the same struc-

turse.

15
A method for controlling the V1 region and the V2 regilon by
V/G is as fcllows. In the present embodiment shown in (F} of
Fig. 1, the V1 region appears where V/G is In a range of

egual to or higher than 1.1x(V/G)u:e. In addition, the VI re-
20 gion appears where V/G is in a range of 1.1x{V/G).n. to
0.7x{V/G)ertz, Therefore, the present invention comprises a
silicon single crystal wafer having a defect region repre-
senting a V/G which is equal to or more than 1.1x{V/G). . and
which occupies an area which is egual to or less than 20% of
25 <he total area of the silicon wafer, and having a defect re-
gion representing a V/G which is L1.1x{(V/G)c: t0 0.7%(V/G) crix
which occupies an area of the silicon wafer which is equal to
or more than 80% of the total area of the silicon wafer. More
preferably, the silicon single crystal wafer has a defect re-
30 gion which occupies the whole surface of the wafer and which
represents a region where V/G is egual to or lower than

1.1%{V/C) orie, and has a defect region which occupies an area



25 single crystal production apparatus having the cooling body 22 shown in
Fig. 6. Such an apparatus is used in producing a silicon crystal by the
usual CZ nethod. The crucible dianeter was 22 inch, the weight of

sem conductor material to be inserted into the crucible was 100 kg, and
growing single crys- 30tal S was an 8 inch crystal. 43 As a material for
the cooling body 22, silver was used, and the cooling body 22 had an inner
di aneter of 260 mm an outer dianeter4lof 300 mm and a length of 280 nmm As
the liquid cooling structured body 31, a constitution of a doughnut- 5

shaped wat er . cool i ng _chanber havin 1Rl el ipe,inside was
used, and thecW iquEd“toold R Stru g% E@ 5y ﬁﬁtﬁgs al$ac Pcf:at the | ower

part of th%1ﬂ1dﬂi®a€@ﬁﬁhﬁfrapxm§$@élilmﬁmby,MMh& a?@r£§ald producti on
apparatus was conf ured a ul | -.up furnac% uII-up furnace

2, where tHelhedt® Sﬁiépdpné %%8§”36pmﬁ§j§08Péﬂzﬁ? Fﬁ@oéﬁo5 ment i oned

met hod to isACL eAse ihhee tapes atunte rgiadieat tui egi bhertienpetat-ur e range of
1100C tqg 1200C, or as. a pull-up furnace 3 causing a co mon t enperature

gr adi enf |ﬁ”f”ﬁetbreé’ﬁgc?|%fi§et°e§755?a‘faaﬁ'€ PARGET PRt He ®pll T - up furnace 1
and the puld-up funnacey 2 . a. jtei ot 7pa16; of. .t hes ceobit g lmdye&z and the

l'iquid cooling _structured body 21 was jOInted by ex Ios ve bonding. On the
ot her hand,*Pfn"t HEIPAT | 2t tPﬁrY?aEegéon'a 6i RE“ it © eaﬁ%oqhieng body 22

and the ||quhg Qgp@h@gg§gQgggggﬁdﬁbQQMWQl32@1®@8abolt jointed. In the
pul | -up furnace 1, the tenperature gradient in a |ongitudinal direction of

a crystal within the tenperature range from 1100 to 1200C was set to be 4C
/nw1duﬂDngﬁpgkémmgﬂupwzsi&heQQVWS&aE@wUheaatom%sahdat%np@mamwre gr adi ent

was set to be oG [mm.Ln z}nheeoB%-"é 5‘4@3)&\5‘ N3ce .2 thd %%f.?&‘n af, E?asla' d

tenperature gra&ient S 'set I'mmin urnace 3. Kinds
of the aboweopul#itaphtgir macess (pdsemraful | - up furnace" |n Tabl e 3) and the
af oresai d tenperature gradient 30 in each of Exanples and Conparative
Exanpl es, are described in the follow ng Table 3.

The present inventors have examined mutual relation between

158  woids and in-plane O8F distribution in the silicon crystal,
along with high C-mode pass rate. The veoilds and in-plane OSF
distribution in the silicon crysial are measured by using the
sbove mentioned commercial defect evaluatlion appakratus, an
LSTD scanner (MO-6) manufactured by Raytex To. The measure-

20 ment conditions were as described above. From the area den-
sity (I/em®]) of the voids and OSF measured, and the measure-
ment depth of 5 pm, the velume density ({/cm’]) of the voids
was calculated. The experiments included case {B] represent-
ing doping with nitrogen, only, i.e. no hydrogen doping, no

25 carbon doping and no “rapid cooling” treatment according to
the present inventlion; case [D] representing doping with ni-
trogen and the “rapid cocling” treatwment according to the
present invention, i.e. no doping with hydrogen and no doping
with carbon; and case [F] doping with nitrogen, carbon and

30 hydrogen and the “rapid cocling” treatment according to the

present inventlon.



44 A conduction type of the silicon crystal
appar atus was p-type (boron doping),

i nch).

nitride filminto silicon nelt.
waf er obtained by slicing the pulled-up silicon single crystal
using a secondary ion nass spectroneter
concentrations were neasured by an i dfrared absorption mnethod,

(SI MS).

The

grown by utilization of this
and the crystal
5 Nitrogen doping was carried out by charging a wafer eying a

The nitrogen concentration of the silicon

di aneter was 200 mm (8

was measured
oxygen and 10 carbon
and the

respective value of JEITA (Japan El ectronics and Information Technol ogy

| ndustri es

Associ ati on)

was used -

as a conver5|on f

conver si on Ffact brshPEF Wﬁ EFEPTIEEP 055N cOHeee rat Fon ©

That is, the

ctor.
££93-%93x 1017/ cne,

and the 15¢enyessi-gn §&ci0bnfofm-gashorngongentration. L1 $h8 4ix1016/ cn.

However,

because a waf er

having a nitro

en concentration of equal

to or

| oner than %ﬁl@ﬁwtﬁﬁon@%ﬁéaﬁ%@sﬁﬁﬂ% sOFEPUSEAY SIB; tHE ni trogen
concentr atiQpanes,~detes nned by USbNOaEXpressioRuinii-ch is wpecified

bel ow. 20 Any
crystal Swi tielAPtinggén ¥ or exanpl e,

known net hod

dissolved in the silicon nelt;

deposited thereon by a CVD nethod or

may be used for doping the silicon single
nitrogen gas is introduced and

or a silicon substrate with a nitride

25 the like is mxed with the silicon

raw mat eri d2bhefore or after nelting of the silicon.raw material. The
segregation coefficient, k, whichHls theiTlatiio 6f! the inpurity

concentr at ggwdagehhgogplr@ést aI after=ssolli dids cationstag the inmpurity
concentrati gn |netn gﬂgt has tnﬁovalueng x19é4 in the case 30 of
nitrogen (W Y IS Rne arid—D: Huber—Crystat—& UWLH, Properties and
Applicatior@?ﬂﬁVRﬁoﬁﬁﬁingpr-Vp |RNO A@mt@ﬂrk 1%@%\ 45 The nitrogen
concentr at i Bapigf cacsind con single gry%ta} EFY&QICh i s produced according
to the preseéentatmgventi on, can_be calculated

10

15

20

25

As shown in Fig.

8, a region having the void density

[[/em')

in a range of 5x10% to 2x10%/cm’ and a good high C-mode pass

rate

{70 to 100%)

was found in case

{Fl

, only.

The Other re-

gions had a lower high C-mode pass rate which was only 20 to

%.

40

The diameter of the above mentioned silicon single crystal

and the pressure inside the crystal pull-up furnace may be

set at predetermined values,

In principle,

not limited. However,

equal to or

the diameter

larger than 200 mm.

the diameter of the silicon single crystal is

is preferably set to be

When the diameter is egual to

or larger than 200 mm, the present invention 1s particularly

suitable, since silicon single crystal

of squal to or larger

facturing devices such asz DRAM.

wafers with a diameter

than 200 mm are mainly used for manu-



5 Expression 1 Nitrogen concentration in a wafer=kx(1-solidifica on

rate) (kxni trogen concentration in the nelt It should be noted that the
nitrogen concentration in the nmelt neans the nitrogen concentration in the
initial nelt. 10 Here, solidification rate (gig) of the silicon crystal can
be determ ned by: Expression 2 Solidification rate (g/g) of the
silicon crystal =(weight of 15crystallized silicon)/(weight of the initial
nmelt) The measured value [atons/cnB] & the nitrogen concentration are
described in the follow ng Table 3. 20 In addition, hydrogen dopi ng was
carried out by the introduction of a hydrogen gontainin%ﬁga§ m xture into
each of the™FuPFEIRIEurHEEEs FRTHE YRy ar dgen Par t1aP pressiret( P4] and sone
of the condig irensssebaar e wescrided ikhn: theubold ewiuag daklren8yhekhe crystal
pul |l -up speed V and the in-plane distribution of 25 G were controlled as
fol | ows. Fi¥s® 4¢3y yREAS ALY -Uy2s pe @ wasT i itel o ™8AT ufpér 1imit

val ue such that ;the. Vi {eghqn baving:bhe vokd gdensity.aofcrover 2x104/cn8 and
bel ow | x105/ cnB was controlled so as to be equal to or |ess than 20% of

total arfea dfoid sifqcséreky fglecerdrst af Waf &Fodutt FEers the 130 pul | ed- up

silicon singleicryst al 1Recond;ethe eryst ahepyldrdipispeednas dd mted to a
| ower l'imt valué such that the V2 region having the void density of over
Sx102/ cnB arthaBetover 46%PK TO4PcHt Wab2E oitiedeFet 5 Goas! t'e B8 &4ifdl to or

more than 895T{£‘n0f15@%b%|r apea 0fc 8,81 4 con, Singl e oryst ale Mater it fromthe
pul | ed-up silicon single crystal”. The val ues of the crystal pull-up speed,

t he i n-pl arebay/ Erimixierablesmltaesv{ GratcTiiels watesreeent®r fi€and the VI G
m ni mal 4qval yfc%ueygsﬁg% &Qﬁﬁf&@hﬁ%@% @fech@ss%@g%g kbed in the fol | owing

Tabl e 3. 1t  shoul e note at VI'Gin Table I's standardi zed by
(v/iGecrit. Aplurality of wafers were cut fromthe sane position of the

single crystal; .aod Gonverfed, Lo ok P 8088 MALELS peiow by

means of examples . However, the present invention should
not be limited to the following examples. That ié, the fol-

15 lowing examples are only exemplifications, and any one, which
has substantially the same constitution as technological con-
cept deséribed in the claims of the present invention and ex-
erts similar action effect, should be included in technologi-
cal scope of the present invention.

20
Example 1
Pulling-up of a silicon single crystal was carried out by us-
ing a silicon ¢rystal production apparatus. The silicon crys-
tal production apparatus used in the pressnt example i3 a

25  single crystal production apparatus having the cooling body
22 shown in Fig. 6. Such an apparatus is used in producing a
gilicon crystal by ths usual CE method. The crucible diameter
was 22 inch, the weight of semiconductor material to be in-
serted inte the crucible was 100 kg, and growing single crys-

3 tal 8§ was an 8 inch crystal.



10 The V region of a wafer is a region in which voids are forned as a
result of introduction of excess vacancy point defects froma solid-liquid
interface during crystal gromh. There- fore, specifically, the Vregion o
the substrate can be 15 specified by the above nmentioned void density. The
eval uation and identification of the void region inside the wafers was
carried out by the above nentioned nethod. In addition, as described above
vol ume density of the voids was 20 cakgul ated, to determine the V1 region

f

and the V2 region. The inner dianeter and the outer dianeter [cm of the V1

region and the V2 region determned in this way are described in the
fol | owi ng Tablée®gteyBiTher dgl Gatiie 8PLOSE Was &t FPad B BY t he

fol 'owi ng nethodq; By sbaythe nwaf & vas,sshi-ected, ¢ @ sanyoxidati-an treat ment
under oxygen at nosphere containing steamat 1100C for 1 hour. After that,

an oxi de fi¥#m"RaST remefldevi FROhY-18e6R | Uorite Bei d Acaklr tiHéH1@t ched by a
thickness of,h.:3,um 30,4 Bodyl tghty ebehing. higuid, to.pbsecve

el lipse-like, half noon-like of rod-like OSF pits generated at the surface
with 47 ansiopteiccatan crobidopelaminey OBFLr éa clehsia VL pi e0€rERD] was
determi ned as. (O6F. pi s nunberfobservation ;apea) by, scanigigsihe wafer in
di aneter direction ané by counting the nunber of OSF pits in a view field
of 2.5 nm divzamattércydd Btatheopriver Baggl ofitdrosddpes cThebOSKSregi on was
defined as a region having an OSF area density of equal to or higher than
100 pieces/cnR2. The inner dianeter and outer diameter [cm of the OSF

regi on det efpdgiddcihithicge idpreased desdritbed Eprateaubobdowion§idabl e 3, 10

Still npge  @s, 1.9r.qaGH_9f QXYGED CONCEt Aty [ALLO, OF LNE e
heat shielding body 36 was cooled by the above mentioned
method to ilncrease the temperature gradient within the tem-
perature range of 1100°C to 1200°C, or as a pull-up furnace
3 causing a common temperature gradient in the respective

15  temperature range. In the pull-up furnace 1 and the pull-up
furnace 2, a Zoint part of the cooling body 22 and the liguid
cooling siructured body 21 was jeointed by explosive bonding.
On the other hand, in the pull-up furnace 3, a joint part of
the cooling body 22 and the liguid ceooling structured body 21

20 was bolt-jointed.

In the pull-up furnace 1, the temperature gradient in a lon-
gitudinal direction of a crystal within the temperature range
from 1100 to 1200°C was set to be 4£°C /mm during pulling-up
25  the crystal, the aforesaid femperature gradient was set to
be 53°C /mm in the pull-up furnace 2, and the aforssaid tem-
perature ¢radient was set tc be 3°C /mm in the pull-up fur-
nace 3. Kinds of the above puliwup'furnaces {item “Pulli-up
furnace” in Table 3) and the aforesaid temperature gradient
30 in each of Examples and Comparative Examplss, are described

in the following Table 3.

a



nunber of voids conposi ng bubble-1i ke shaped aggregates of voids to the
total nunber voids (Void Ratio), the END density and the high C node pass
rate, the respective values neasured 15 by the above nentioned nethods are
described in the following Table 3. Exanple 2 A silicon single crystal was
pulled-up simlarly as in Exam 20 pie 1, except that conditions of oxygen
concentration, nitrogen concentration, carbon concentration, pull-up speed,
along with mniml value and maxi mal #al ue of V/G were set as described in
the follow ng Table 3. 25 Exanple 3 A silicon single crystal was pulled-up
simlarly as in Eangje 1, gxgﬁgt,éhat conditions of _oxygen_concentrati on,
ni trogen cohC8RETATICEn Yarbon tdrdantt &7 6h% ﬁﬁpﬁ?ugy§%‘éd?aévghg with
m ni mal valdfe zand dmsi-Els vakug-0fcaViyer eoseho)as ade- 130 csostdzed in the
following Table 3. 48 Exanple 4 A silicon single crystal was pull ed-up
simlarly &53%RCBAS 6°4 ™extept™'hat conditions of oxygen concentration,
nitrogen concentration, carbon concentration, pull-up speed, along with
m ni mal val ue and nmaxi mal value of V/G were set as described in the
fol | owi Ry THEFEIS IRAADI'E@S5 A EI9S €bn 1 FGPEITHY St ¥R *Wad?FulY &d- up
simlarly gsdriacExam 10:pleilcoeneept that conditions of oxygen
conoent 1at |4, CRAHRON EANGSRLLALYeN. Pl loiuR SPeet.-abong ki, m ni T

tia e ar d

val ue, par- ssure of hydrogen and naxi mal val ue o ‘G were set as
descri bed isiitchegfold puihgl-TabkeliZon single crystal was msasured us-

ing a secondary lon mass spectrometer (SIMS). The oxygen and

10 carbon concentrations were measured by an infrared absorption
method, and the respective value of JEITA (Japan Electronics
and Information Technology Industries Association) was used
as a conversion factor. That is, the conversion factor for
interstitial oxygen concentration is 3.03x10Y/cm®, and the

15  conversion factor for carbon concentration is 8.1x10%%/cm’,
Sowever, because a wafer having a nitrogen concentration of
equal to or lower than 5x10% atoms/cm’ cannot be measured us-
ing SIMS, the nitrogen concentration was determined by using
Expression 1 which is specified below.

20
Eny known method may be used for doping the silicon single
crystal with nitrogen; for example, nitrogen gas is intro-
duced and dissclved in the silicon melt; or a silicon sub-
strate with a nitride deposited thereon by a CVD method or

25 the likxe is mixad with the silicon raw material before or af-
ter melting of the silicon raw material. The segregation co-
efficient, k, which is the ratio of the impurity concentra- '
tion in the crystel after solidification to the impurity con-
centration in the melt, has the value of 7x107%, in the case

30 of nitrogen (W. gulehner and D. Huber, Crystal Growth, Prop-
erties and Applications, p28, Springer-Verlag, New York,

19827 .



15 Exanple 6 A silicon single crystal was pulled-up simlarly as in Exanple
1, except that conditions of oxygen concentration, carbon concentration,
pul | -up speed, along with mninml value, partial pressure of hydrogen and
maxi mal val ue of V/G were set 20 as described in the follow ng Table 3.
Exanmple 7 A silicon single crystal was pulled-up simlarly as in Exanple 1,
except that conditions of oxygen concentration, carbon 25 concentration,
pul | -up speed, along with mninmal val4® and nmaxi mal val ue of V/G were set
as described in the followng Table 3. Exanple 8 30 A silicon single

crystal was pulled-up simlarl n Exanple 1, except that conditions of
oxygen concéfit FatT " E%ﬁﬁﬁﬁﬁrﬁéﬁﬁbﬁﬁr%I?%%%“Obu?ﬁ“%}ﬁ Sf%ﬁﬁf 4Fotg with

m ni mal  valugchpil Iproad8edp cburdace ranghd@xkidl e iakbgr ofn Ve ware set as
described in the follow ng Table 3. Conparative Exanples 1-7 5 A silicon

single crystarehas*péll ed-up similarly as in Exanple 1, except that
condi ti ons of oxygen concentration, nitrogen concentratlon, car bon
concentration, pull-up speed, along with mninmal value, pull-up furnace,
partial5pré§?ﬁﬁésﬁ¥1ﬁydrogen and maxi mal value of V/G were set as

descri bed iy cBe-d OlpkLowiidoTabl @ BerBRsulssofidieca ahaveabuanpl es and
Conpar ative Exanples are shown in Table 3.

i

* xpitrogen concentration in the mel*
it should be noted that the nitrogen concentration in the
melt means the nitrogen concentration in the initial melt.

10  Here, solidification rate {g/g) of the silicon crystal can be

determined by:

Expression 2
Solidification rate (g/g) of the silicon crystals=(weight of

18  crystallized silicon)/(weight of the initial melt)

The measured value (atoms/cm®] of the nitrogen concentration

are described in the following Table 3.

20 In additicn, hydrogen doping was carried out by the introduc~
tion of a hydrogen containing gas mixture intec each of the
pull-~up furnaces. The hydrogen partial pressure [Pa] and some
of the conditions set are described in the folliowing Table 3.
The crystal pull-up speed V and the in-plane distribution of

25 G were controlled as follows. TFirst, the crystal pull-up
speed was limited To an upper limit value such that the Vi
region having the void density of over 2x10%/cm® and below
1x10%/cm® was controlled so as to be equal to or less than 20%
of total area of a silicen single crystal wafer cut from the

30 pulled-up silicon single crystal. Sscond, the crystal pull-up
speed was limited to a lower limit value such that the V2 re-

gicn having the veoid density of over 5x10° /e’ and below
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2x10%/cm® was contrelled so as to be equal to or more than 80%
of total area of a silicon single c¢rystal wafer cut from the
pulled-up silicon singlie crystal. The wvalues of the crystal
pull=-up speed, the in-plane V/G maximal valuss (V/G at the

5 wafer center), and the V/G minimal values (V/G at the wafer
edge} are as‘described in the following Table 3. It should
be noted that V/G in Table 3 is standardized by (V/G)one. A
plurality of wafers were cut from the same position of the
single crystal and converted to mirror polished wafers.

10
The V region of a wafer is a region in which voids are formed
as a result of introduction of excess vacancy point defects
from a solid-liguid interface during crystal growth. There-
fors, specifically, the V reglon of the substrate can be

16 specified by the above mentioned vold density,

The evaluation and identification of the veoid region inside
the wafers was carried out by the zbcve mentioned method. In
addition, as described akove, volume density of the voids was
20 calculated, to determine the VI region and the V2 region. The
inner diameter and the outer diameter [cm] of the V1 region
and the V2 reglon determined in this way are described in the

following Table 3.

25  The evaluation of OSF was carried out by the following
method. First, the wafer was subijected to an oxidation
treatment under oxygen atmosphere containing steam at L100°C
for 1 hour. After that, an oxide film was remcved with hy-
drofiuvoric acid, and then etched by a thickness of 1.5 um,

30 with a light etching ligquid, to observe ellipss-like, half

moon-like or rod-like OS¥ pits generated at the surface with
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an optical microscope. The OSF ares density [piece/cm’] was
determined as [0OSF pits number/observation zrea! by scanning
rhe wafer in a diameter direction and by counting the number
of OSF pits in a view field of 2.5 mm diameter with an opti-
cal microscope. The OSF region was defined as a region have-
ing an OSF area density of equal to or higher than 100
§ieces/cm?. The inner diameter and outer diameter [cm]} of the
O8F region determined in this way, are described in the foli-

lowing Table 3.

5t1l} more, as for esach of oxygen concentration, ratic of the
number of voids compesing bubble-like shaped aggregates of

voids to The total number veids [(Veid Ratio), the BMD density
and the high ¢-mode pass rate, the respective values measured
by the above mentioned methods are described in the following

Table 3.

Example 2

A silicon single crystal was pulled-up similarly as in Exam-
ple 1, except that conditions of oxygen cencentration, nitro-
gen concentration, carbon concentration, pull-up speed, along
with minimal value and maximal value of V/G were set as de-

scribed in the fellowing Table 3.

Example 2

A silicon single crystal was pulled-up similarly as in Exam-
ple 1, except that conditions of oxygen concentration, nitro-
gen concentration, carbon concentration, pull-up speed, along
with minimal value and maximel value of V/G were set as de-

scribed in the following Table 3.
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Example 4

A silicon single crystal was pulled-up similarly as in Exam-
ple 1, except that conditions of oxygen concentration, nitro-
gen concentration, carbon concentration, pull-up speed, along
with minimal value and maximal value of V/G were set as de-

scribed in the following Table 3.

Example B

A silicon single crystal was pulled-up similarly as in Exam-

ple 1, except that conditions cof oxygen concentration, carbon
concentration, pull-up speed, along with minimal value, par-

tial pressure cof hydrogen and maximal value of V/G were set

as described in the following Tabkle 3.

Example 6

A silicon single crystal was pulled-up similarly as in Exam-
ple 1, except that conditions of oxygen concentration, carbon
concentration, pull-up spesd, along with minimal wvalue, par-
tizl pressure of hydrogen and maximal value of V/G were set

as described in the following Table 3.

Example 7

A silicon single crystal was pulled-up similarly as in Exam-
ple 1, except that conditiens of oxygen concentration, carbon
concentration, pull-up speed, along with minimal value and
maximal value of V/G were sat as described in the following

Table 2.

Example 8
A silicon single crystal was pulled-up similarly as in Exam-
ple 1, except that conditions of oxygen concentration, carbon

concentraticon, pull-up speed, along with minimal value, pull-
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up furnace and maximal value of V/G were set as described in

the following Table 3.

Comparative Examples 1~7

A silicon single crvstal was pulled-up similarly as in Exam-
ple 1, except that conditions of oxygen concentration, nitro-
gen concentration, carben concentration, pull-up speed, along
with minimal valug, pull-up furnace, partial pressure of hy-~
drogen, and maximal value of V/G were set as described in the

following Table 3.

Results of the above Examples and Comparstive Examp.es are

shown in Table 3.
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i fnlen i+1+ +1+ +i+ [LIJIWIi.111.11 0 0.10 Roi (\lied T-TR 1, -1 N Mt
folcplr-lco la> 01 cu(Dl a) a) E=Ee EIl El El Eco al cu 'ci, a) as ill
1.1J° 1'11111 W eu< 51 From Table 3, the high Cnpde pass rate of any of
the silicon wafers obtained in Exanples 1 to 8 showed excellent results of
over 70% Therefore, the silicon crystal obtained in any of these Exanples
can be said to be applicable to any device 5 including a device such as
DRAM 1In the case where the pull-up eed was 0.56 to 0.62, and the m ni nal
VI G value was equal to or nore than 0.7 and the maxi mal V/ G val ue was equal
to or |ess mrhanrdnlt, 3stitdel hbgr €-exdeldeent raesul stywerfe tobt ailngdn The hi gh
C- node pass rat % i
P waferg gg%%igéd({%eﬁxég%fégnlb§§Ia showed excellent results
of over 70%. Therefore, the silicon crystal obtained in any
of these Examples can be sald to be applicable to any device
5 including a device such as DRAM. In the case where the pull-
up speed was 0.56 to 0.62, and the minimal V/G value was
equal to or more than 0.7 and the maximal V/G value was egqual
to or less than 1.1, still more excellent results wers ob-
tained. The high C-mode pass rate was of over 90% in both

10 cases.

Tt was found that, as compared with Example 8, the other Ex-
amples 1 to 7 showed significantly more stable crystal pull-
up spesd. Such a result is considered to show that conditions
16 of the pull-up speed and temperature gradient set in Examples

1 to 7 are extremely suitable for stability of the crystal

pull-up speed.

on the other hand, in each of the Comparative Examples, the
20 high C-mode pass rate was below 70%, or crystal pull-up it-
self was impossible. Therefore, the silicon crystal obtained
in any of these Comparative Examples can be said not to be
applicable to any device including a low grade device. Rea-
sons for obtaining such poor results in each of Comparative
25 Examples are discussed as follows: Comparative Exampie 1 was
not able to eliminate certain kind of a micro defect which
may present in the CSF region, because the whole surface of
the wafer was the OSF region; in Comparative Example 2, the
arsa ratio of the V2 region to the total area of the silicon
30 wafer was less than 80%; in Comparative Example 3 bubble-like
shaped aggregates of voids were not formed, because the hy-

drogen partial pressure was extremely insufficient, and the



10cases. It was found that, as conpared with Exanple 8, the other Exanples
1 to 7 showed significantly nore stable crystal pull-up speed. Such a
result is considered to show that conditions 15 of the pull-up speed and
tenperature gradient set in Exanples 1 to 7 are extrenely suitable for
stability of the crystal pull-up speed. On the other hand, in each of the
Conpar ati ve Exanples, the 20 high C node pass rate was bel ow 70% or
crystal pull-up itself was inpossibl &2 Therefore, the silicon crystal
obtained in any of these Conparative Exanples can be said not to be

appl i cabl e 2t-9; any-;devi ce=i ngl udiing e 0w goade dexi ¢ .chReasonsef or

obt ai ni ng such poor results in each_of Corrgarat i ve 25 Exanmples are

di scussed #3$B|136Ws5TIREAr At hiveTEXAWPITE T 1 Ve 3 ABL ® abl &°F 0’2" hi nat e
certain kind.pfya mhero:deheeiusehieh sy ipresentsui-a dthey@Bkgeregi on, because
the whol e surface of the wafer was the OSF region; in Conparative Exanple
2, the are#2fati®iot CBHe- VLT RGN PHPIRE T Bt RIZ &l 8a° 0f-"Eh&* Si¥i con 30

waf er was lg‘f{gﬁ +han 804 BeComRakati yobxamplend -bubl exki key-shaped
aggregates of voids were not forned, because the hydrogen partial pressure
was ext r emsiiFarsudt Levent, CamERhéVe 5APE] Pat iF6°of “tHE"™¥2 region to the
total area.of the.siliconwater-neas-Less than.80% b Gouparative Exanple
4, the V2 re- gion was narrowed because the partial pressure of hydrogen
was si gni ficéant! i gh; Canpagaridr &XpVR EXafpt 57 °FRe WP2CFBETS gi on was
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53 Patent Clains: 1. A silicon single crystal wafer which is doped with
‘nitro gen, hydrogen and carbon, conprising 5 a plurality of voids, wherein
a nunber which is equal to or nore than 50% of the total nunber of voids
conpose bubbl el i ke shaped aggregates of voids; a VI region having a void
density of over 2x10'/cn2 and bel ow 10 leOZ/ch whi ch occupi es equal to or
| ess than 20% of the total area of sajzd silicon wafer; a V2 region having a
void density of 5x102 to 2x104/cm whi ch occupi es equal to or nore than 80%
of the total area of said silicon wafer; and 15 a bulk mcro defect density
whi ch is &gtemt t9-admshi gher than 5x108/cnB, 2. A nethod for producing a
silicon single crystal wafer, conprising 20 pulling a silicon single
crystal in a pull-up furnace with a crystal pull-up speed and doping the
silicon silnghescriystakinglé mivtsteyersicarborhand diydcogéeny omtorol |ing that
a nitrogen concentration.in the silicon.crystal is set to be 258x1013 to
394022 at@ﬁﬁ/gﬁﬁp E5ht Fot | Y That "B cardSn concentration in the silicon
crystap is set to be Ix1015 to 9x1015 atoms/cn8; controlling that a partial
pressure of hydrogen in the crystal pull-up furnace is set to be 3 to 60

Pa; 30 corit Pémlngtn Rat Vel fenplicatut & grEdirEnt i WP &9 SAGRt udi il di -

more than 50% of the total number of voilds compose bubble-
like shaped aggregates of voids:
a V1 region having a void density of over 2x10%/cm’ and below
10 1x10°/cm® which occupies egual to or less than 20% of the to—
tal arez of said silicon wafery
a V2 region having a void density of 5x10° to 2x1C"/ecm® which
cccupies equal to or more than 80% of the total area of said
silicon wafer; and
15 a bulk micro defect density which is equal to or higher than

5x10%/cm’.

2. & method for preducing a silicen single crystal wafer
comprizing
20 pulling 2 silicon single crystal in a pull-up furnace with a
crystal pull-up speed and doping the silicon single crystal
with nitrogen, carbon and hydrogen;
controlling that
2z nitrogen concentration in the silicon crystal is set to be
25  3x10%% to 3x10%° atoms/cm;
controlling that a carbon concentration in the silicon crys-
tal is set to be 1x10% to 9x10' atoms/cm’;
controlling that a partial pressure of hydrogen in the crys-
tal pull-up furnace is set to be 3 to €0 Pa;
30 controlling that a temperature gradient in a longitudinal di-

rection of the silicon single crystal within a temperature



rection of the silicon single crystal within a tenperature 54 range of
1100 to 1200C is set to be equal to or nore than 3,5 C/mm controlling
that - he crystal pull-up speed is set to be equal to or |lower than an
upper limt value and equal to or higher than a lower limt value; and
cutting a silicon wafer fromthe silicon single crystal, wherein the
silicon wafer conprises a V1 region hayving a void density of over 2x104/cn®
and bel ow | x105/ cnB whi ch occupi es 20% of the total area of said silicon 10
wafer if the single crystal was pulled with the upper Iimt value of the
crystal pulangapospedd, tantl2¢oiprissest atvrer egian Havimgoaevehar density of

5x102 to %Ogécpﬁ whi ch occupi es 80% of the total area of said silicon
wafer if tthe S|njF% crystal was pulled with the lower limt value of the

crystal puldncuplilbspeed;s 8he The sproducti-an methodiacear diongeto cl aim 2,

characterized in that oxygen concentration_in the silicon single crystal is
elealby e RO B U TR R AL g R

5 hnigher than a lower limit value; and
cutting a silicon wafer from the silicon single crystal,
wherein the silicon wafer comprises a
V1 region having a void density of over 2x10%/cm® and below
1x10%/cm® which occupies 20% of the total area of said silicon
10 wafer if the single crystal was pulled with the upper limit
value of the crystal pull-up speed, and comprises a VI region
having a void density of 5x10? to 2x10%/cm’ which occupies 80%
of the total area of said silicon wafer if the single crystal
was pulled with the lower limit value of the crystal pull-up

15 =zpeed.

3. The production method according to claim 2, characterlzed
in that oxygen concentration in the silicon single crystal 1s

set to be equal to or lower than 7x10%7 atoms/cm’.



