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1 SILICON WAFER AND METHOD FOR PRODUCING THE SAME The
present invention relates to a silicon wafer and a production method
therefor. More specifically, the present in- 5 vention relates to a polished
(mirror processed) silicon single crystal wafer (mirror wafer) which is
doped with nitrogen, hydrogen and carbon, and comprises a void region,
and method for producing the silicon wafer. 10 Characteristics of the
growth of a silicon single crystal by a Czochralski method (a CZ method)
includes 3} ERNaFGFERHPIBMETEL sTPRBROPY a8 whikh 8 E
gravitationally stable, (2) the doping or adjustment of impurities, which is
fnecessaty 1o adiystresistiviyy, faking,inta,ageount,a cone s centratign,,
gradient in an axis direction due to a segregation coefficient specific to the
dind Bitinpriviep () theedottrol 6fthe GBRjert é6RceHtratibR eHertiviatiol -

AstterJneahimpuyities by dissalving oxygen framdhe crugible ;anddhe s in-
control of the oxygen concentration or dopant concentration 20 by control
BfthePAG-UfF BRI AT tHEtTRE 'uLE bF B quarte RRcible-or Grapitite
qatis having;highetpurityand larger seale; iangk (%) theiuse of adargend
sized apparatus which enables the growth of a large diameter silicon

EAYR R talRTAICRIS HFed of dislocaliénd A8 & large size sili- 25 con

single crystal grown by the Czochralski method can be used as a
substrate for LSI, severe control of the quality of the silicon crystal is

Geglfrele GroWitin Befédts Siisirig inside & ciystarjust aftef the BB Sificon
Singlegrystal arondhneroXygen preciitatesdislecation indiegdkinia
device production process and stacking failure etc. deteriorate, device
EhaifacteritRs? Orf fife BtHer h&nd Zit as b&én cartfed it oy gt ¥
fresipitates candse atitized effectivelys asan getieringrsitel of heavyimetals,s
or increase in mechanical sirength.of a substrate, and thus they are
‘Consideret! as i |§B%nsib?e jTmphrftie%’at prese%t, and scontrol of these
crystad tefectsisdieary impertant: Accordingly cin atechinical fieltrtessslven
piahien.io cop. ipkhese ciystal defeals vaflus lpls fgve bagnco, -
per ormed to pr duce a wafer where density or size of the grown-in defect
i contrbllieds andvior exapiple; PaeapLiteftare 1VE0 (IP-AL2006-3EX576)

discloses a.praduction.efa.silicon;single ron the crucible, and the
control of the oxygen.concentration or dopant concentration
by ceontrol of the pulling-up condition, (4) that the use of
a quartz crucible or graphite 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 dislocations. As a large size sili-
con single crystal grown by the Czochralski method can be
used as a substrate for LSI, severe control of the gquality of

the silicon crystal is required,.

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

failure etc. detericrate device characteristics. On the other



10

15

20

25

30

crystal, in which a non-defect region, where grown-in defects do not exist,
is enlarged over 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 ax1012 to equal to or lower than 5x1014atoms/cm3
and by setting hydrogen partial pressyre in atmospheric gas inside a
growth apparatus at equal to or lowerthan 40 to 400 Pa, in the course of
producing the silicon crystal. 20 According to a production method of the
rahave PatentsLiterature 4 rit is disclased thaty by mekingitares can be
indispensable requirement to produce under hydro artial pressure,
Hhc gﬁ e%ﬁgfpeiﬁ%}bxfe?%b%ﬁ or t%eéﬁl @ 50 sst%téeuggrgs%af\é m% ion of the
ring-fike O Sk appeaning#i the ceystalh; and as auR5result allowable wpperey
it ol gxyaen sencenfiatian. can e Incgsed. without clicialion of QoF
nuclei. Therefore, a wafer can be produced which is composed of a
Hor-defect regios awitnogtdécrsdsing delice charactersaes adfen when
oxygenicoricenttatien tshighi. daladditidn, ités atsordea 30:seribed imcPatent
Literatyre 1, that the relevant non-defect region. mea idati _
oo STRHIEG Thal (reLsaty ey 20 et e seaah SR
fegio ] & Pvaegiorr¢a a3 wibtedeféctregitinivHerearvaéancy polftdefsern -
is demipant).and & Piragion (anon-defect.region where.an inferstitial . re 1
silicon point defect is dominant). 5Still more in Patent Literature 2
(JP-A-20052122437§) tHéFS I aRTIGs&tF aProbitietioR mathiod fr-a st ©
single:crystal waferobtained-by slicing-a silicon single crystahdepedavititt s
carbon and nitrogen, and then by heat treatment the wafer at a
feniierafiireSdr 906C YD RERFTY POt ofthe Sificoh Eige 18°&AME; uhtdr
wmaixegkgas afmespheravn, themabheave Rateat Lifetatyire dt asrshewnip in-
aragraphs [0048] to [0052] and.Fig. 4, it has been canfirmed that b
Do A et Syt Bing & rowtg Sparaio ey 1o g & nat
Zohe causirgthe temperaluresgradient inthe' pallingdirectienof tiye sirigle
crystal just after solidification 1o he er rystal peripher. r
O R B LT e G0y and! Sreoung ndr & oLt
preveterarnedaiydrogencoantial pressurestire Piregiol widerts. Héwever,
the 20.Bi tegign is not,adequatedo.an application where IG effect is
required, because of its inability to form BMD. Moreover, doping with
nitrogen or carbon in a predetermined concentration does not lead to a
significantimpravesment: sines the A0 regientardirehanges dyithe: tera-
doping of carbon, and the P, re- 25 gion does not change, by the dogi% of
hitt6gen, even Wier Ryar6dern partal présstiré s ovef 16t Pasrensarte

requirement to produce under hydrogen partial pressure, and
by the doping of carbon or the like so as to suppress forma-
tion of the ring-like OSF appearing in the crystal, and as a
result, allowable upper limit of oxygen concentration can be
increased, without elicitation of OSF nuclei. Therefore, a
wafer can be produced which is composed of & non-defect re-
gion, without decreasing device characteristics, sven when
oxygen concentration is high. In addition, it is also de-
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
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Therefore, in the production method in Patent Literature 1, there is a
problem that widening of the P, region cannot be 30controlled effectively.
4 In addition, in the above Patent Literature 2, the silicon single crystal
wafer with high crystalline property and high thermal conductivity is
produced, by decreasing size of grow-in defect as small as possible by
doping nitrogen and 5 carbon, and then by performing heat treatment of
the silicon wafer so as to decrease defect in,pqrti%tjlgj\rﬁ%t the surface layer
NBERGT the Wafet: FIoWEE’ the Probleht remains that sufficien 16 eftbet
aganaotrberebtained auecto-lows density of the wxygenapretipitates. 104dn
sallqgi;ign, the ogc#&rargggg (:)Lfs\_/%ids.( holg§ formed by aggregated vacancy

point defbcts) is fess in partlcu?énrlllﬁatﬁe OSF region. Such an OSF region

is characterized by the absence of crystal defects which deteriorate gate

exide inteqrity, 15(GQN).ofan oxide film namely, C-pede characteristies

(high C-mode pass rate). In such a nitrogen-doped crystal, a region .
IRavingretaively 1BWarIE dersife(Spetificalyatel Hi6h hating therystal
density, of over x103/cmj andyequal to eblownerthan 5x103/em3ipe with

nitrogen-doped crystal) is present 20 which has inferior high C-mode pass
PHBOTheRsford CieE Rftrogel dopel &y stiff Ursdio§EdT e HbovEPAtferit™
sLiterature 2.cannot besaid toohave high Gloede passiate asiacwhaléngle

and is inferior in GOI of the oxide film. 25 Accordingly, it is an object of the

rEEEht inViTtion 16 Providaa Silftonwafer composed of a silicon crystal
formed with gettering BMD inside having decreased amount of grown-in

defects, and which is superior. | | of the oxide film, and has.gogd
IB-rtf?é%ea%ﬁgr%cl:%eaﬁseﬁc% PgioEo%!é%g%%-r%b%espgshqﬁétg%%%n%%d%on, itis
[andther objéSiiEtheapredert indentidn to provige Epréduetich Fethoeor

ﬁﬁ%ﬁ%%%i%ﬁ”gﬁ@‘yﬁﬁyaéﬁ crystal using a growing apparatus hav-
ing a hot zone causing the temperature gradient in the pull-
ing direction of the single crystal just after solidification
to be smaller at the crystal periphsral part (Ge) than at the
crystal center part (Gc), and growing under a predetermined
hydrogen partial pressure, the Py region widens. However, the
P, region is not adequate to an application where IG effect is
regquired, because of 1ts inability to form BMD. Moreover,
doping with nitrogen or carbon in a predetermined concentra-
tion does not lead to a significant improvement, since the P,
region hardly changes by the doping cof carbon, and the P, re-
gion dees not change by the doping of nitrogen, even when hy-

drogen partial pressure 1s over 160 Pa.

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

controlled effectively.
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In view of the above problems, as a result of intensively studies carried
out by the present inventors, it has been found that a silicon crystal (single
crystal silicon) having excellent GOI characteristics of an oxide film, and
good C- 5 mode characteristics (good in high C-mode pass rate) can be
obtained by the doping of nitrogen, c%rbon and hydrogen in predetermined
concentrations. In addition, the present inventors have found that in the 10
case where carbon is not added in a level of equal to or higher than
IPretfitdinhiied E8nEShtrakion ffnf%af“t%%i|i&6ﬁ%¥§§t%£eth%ro%??d8ééh%?n
disgppear-eyenibyinareasing.hydepgetrgetount insilearsmelteaayhigh
level. 15 Still more, as well as th%doggpg gf ngro en, carbon,and .

A enTirptedetéimihetd concantrations Y rapid coolng” freatmant is
carnediautiamd the silicomcrystal isquilediapiat aipredetenhimeden and
temperature. gradient (hereafter referred to as "average temperatuyre, .
CGathEt (3 o Stal BfowPLIore 20 it il Shattogt or amen "G, sl
watla predeterninedgpuikap sptetie(Hereaftes réferrdd to simphras i ge
:nas begn.found that, by, His treaiment, a silicon crystal haying, stll more

excellent GOI characteristics of an oxide film, and still better C-mode
SeHaraetensticS et BCShined 25 Héret @iphinatith Wil bevgiderory ©F
«charaeteristics.of. rapidi egeling” 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
eonventional faa}@bcaej_m treatment, ithasdeemgenerabionda increasere-
both temperature %ra%egg?ndﬁ%tilll:gg. peed. On the o.theﬁglandﬁth

g&rte%%n}f?r?\?enn%ré) ave found t rapi %%%Iiﬁﬁ" %?/Iif:rﬁﬁ%g tren%pe}:a%ﬁreo 5E
mradient insawverynatro 16 predetesmihedaange arddimaintdining teice
Il-up_speed level similar to.that of a conventional methad, makes
Ot%uec\}:ogas%étns?%%gaﬁﬁic%njﬂﬁ “smaﬁ,eand};d%é V(%s compose bub- ble-like
SHaped aggregatedeofiidids \eaiehldo Aorafiuetcers thefupetion oftalah

SeMICo or.deyice. Tf@té%’éﬂeap'@?%&\{@f&@% {ajning the r. -

for
above objects relates to a silicon single crystal wafer which is doped with
Hiffdgeh? cafbdi BheLRydrogENT comprisifgs Atpluispecifically, a re-

gion having the density of over 1x10°/cm’ and equal to or
lower than 5x10°/cm® in the nitrogen-doped crystal) is present
which has inferior high C-mode pass rate, Therefore, the ni-
trogen doped crystal discleosed in the above Patent Literature
2 cannot bhe said to have high C-mode pass rate as a whole,

and is inferior in GOI of the oxide film.

Accordingly, it is an object of the present invention to pro-
vide a silicon wafer composed of a silicon crystal formed

with gettering BMD inside having decreased amcunt of grown-in
defects, and which is superior in GOI of the oxide film, and
has good C-mode characteristics (good high C-mode pass rate).
In additicn, it 1s another object of the present invention to

provide a producticon method for the above silicon wafer.
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10 rality of voids, wherein a number which is equal to or more than 50% of
the total number of voids compose bubble-like shaped aggregates of
voids; a V1 region having a void density of over 2x104/cm3 and below
1x105/cm3 which occupies equal to or less than 20% of the total area of
the silicon wafer; a V2 15 region having a void density of 5x102 to
2x104/cm3 which occupies equal to o more than 80% of the total area of
the silicon wafer; and a bulk micro defect density which is equal to or
higheetharn: 5x306m3:20 1nmddition athespresentinvention selaies 19 a
method for producing the silicon wafer, the method comprisin lling a
SGbIT Singe tal I o BUIES FATASE Rt SRSEAF bul-up SpeRadnd
thoping thesikcan crystal withnitrogeni catlborr andtwdregen;conttolling.g
that a nitrog oncentra- 25tion in the.silicon crystal is set e "%
D G (e B L e ¢
siicorcbpystaltisset todse @IS t019k1015GtomEtcids contratling thatcg
fartial.pressure,of hydrogen jn the crystal pull:up fumace issetdode 3o
60 Pa; controlling that a tem- 30 perature gradient in a longitudinal
Rlifesttibhr B S sifies A TryS@aF #Atkin a temperature range of 1100 to 1200C
is set to be equal to or more than 3.5C/mm; controlling that the 7 crystal
ull-up speed is set to be equal to or lower than an upper limit value and
ﬁ“qﬁﬁl% St High&R thair §38Wer it vaflie: AW Guttitg'a Sifcdn warsFfrom
the siigon-single etystal; whereindbe silicen wafen cemprisesia Ml eegion
{‘-a N 5in% a void density of over 2x104/ctm3tand be|QéN I>§CJE105/cm3 which
b u%}:es Ef’f% %?efgt%? area of said silicon water if the Sin- gﬁesclry%tcacf ‘was
pufledadithithe ugserdimi vadue of theceystadpall-upyspeedgandng hydro-
comprises a V2 region having,a void density of 5x102 to 2x104/cm3 which
dccupies §§%l of %ogt%ljf (i%nar%%l%f éggidgﬁﬁc%% \v%ealfér if the single crystal was
pulled with the lower limit value of the crystal pull-up speed. According to

dhe pregeptinvention; 2 silicon wajgr (g mirkor.13 wafer) with-high quality, -
suitably usable as a semiconductor

drogen in predetermined concentrations, “rapid cocling”
treatment is carried out and the siliceon crystal is pulled-up
at a predetermined temperature gradient (hereafter referred
to as “average temperaturs gradient in a crystal growth lon-
gitudinal direction” or simply “G”}, and at a predetermined
pull-up speed (hereafter referred to simply as “W”). It has
been found that, by this treatment, a silicon crystal having
5till more excellent GOI characteristics of an oxide film,
and still better C-mcde characteristics can be obtained.
Here, explanation will be given on characteristics of “rapid
cooling” according to the present invention. Conventionally,
an cperation of rapid cooling of the silicon crystal has been
carried ocut in view of enhancing productivity. However, in
conventional rapid cocoling treatment, 1t has been general to
increase both temperature gradient and pull-up speed. On the
other hand, the present inventors have found that “rapid

cooling” by limiting temperature gradient in a very narrow
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device, can be obtained. The silicon wafer has sufficient BMDs (bulk micro
defects) inside which act as getteringsites, and is superior in GOI of the
oxide film, and has good high C-mode pass rate. In addition, because the
pull-up speed 20 of the silicon crystal from which the silicon wafer is cut
can be increased still more, productiyty can be enhanced significantly.
25Fig. 1 is a cross-sectional view of a silicon crystal, sche- matically
showing the influence of doping with nitrogen, car- bon and hydrogen, and
ttelrpidrcootihgrreaimentionahe gendration ' of Erystal HefeBREBGEig: 2

1is.a drawing showing the relation between partial pressure of fydregen

and OSF density. 8 Fig. 3 is a transmission electron microscope photo,
VEREWIITG ahtoCtakBrFdH- kB Void Fefgregate-Sprelent i Gusiraiiicor 4P~
pwafer; 5.Fig, 4isa fransmission gleckonmicroseope-pheto, showiega
bubble-like shaped aggregate of voids present in a silicon wafer of the
thfeset hveRtG. @ Figls 78 3draliing Schesmatically showing influence of
an ocl0 tahedron-like void and a bubble-like shaped aggregate of voids
on oxjde film formagion. Fig. 6 is a schematic cross-sectional view _,
iy aEheexéDrﬁSFeegF alsrllr%fétc‘r?/%ta]Oﬁulﬁaﬁﬁaﬂjj?ﬁange%%gda%%\ﬁ% por}(?:-sent
“inetsventiencRig: 7 is & diawing showisg relatibalbetwesan the pullivp
2pesd g the, defect (ealon.fprmatian e Slieon vl 20510-5 45 8-
gt%p showing investigation results on relation between in-plane
rdistributioh vPVSids ahe GSF i a'siliedh ciysHEl, aprfnith HghT-Mode
Rass wte. .- Fig- 2is adrawing.showing; relation betwegnibe:\1 region
25 and the V2 region, and V/G and V in a silicon crystal. Explanation will
B pfiert BBIGW BrEBesterfbttimenty appiying thaFreRent intertior: With ¥
Jeferanceto drawiigs accompa- nieds 1t shiould hemneted: thatdthequal to
aforesaid drawings are schematic ones to assisgtunde#stanginbgagf the

Preseht ifVEr ton, theréfote proportioiality Tefatior’o Siig® Ve

o
dimension and
region having a void density of 5x10° to 2x10%/cm’ which occu-

pies equal to or more than 80% of the total area of the sili-
con wafer; and a bulk micro defect density which is equal to

or higher than 5x10%/cm’.

In addition, the present invention relates to z method for
producing the silicon wafer, the method comprising pulling a
silicon single crystal in a pull-up furnace with a crystal
pull-up speed and doping the silicon crystal with nitrogen,
carbon and hydrogen; controlling that a nitrogen concentra-
tion in the silicon crystal is set to be 3x10%° to 3x10% at-
oms/cm’; controlling that a carbon concentration in the sili-
con crystal is set to be 1x10%F to 9x10" atoms/cm’; control-
ling that a partial pressure of hydrogen in the crystal pull-
up furnace is set to be 3 to 60 Pa; controlling that a tem-
perature gradient in a longitudinal direction of the silicon
crystal within a temperature range of 1100 to 1200°C is set

to be equal to or more than 3.5°C/mm; controlling that the
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9 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 a degree
required for gettering in a device process (hereafter 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
«charasteristics- g sbdsa arosss<sectional iew0f a silisonicrystalthan an
schematically showing the influence of doping the silicon crystal 15 with
urﬁﬁ%@e%,l%égbgr? %%% %f/l ro%%%ﬁan?s%je%i g%e%ﬁ@or? c%‘lfsv%gftgl e "
Veapid; cenlingiitreatment acédrching te the presentimventibhcon thengle
Sepergtion al.oystal defegts, Te, Pullup sperd of a.siligop crystal shou,-
|n}i§|g. is higher at ﬁwe more upward position, when viewed in a
Joagiudingd 20etrettions fn aidRItiG LR Figh 1 2A] represertsihe/ asenich
é’&'&ﬁ%‘ﬂe@o@@g ofthe,single crystalwith:nitrogen,. carban and;ydrogen, -
[B] the case with doping of the silicon crystal with nitrogen, only, [%lhg\e
e MR Tdgpingofthe Sifcai ERyStAPWIPPRYdrolent offy, D] the e
with doping of the 25-siligon crystabmith Bitkogen;andwith subjecting the
silicon crystal to the "rapid cooling” treatment, [E] the case with doping the
SO ERstaYwith nitro eﬁ%naﬂ%p (Sgen and ffﬁ%%f‘ée&inggotﬁeogilig%al
Lrystad 1o $he drapid:icoolingt teeatifenth andi [l the cagetwithwdoping thed
silicon crystal 30 with njtrogen, carpon and hydrogen, and with subjecting
S SH e "Rt Sopling” Heathent ARy ot (4 <G TEEoF Fig- 1
has a V region having voids (a region with 10 many holes which are
formed by aggregated vacancy point defects), an OSF region (an

oxidation induced stacking fault region), a Pv region, a Pi region, and an |
Fegori{a segiontwithahany defesEforAtst by clistersof iitépstitied Silidorrr
»peint defegts), {4 ta.[R1 apd [E] 10 JElof Figshdlifferdn.a veid: shape-and

also [D], [F] and [F] in Fig. | have characteristics of having special V1
@@@kﬁ?anaa92?§gRﬁFéﬁged' The silicon wafer has sufficient

BMDs (bulk micro defects) inside which act as gettering-
sites, and is superior in GOI 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 1s cut
can be increased still more, productivity can ke 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 hydroegen, and the rapid cocling treatment on the

generation of crystal defects.

Fig. 2 1s a drawing showing the relation betwsen partial

pressure of hydrogen and OSF density.
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part of the V region. Presence or absence of each treatment In [A] to [F] is
summarized in the following Table 1. 10 "VI region" in this description
refers to a region having a void density in a range of over 2x104/cm2 and
below I1x105/cm3, and "V2 region" refers to a region having a void density
in a range of 5x102 to 2x104/cm2. 15 _Table 1 [B] [C] [D] [E][F] Nitrogen
doping No Yes No Yes YesYes Hydrggen doping

Fig. 3 is a transmission electron microscepe photo, showing
an octahedron-like wvoid aggregate, present in & usual silicon

wafer.

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

wafer of the present invention.

Fig. 5 is a drawing schematically showing influence of an oc-
tahedron-liike void and a bubble~like shaped aggregate of

volds on oxide film formation.

Fig. 6 is a schematic cross-sectional view showing an examplie
of a single crystal pull-up furnace used in the present in-

vention.

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

speed and the defect region formation in the silicon crystal.

Fig. 8 is a graph showing investigation results on relation
between in-plane distribution of wvoids and OSF in & silicon

crystal, along with high C-mode pass rate.

Fig. 9 is a drawing showing relation between the V1 region

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-
nied. It should be noted that the afeoresaid drawings are
schematic ones to assist understanding of the present inven-

tion, therefore proporiicnality relation of dimension and
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No No Yes No YesYes Carbon doping No No No No NoYes Rapid cooling
treatment No No No Yes YesYes Remark

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

from practical ones.

The silicon wafer of the present invention is characterized
in being doped with nitrogen, carbon and hydrogen, in having
bulk micro defects in a degree reguired for gettering in a
device process (hereafter referred to as “BMD value”), and in
having voids which form specifically shaped aggregates. Ex-
planation will be given below in detail on each of the char-

acteristics.

Fig. 1 is a cross-sectional view of a silicon crystal, sche-
matically showing the influence of doping the silicon crystal
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
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, only, [C] the case with doping of the silicon
crystal with hydrogen, only, [D] the case with doping of the
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 subijecting the silicon crystal to the “rapid cooling”
treatment, and [F] the case with doping the silicon crystal
with nitrogen, carbon and hydrogen, and with subjecting the
silicon crystal to the “rapid cooling” treatment. Any of [A]

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



flatflat V/IGV/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
symbol). In a silicon crystal with a crystal size of equal to or larger than
200 mm, produced by the Czochralslﬁi method, 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,
e sharacteristies of the exidel film. @nythejather hand,rinthesiliconrie -
fvggléesr)aftccgnrdi&ggo the, pre- 5 sent lnvention bubible-like shaped, ..,
aggregates o voids are present, &ach aggrega?e is composeé1 %y a
melyiality of voids, seheérein the Humber of voidgicemposikg bubble-likegion
anslagaieaates ol oual fo e noim han 80% oL 103 tatel v,
number (fefer to (E) and (F) of Fig. 1). Here, the
pcint defects). [A} to [D] and [E] to [Flof Fig. 1 differ in

a void shape, and also [D], fE] and [F] in Fig. 1 have char-
acteristics of having speclial V1 region and V22 region at a
part of the V region. Presence or absence of each treatment

in [A] to [F] is summarized in the followling Table 1.

“W1 region” in this description refers to a regilon having a
void density in a range of over 2x10%/cm’® and below 1x10°/cm’,
and “WZ2 region” refers to a region having a void density in a

range of 5x10°% to 2x10%/cm’.

Table 1
(2] 8] | ¢l | oy | o] [F)
Nitrogen doping No Yes No Yes Yes Yes
Hydrogen doping No No Yes No Yes Yes
Carbon doping No No No No No Yes
iii;imzzillng No No No Yes Yes Yes
Remark flat flat
V/G V/G

First, it has bean found that the shape of a void present in
the V region of & conventional silicon crystal is, as shown
in Fig. 3, an octahedron having a {111} plane(in Fig. 1, it
is represented by a sguare symbel). In a silicon crystal
with a crystal size of egual to or larger than 200 mm, pro-
duced by the Czochralski method, the size of the octahedron

void is about 100 to 300 nm. Such an octahedron-1ike void
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10 above "total void number" represents the number of voids contained in
the bubble-like shaped aggregates of voids and the number of voids not
contained therein. The present inventors performed intensive studies and
ob- 15 served silicon single crystal wafers with a transmission electron
microscope (TEM, JEM-2010, manufgctured by JEOL, Ltd.). Observation
direction was a 110 direction, and diffraction condition was set to
two-wave condition, where 220 reflection is excited. By setting
Ysrhatéing dhBant SHHERT0 BragEEsREHBN 10 B8 argerRRaN G2 -
;above-mentianed bybble-likeshaped aggregates-olovaids weren.
discovered, and it has been found that such a bubble-like shaped
aggregates of voids significantly enhance the high C-mode pass rate, as
ceorapared vath sanventienahectahedron-likershaped voids1 25 Fig.lkipae-
AL2nSTISSIon SIeCHaNMICIoscane pota, showing 2 bubble ke, saped
aggrega\fe of VoidS Which is present 4 silicon si gFe crystal wafer
raecanding ta the presegingentionoThesshiape of the aygrégatecds shiown
RE9, & logks 30like. a pubble..The agaregale is formed ; when,a plurality,

of voids not having the {111} plane, and not being a regular octahedron
dikevtieevoidfshowAdn Fgeguate brsempleds 17 Thepéforelfthd:e total

Adgregates of vpids.which age ohserved pecurdiar in the silican single
crystal wafer according to the present invention, are called "bubble-like
tdised agbidgaesbf VEIHEY InTtPRr CA6& bf tHe SiliSHR AT takig'SUER S
12 veidiconfigutation;ss-wilk ke dascribedilater: suchsan effect is exedethe
that the voids have little adverse influence on a device. Still more, a

WIBSIE-IKe ERapEd Ayyregaté of vdids 6f fid*present invention can be

said a being a considerably "harmless” void. 10 A possible mechanism for

e bubble-like, shaped aggregate of voids withstand volta _
%H‘near‘%ﬁ esr?sqé:slgfvt %%gﬁge féﬁrIEJn%liSsﬂsng(C;]{cL}[%stcéeél1 3§‘?%||8\§v‘§f§i:%§ 5 lflzl(E':ipFebsent
ssoherdatic tioss-settional views showdrig states Where-oxigwfils 410 are

electron microscope (TEM, JEM-2010, manufactured by JEOL,
Ltd.,). Observation direction was a 110 direction, and dif-
fraction condition was set to two-wave conditicn, where 220
reflecticon i1s excited. By setting mismatching amount 8 from
Bragg 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 veids significantly enhance the high C-mode pass rate, as

compared with conventional octahedron~like shaped voids.

Fig. 4 i1s a transmission electron microscope phote, showing a
bubble-like shaped aggregate of voids which is present in a
silicon single crystal wafer according to the present inven-
tion. The shape of the aggrsgate as shown in Fig. 4 looks

like a bubkle. The aggregate is formed , when a plurality of

‘voids not having the {111} plane, and not being a regular oc-

tahedron like the void shown in Fig. 3, are assembled.
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15formed on voids exposed at the silicon wafer 411 surfaces. First, (A)
shows the case of the octahedron void 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 incomplete formation of the oxide film. In such an
oxide film, GOT is easily deteriorated.”On the other hand, in the case
where the bubble-like shaped aggregate 42 of voids is exposed at the
BiFadestis CompIeEnFeavared by theoxite fifm, betatRasdize ofech
1vaid 43, censtityting-the bubbles 25likershaped agosegatedds salhAs a
result, GQT of the oxide film is_difficult to be deteriorated. On the other
RRGRE "4 vOTtY 92018 silitbh Gt Hopet With itrog et Oy, iRIHSHR 16
drave agpate-like ofra:bagdikesshape:44i(refesto3PeA-2001:Hal 596 I
the case of such a void, a 30 void is never completely covered by the
e T A oo (G, ATt W Te g SOl 08 S Beiiie™
ftheredfisceasihedetieased; similady dsskowntni(@)adBhethe gdseence
Juhere,yoids formsthe bupple:likg shaped aggregate of voids, the size of
each void constituting the bubble-like shaped aggregate of voids being
wrhal, afd itssforiebey amiesta spherd, tie deéréase inwithataird s 1d-
Moltage charasters-Stics of the oxide film is made difficult. It should be
noted that "form of almost a sphere" in the present description means a
shape having ratio A/B (aspect ratio) which is equal to or smaller than 2,
AvherainiA is maximal giameter-andiBis diameter inraperpendictlilce of
direction to a direction where A 10 is obtained, in measurement of the size
By OBsENIRG tHEVoia it % CERARTEBSeRHtioh Surfals. fiftHe cade™ *°
apbera theaspectratioissover2 gas Showir iy Eig. 5(0)cthetveiddsarever
Sompletely covered by, the oxide film, therefore withstand valiage .
Characterstics 1 eas| y deérehsed” 15 The size of a voi constituting the
hutisle-like shaped aggregdte of Vbidssofi tieopresemtinvéntionifaces .
Aeleradly; aualin o pmallercihap 340,206 i Preferohly, edual to:0r

smaller than 30 nm. The number of voids constituting the 20 aggregate is
HotEspectaliy ifmitet, HoweweR Heis lorete by equal t 68 Miére thah’s,
ROk preferably.equalto.er mareJhamlQand st mare preferably 2010 1 s
100. The void size within the above ranges still more enhances the effect

AR he SBHEGALES 41 foliitl B bE haPiteSs T tparkicdiat g5 the =2 =<
scaspwheredhe nphet ofthe voitheopstitiding:the. aggregalens gguat 1e.e
or more than 5, ider_ltific%tion of the g%greg%te with TEM go ben esggb%ge
1481 nTay betoRie ealy That 1€ 1R AiF of the cadss Whiste & Mitroscope 18
assed immebserntationioh the Noids i thhe presentdeseription; thecabve. s
=, 30shall be used, although there i limitation on tESOMION: 1o oxide
film, because size of each vold 43 constituting the bubblie-
like shaped aggregate 42 is small. As & result, GOI of the
oxide film is difficult to be deteriorated. On the other
hand, & void 44 of a silicon crystal doped with nitrogen,
only, is known to have a plate-iike cor a bar-1like shape 44
{refer to JP-A-2001-1515%¢). In the case of such a void, a
void is never completely covered by the oxide film as shown

in (C), and thus withstand vecltage characteristics thereof is

easily decreased, similarly as shown in (A}.
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14 In addition, the number of voids constituting bubble-like shaped
aggregates of voids is equal to or more than 50% of the total number of
voids present in the silicon single crystal wafer (voids with any kind of the
shape, including octa- 5 hedron-like shape); the number of such voids is
preferable equal to or more than 700/9 and still more preferable equal to or
more than 90%. The presence within Fhe above preferred ranges still more
enhances the effect that the aggregates are found to be "harmless". 10

NextestiptiohAnfl BE Hivert 6RtheTIR6 betwedh theFafio Garmiagate
SONSstituting ubble-likesshaped aggiegatessefivaids 1o thedokalnimber ok
voids and the withstand voltage characteristics of the oxide film. As
Heatthed dboYa T BuBE 15BIEHIKE hipEtitygredates 6fvoiid make? 2+~
ntifficudt taclowver, thenwithstansheltage wharaeteristios vf the oxide fitmeris-
Therefare, by increasing. the, ratio of the, vqids constityting bubble-like
tthCaSpeO(? aﬁ%%ﬁéitlegseofg v%las \s/oilr?f‘sdvevh|clr¥%ﬁ“eC *grmletjl‘stg"%gp Wi T'j1sltoaenc§1 oted
wgltagef characteristics of the2@exide filmyiethe totahnumberGingids, the
ithstand - a acteristics of t de fi be,improyved
g the 205 CaaY conniuiig bubbles ke hama Aporegargs o1 "
Woids teTthe total Hurnber of eiosiat dqdal rrerhighet than Baveative highs

&:made.pass @‘ﬁe@ﬁ@ﬁd\{%ﬁag@@?@dﬁ\éﬁg the yoid 9@8@%@&‘@& A
2x104/cm3 and below 1x105/cm2, becomes 20 to 40%, and the hl%h

G-RbaeiFEss rdte SThe V2 EGiorPhality %%iﬁydé%%?@tfféﬁ”%% 62t81¢
2xH0'len becomes /9-40,200%. dn the case where the bubblerdike the
shaped %fgu%egate of voids is absent, the 171 region and 172 region 30

Both Provide & HighTShode FassPREbF2D fo 4096, |15/ Inthe present®
rdeseription; cdefect region-comprising voidz:wasilevaluated: by thewi th-
following method. In-plane distribution of voids in the silicon wafer was
o e TR EEtct T o), PaR et by yton
Co., which is a com- 5 mercial defect evaluation apparatus. This MO-6

Hfjadiates visible Ug%'%@ﬁéﬁ% brewsiers.angle. apd.detects ay agqre-
scattered image of p-polarized light as a defect image, with a camera
Erkgangéd T Evericar direetioicBecate thédase Fpehetrates orly:a6wn to°

>-puyfrom the substrate surface, A,1Q defectprasent ata.depth ef-down to
5 pm from the substrate surface can be measured. By adjustment of

et efion sttty Toids With &R 8o Equaltobt 15Agerthah 50 hniREs
L£onvertedtq a sphergs weareaneasuied.c ERe vedumpedensity obthervaissa-
was calculated from the area density of the voids

1y equal to or more than b, more preferably equal to ¢r more
than 10, and still more preferably 20 to 100. 'The void size
within the above ranges still more enhances the effect that
the aggregates are found to be “harmless”. In particular, in
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 TEM (to be described later) may become easy. That
18, in all of the cases where a microscope 1s used in obser-

vation on the voids in the present description, the above TEM

shall be used, although there is limitation on resolution.
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15 measured, and the penetration depth of 5 pm. In addition, a region
having the void density of over 2x104/cm3 and below 1xX105/cm3, was
defined as the V1 region, and a region having the void density of 5x102 to
2x104/cm3, was defined as the V2 region. 20 In addition, a bubble-like
shaped aggregate of voids was identjfied by the following method. About
ten voids among those observed by using MO-6 were subjected to
investigation of the shape thereof by using a transmission electron micro-
195 3¢0pel(TEM).'AR dytegate compckedofa piariit) Hf Vorts Gt Was
sapfirmed thatequal terormate thanAQ yoidswere presentinthess or
aggregate of voids shown in the photo of Fig. 413 was definedasa
Bibbietiike BHBPEH gyrégate of Vo Rafio bf thé abtrédatetas® <*ve
tdeteraiaed frarman obsanatipndaa:-30 sutthwith TEM, I6Alsilicay wafes-
according to the present invention has, in addition to, the above vaoid
ik, KO e tone (VL Fagh S U3 feqibn: haunt aehd ity
sipue predetermined rahge, Whitch #ssigrificantiyosmaties tharthat kathel Vo
JE-p.gion. The gegions Y1 and V2 [edigns) comuyising oids, of ¢ - rog

predetermined size and predetermined density function as substantially
mogaiefestirdyinns armiveyions wihieh seteré suffidient getiefingsites e

£xplanatiopwill be given in detail also later on these V1 and V2 regions.
However, it has been confirmed by the present inventors that, in order to

form the V1 and V2 regions, predetermined nitrogen doping concentration,
Nredeterminedhydrogen pagial pressue, and predetermined eeelingdate
are 15 mandatory. However, as shown in Fig. 2, unless a certain ge?ree :
TSFdaodh CSHcEntTAtG 1S preshtHatte e SificSh Erystal BEF dsfectS
vda fet disappeaicewan byxchangingamount ofihydrogen partialpressusee
referring to of Fig. 1, the OSF region does not mave downward), and
The VI %%%Vilglr%%ig ns %%@s L%(sjtéfﬁt%%)? i ncte"ibs osni§ 8 Sa%%%%%- qcoa?gcet ’re%f“og n,
rdre-Aotforaieth<fhe presentihventorstravis peroemed OSH évalliation by
ihe.following, method an wafers obfained yndar.yariqus bygragen 25,

partial pressure and carbon concentration. Firstly, the substrate was
ftesited &RE10600%0r L hourtderiamin 6Sphérs-of steaniitontairfisg on -

Pygen. Afterhat the: euideilm was re-meved with fydraflueng agidim: on
and then the substrate was etched by 1.5 um with light etchant, and
AfipSETHAPEE S0P RAIFMOBASHAb et oF 76G-SHEPERFOSE pitd Geritratéd
Atithe surfage wererebserved withigar-opticalaniorposeapewAgrQSnarea 1 t-
density [pieces/cm2] was determined as [OSF Bit nym- 17

age characteristics of the oxide film Can be improved. By
setting the ratio of voids constituting bubble-like shaped
aggregates of voids to the total number of veolds at equal to
or higher than 50%, the high C-mode pass rate of the V1 re-
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 5x107 to 2x10%/cm’
becomes 70 to 100%. In the case where the bubble-like shaped

aggregate of wvolds is absent, the V1 region and VZ region

both provide a high C-mode pass rate of 20 to 40%.
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ber/observation area] by counting OSF pit number in a field of view of a
diameter of 2.5 mm, with an optical microscope. By investigating the OSF
area density along a diameter direction of the wafer, the largest OSF area
density among them 5 was determined. As a result, as shown in Fig. 2, in
the wafer doped with 1x102 to 9x1015 atoms/cm3 of carbon, the OSF
disappeared when hydrogen partial pressure became equal to or lower
than 60 Pa. On the other hand, in the wafer not intentionally doped with
Tearboh &Fd PaVing 8 boh - GohcéntfSiGT 1056 rERwW KA 5 4t dfehTs,
«+he Qe nevendispppeared even whenchydiogenpagiol pressurerwiast i on
changed. It should be noted that in the case of the bubble-like shaped
Hygretites bf Vofds eaditloldréshpdaid i Rbgredate iR 1Y nidastred
A% 0neVoidoAS)is shawt it fRrefdFigy 15dkhe A4 tegipnvand-the ¥ 2aregion
are present between the_ V region and the OSF regiop..The V1 region and
Hi%}é%;feal%ne |ﬁ pea‘?ﬁ(:ti %}é}%e %praeﬁ?c?ﬁ]f hayT-?Q%in%ogi}ggnﬁfc%arﬁ%algﬁ\;\?er
wigid densityglas dormmpardd withethe Vwaetion wherelthe densitieis=over 2
Jx109/cr3, qre.consid @g&@ﬂ%@_rﬂ?y{dlgg %S@&@@éangtﬁaga/?t%th
wafer having significantly excellent withstand voltage characteristics of an
sogdadinin, antbsightficantly Wighio-modéE EFrad@tistic3e 28 EPwellas i
Jactarthat the majoxity;of veids which-afe presentinthe watar.compose
bubble-like shaped aggregates of voids. In the case where a silicon wafer
GoES hoPEaBSRENtENy TAHRPIRtaRT ndidrogerd((AT [15PAnt D] B HEG"1)e
dnaddition 1o the above.mentionedivoidscenfiguration: ttdhecomes stiffictit -
to obtain high, O-mode,characteristicls ina degéee suita@l 1858pglicable to
the SEmitonttictordévice, 2behSiRen theVoid Hehsity ¢ah bd made égual
dorordowet than2xé4/em3. \&titkmoreseven inthe casewbere hythrggen
5 gontained (IC] and €] of Fja.-L), the void density s highand many, yaids
Fe- 5'main in the Silicon water which cause a decrease | yield of a fine y
niptegratet chroditshOrptesothet Frandldn the sfliconwafed aceskding o the
Rresent invention, by daping ot hydrogen, carbon jn addition.to,10. 1,
nitrogen, and by carrying out the above mentioned "rapid cooling" _
trddtmenit, theavoidsimanly conpesd agifteégates oFa Bubiigiike skapes
fatherthanfioles:with a ectafredron-like-shape, and stilk-mare the vaid v2
density can be made significantly lower as conventionally. In the case
WHefd'the void 15 density is equal to or lower than 2x104/cm3 (equal to or
lower than the upper limit value of the V2 region), in addition to the above
smentaned void configuration,an agverse Inflence on dhede fims

identified by the following method. 2About ten voids among
rhose cbserved by using MO-6 were sublected to investigation
of the shape therecof by using a transmission electron micro-
scope {(TEM). An aggregate composed ¢of a plurality of voids
(it was confirmed that egual to or more than 40 veids were
present in the aggregate of voids shown in the photo of Fig.
4) was defined as a bubble-like shaped aggregate of voids.
Ratio of the aggregate was determined from an observatlion re-

sult with TEM.
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crystal wafer of the present invention provides excellent 20 withstand
voltage characteristics of an oxide film, and significantly high C-mode
characteristics. That is, in the case of adding carbon ([F] of Fig. 1), the
boundary at the lower side of the V1 region sifts in an upward direction,
and the boundary at the upper side Q‘fGIhe 172 region sifts in a down- 25
ward direction, as compared with the case of not adding carbon ([F] of Fig.
1). As a result, the width of the 172 region is broadened, and high C-mode
Prgdd 14t ol EqEAl REGPRIGHS than T dar BR at&iked Thore €asily Gver
Jhe:whele wafer assomparedwith the gasewafoagt addingearbon. On the -
other 30 hand, even in th% case wher,%cdarbon jas added, if thg amount oé
Shydrogen dopintFis a0 high’ the OSE Tegidh widens andthe 19°V2 region
rdisgppears,cand i is difficoitderatiain=anhigre made:passaate. of equaltoer
higher than 70%. In addition, if void.density.is equal.to or_higher than 5
OIS (SIS o MGt then R ottt Calom P che U3 eiom)
randiitthenicids Maleettmdbovedaéationad Cotdigiration Trost paits 6f the
Jegion do:nat overlap yith the Sk segion which is,presentdn asegion
having the void density below 5x102/cm. Therefore, high C-mode pass
satd LiplPo b dedierstifabiy &splicable to the semiconductor device
relevant to the present invention, can be obtained. It should be noted that
a region between fl-f2 in (F) of Fig. 1 represents a silicon wafer according
Egrtharprek@nt iventin. 9t ’etindBr&ts6a that \iflehTES of Fig F158 V!
Ohservede45enly aismalkpart of hotb ends, indhe siticeh waferdneludesnt
the OSF region. The V region, having a void density.of gver 1x105/cm3
as ﬂ%:eoﬁi‘sgﬁ%‘%r%fodlenp%g%tet%f é%/%mbé% perggen%gdo& sgué:ﬁe 3lr%récfdn ?ﬁ% %0
& wafed, revemin smahamouint smayrmakerdifficult teoprotduce a wafery -
aving the high.C-mode pass rate of to or high 0%,.qver the
AR G e e A Beba e A g it Avar =
rgerIBitycofy2x Ho4 ¢o Sxl 02fcmishias the High-CZmodel5ass ratessttrd o de-

Q0% it be- 25 comes possihle to prodyce awafer,baving-a high G-mede
pass rate of equal to or higher than 70%, over the whole wafer, by setting

w6t the water S6faeETo T tHe VRGBT EThE XPE régionpasitiBRed vt
Letweenthe, Vyegion angd.the:V2segiarr bas:ahigh Crmoder passg rate, ot he

20 to 40%, but, as long as this 30 region is present in a ratio of equal to or

G5lvef thar 20 G2IaRe B tstal SHEX BF the witer, it Belbnids p8ssibié t6S

substantially functioning as a non-defect region, are not

formed.

The present inventors have performed OSF evaluation by the
following method on wafers obtained under various hydrogen
vartial pregssure and carbon concentration. Firstly, the sub-
strate was treated at 1100°C for 1 hour under atmosphere of
steam~containing oxygen. After that, the oxide film was re-
moved with hydroflucric acid, and then the substrate was
etched by 1.5 pm with light etchant, and ellipse-shaped,
half-moon-shaped or rod-shaped OSF pits generated at the sur-
face were observed with an optical microscope. An OSF area

density [pleces/cm’] was determined as [OSF pit num-
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20 attaining the high C-mode 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
grow-in defects, but, becomes equal to or higher than 5x102/cm, and that
the lower limit value of V/G is specifiq? at 0.7. 10 The 72 region specified
in this way occupies equal to or more than 80% of the total area of the
silicon wafer according to the present invention. In such a case, withstand

Rpoltafes elardctefisties of the oxfdE il Hecoimes extréirély gdod, as el
&s thehigh:C:mode,pass rate which.gan.he gqual tg.or 45 higherdhanpe .

70%. In the case where the high C-mode pass rate is equal to or higher
Ranoh" stith @ 8ilicon wafercait beased Suffiiertly i aifiiéé suthec™
a9 PRAM:-aethe: like requising:net:se severa withsiand voltagong them
characteristics of the oxide film, as compeged Wi:[h aFfIash yemor)%hln _
"Edic 20 TN TRe 72 PEgidn Freterabld bettipiss afuarts of mare than 7@
120%q anekmere iprefarablyroccugiies 95 tond 0096, of the:total areacofthe
ilicon wafer, On the. other hand, the 71 region (a regio [ VvQI
R U Do e abd Pt Tk, oy et e
less thah 20% ©fthe tofal area ofthersilicon wafer tiesyet arcase; inten-

withstand yoltage &tﬂegaggygggj of the oxide film becomes stil furher - ; on

good, as well assthe high C-mode pass rate surely becomes equal to or
Higherfart 709, 360t W@ﬁer@ﬁﬁn B3 0BIERS, préfsraphf 8Gualfyor e

figherthan, ax09/cm3.and more-preferable.equal to or higher than
Ix109/cm3. 5 It should be noted that the above END density correctly

means END density after heat treatment, and the above END density
within:such adangecan pravide sufficient gettering:capability: 110:Fhehaped
BMD density in the present description is measured as follows. @rsti heat
HrEHtRThtTor Oky8n Prechsitation (ffereakter Tafetred fo A1so as” = —°
mpeecipidtion heat tredttnent"”) is carried out to the silicon wafer at 780 C
for 3 hours, subsequently at 1000 C for 16 hours. Then, the sill- 15 con
wafer is cleaved and subjected to a measurement of the in-plane END of

Ahe slliconwafer with adENB gnalyzerMOs4, manuwactureddsy: Raytex£&an
In-plane positions of measurement points were set from the center to the

Tilge T T0 M BRER. ithid WAy Valud'st e END dérsityls T

fleterninedl the V2 region {(in particular, the V2 regicn), hav-
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,
as well as the factor that the majocority of voids which are
present in the wafer compose bubble-like shaped aggregates of

volds.

In the case where a silicon wafer does not substantlally con-
tain hydregen ([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
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20 The nitrogen concentration of a silicon wafer according to the present
invention is 3x1013 to 3x1018atoms/cm3, and the preferable nitrogen
concentration is 2x1014 atoms/cm3 to 2x10m atoms/cm3. 25 In the case
where the relevant nitrogen concentration is made to be equal to or higher
than 3x1013 atoms/cm3, the EMI) degsity can be equal to or higher than
5x108atoms/cma3, and when the lower limit of the nitrogen concentration is
equal to or 30 higher than 2x1014 atoms/cm3, the END density can be
ameade-tmbe equalite ordhighendharn dx10Batbats/cmd:invddditihewherthe

relevant nitrogen coneentration is equaj 10,0r IQWer, than 22 3x1018. 5 1 1
dgf})srﬁ% n?'?%gggugggtﬁe%ég ?sg Iittl%e%overlap of the CSF region and the V3
rregienseités pbssibie toarintigh CLieee passTate b ettt to br highér

than,80% in most regionin; the;eesultant siligonywaler Ikshquichlbe noted
that the 5 nitrogen concentration in the silicon single crystal and the

hitfogeh EBRCENFAROR i T8 Tedlitant SRESH singlB Tryats waref Hréd ©F

Substantially, the same. Thecarben concentration in the silicon wafer
according to 10 the present invention is Ix1015 to 9x10Th atoms/cm3, and
the preferable carbon concentration is 3x1015 atoms/cm3 to 5x1015

catoms/chder HAEN the relevant catborvedreentratiod iswithin thrange: -
of 153x1.15 . u to 5x10m atoms/cm3, it becomes relatively easy to ...

SEBRVErt 1vE Witidle water Rirtate to ﬁ?{adﬁ%errégiocnat anc§l in addition, .bci/n °

rdettingdhydrogentpartial preéssureudt 35:¢0 840P4a, itdiecomed possibie to

Aain hjeh Gamode pass rate af equalig anhjoher tian 909U shiould be .
noted that the carbon con- 20 centration in the silicon single crystal and

Hebéarbbhkeorrdenteation: irf fife FESTItAIRSIFCON Bihdgle T Stal WaTRT aré®

§%§§g§ngﬂ@/g%%§§nﬁ%ze the void density can be made signifi-
cantly lower as conventionally. In the case where the void
density is eqgual to or lower than 2x10%/cm® {equal to or lower
than the upper limit value of the V2 region), in addition to
the above mentioned void configuration, an adverse influence
on the oxide film is low. As a result, the silicon single
crystal wafer of the present invention provides excellent
withstand voltage characteristics of an oxide £ilm, and sig-
nificantly high C-mode characteristics. That is, in the case
of adding carbon {([F] of Fig. 1), the boundary at the lower
side of the V1 region sifts in an upward direction, and the
boundary at the upper side of the V2 region sifts in a down-
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 or higher
than 70% can be attained more easlly over the whole wafer, as
compared with the case of not adding carbon. On the other
hand, even in the case where carbon is added, 1f the amount

of hydrogen doping is too high, the OSF region widens and the
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In addition, the silicon single crystal wafer according to 25 the present
invention contains nitrogen, hydrogen and carbon; contains a plurality of
voids composing bubble-like shaped aggregates of voids which are
present in equal to or more than 50% of the total number of voids;
contains a 171 region having a void dgnsity of over 2x104/cm' and below
Ix209cm3 30 which occupies equal to or less than 20% of the total area of
the silicon single crystal wafer; contains a 172 region having a void
vdensity of 5x182:4p<2x104/cm38 wihichoctupieseguat 23 td erimeretian C-
80% of the total area of the silicon_si stal wafer, and contains a
mggili ficro géaf%%t density W il(C:ﬁ ig J"éq%ga tg%r%?ilgﬁ{eﬁan 5%108/cm3,
The silicon single crys- tal wafer according to the present invention is cut
-from.a & silicon.single crystal prodyced by the;present inyentigneA secand
aspect of the present invention is a method for pro- ducing a silicon single
SeryStAPWarer Eoftprising PUIRRGD &Scdr Singfe efystalahd Gttifig ?I’?e
+silicen singlecrystal 19 wafentromsthessilicon singlegrystalndhe:singte
crystal is pulled-up in a pull-up furnace by cantrolling that the nitrogen
COBREEREFATOR T tHE SicoAdingR cfystali§%etto Be 3961615 o 961015
ratomsemaihysontroliingithat the carbon concentratianinithe sitieoncid
single crystal is set tq.be 1961015 15to 9%10Thatoms/cm3; by controlling.
dt%%%tﬁé’ ?Jga?ﬁgfﬂp%egls% r?ac%ﬂ‘ hyd?‘;(l)hgeé:ﬁe %(r)? the c%yls??all égﬁl-%gpéfﬁhaygée is %éf 0
=bel8:t0=60 Ra; hyhtentrolingditiat ¢he temiperaturé gradiaritan alengitadinal
direction of the silicon single ¢ | within r range from 1100
rt%iffgg%, Uring p Iﬁrelé?ugplcség%%?ﬂ%c%n %r%/%qgglsg Es&gtg tloggg 'eql?g to or
shighed than 135 €l/rhhktard centrolingthadhe rystal pullldp speelis set

£9.0e gquial ta of Jawer than an upperimitvalue and-eguakia.er higher-

than a lower limit value, wherein a wafer cut from the produced silicon
tSifigle cAStARCOMPRSES V1 eton 25 Ravifiy & Yoid Bensity Bf 3RBF= e
2% 04/cm3 ang below 4 %405/emdayhich eceupies 209% afthedptakarea
of said silicon wafer, if the single crystal was pulled-up with the upper limit

VditBorthE Gystal pilisip speed, and, wherein a wafer cut from the
produced silicon single crystal comprises a V2 re-

The V region, having a void density of over 1x10%/cm®, has the
nigh C-mode pass rate of 0%, but presence of such & region in
a wafer, even in small amcunt, may make difficult te produce
a wafer having the high C-mode pass rate of equal to or
nigher than 70%, over the whole wafer. On the other hand,
because the V2 region having a void density of 2x10* to
5x10%/cm” has the high C-mode pass rate of 70 to 100%, it be-
comes possible to produce a wafer having a high C-mode pass
rate of equal to or higher than 70%, over the whole wafer, by
setting all of the wafer surface to be the VZ region. The VI
region positioned between the V region and the V2 region has
a high C-mode pass rate of 20 to 40%, but, as long as this
region is present in a ratioc of equal to or lower than 2Z0%

relative to total area of the wafer, it becomes possible for
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30 gion having a void density of 5%102 to 2%104/cm3 which occupies
80% of the total area of said silicon wafer; if the sin- 24 gle crystal was
pulled-up with the lower limit value of the crystal pull-up speed. In
addition, the silicon single crystal wafer is cut from a 5 silicon single
crystal which was pulled-up in the megptioned manner. Control of the
above mentioned pull-up speed is carried out by control of size (width) of
the V1 region (the region hay- 10ing the void density of over 2x104/cm3
aand belowy [xt65kcm3B), thedi2 region (thegegibrehavingttheovoididérsity of
25102 to 2x104/cr{|§% and the Q;fe_rfqgion. It should be noted that the

5 Qver . ..
above méntioned pull-up furnace is not especially limited, as long as

growth condition of a crystal in the present inven- 15 tion can be attained.

1i0 addition; desgrption will be givenlater ep control of the pull-yp spegd, -
The method for producing the silicon wafer according to the present

sinventidncormpfises Yopirg HE Sficth Eihte efystaPPoSHith Pitréded=n~

Carbon-ang hyekagen inpredetermined gencentetions: contralling thakthe
partial pressure of hydrogen inside the crystal,pull-ug furnace is set to be

RER préd8téiined Yaldd Tontrslling that aT8pid &86iiTg treatient’df the

spiicat s#apgletcrystal is carried out comprising a prede- 25 termined
temperature gradient and a predetermined pull-up speed; and controlling
that the void density is adjusted so as to be present within a
Thredétermmethrangeinfatibast atpad ofithedsody ot thegilisbntsingle more
Srysaloln gdditin. ithecessary, e diameter.afihe, sllaon singleiystal,
may 30 besetat a predetermined value. 25 By the present invention (in
Yharticttare sinceFitFogen: carbonsafd Bydidgen aretadddédinvoitage

Juedeteunined caneentrations,;and singe 8. rapidcooling:reatmentis as
performed by controlling the above mentioned temperature gradient in the
well as the high C-mode pass rate which can be equal to or
higher than 70%. In the case where the high C-mode pass rate
is esgual to or higher than 70%, such a silicon wafer can be
used 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-
tlon, the V2 regicn preferably occcupies egual to or more than

90%, and more preferably occupies 25 to 100%, of the total

area of the silicon wafer.

On the other hand, the V1 region {a region having the void
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 voltage characteristics of the ox-
ide film becomes still further good, as well as the high C-

mode pass rate surely becomes egual to or higher than 70%.

The bulk micro defect density (BMD density) of the silicon

wafer according to the present invention is equal to or
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5 above mentioned temperature range at a predetermined value, the OSF
region can be shrunk. As a result, any kind of micro fault, which can be
present in the OSF region, can be eliminated. In this way, the silicon wafer
can be produced, which is superior in GOI of an oxide film and has high
C-mode pass 10 rate, while maintaining predetermined amount of BMD
concentration as gettering-sites. In other words, with shrink of the OSF
region, a low void density region, which never crosses with the OSF
refien, GanappeRt dveT a Wit Fiige-YIncadditioRC nist b 6f #éRilicon
swafer optained l%%Qeﬁé@@ﬁ@%mﬁhOé@Qs:M!if&t@rtf@aﬁesent
inveptioq, are such a low void density region having trace amount of the
SHAUMIEOSF 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
Ioxidediliriobhighr Cemodepash tated HEWBYEr e t6 the paétiodl Y means
#EFding 19,the: presentinvention (in, particular, due, o, the gaping. ok « y
nitrogen, car- 25 bon and hydrogen in predetermined concentrations, and
vpiid 6 15 CRapid CotTn gt tFe tATHtComprsiyt & bredatdrfiingg capabii-
stepnperature gradient and a predetermined pull-up speed), the majority of
voids compose bubble-like shaped aggregates, and do not have a
octahedron-like shape, which makes them harmless 30 to considerable
exentin26eHhe above meatipnedeexpression thammnless” means thiat:the

voids providFe,su%st%tiango %%\r/ﬂ%rnste :fflgegge on a %%Vi‘ie-i E’giLLIioore, in
PAtase’ betausethe pull-up speed (V) is <ignificantly mcreased,
predectivity may atsebetincesased: 5sigmificamthyt Sthienitregen treat-
conaentration in a silicon single crysial water acearding ta dhe presgnt 5
I?ﬁi?}nénet)ioﬁ Is 3X1013 to 3x1015 at- 10 oms/cm3, and the preferable o
mitrogenscorcenteaticy iss2x 1094 atémsemBotoZiGmatdisiem3ten e 1 -

&asewhere fhe relevans nitrggen,cancentration.is.eaualle.puhigher han
3x1013 atoms/cre, the BMD density can 15 be equal to or higher than
Bx1ogmenBiere ard wheh theeowsrifhit 6ftha rﬂtr%aBnﬂebﬁéaﬁFaﬁ’&fﬁg

£ouad 1earhighsy than 2x1034 atoms/card, theBMD densityrcanbenade
to be equal to or higher than Ix109atoms/cm3. In addition, th% the
RefeVaht Hitr6g8R corcdhtiatiori s éqial® orfowstthian™™ = =% =

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

The nitrogen concentration of a silicon wafer according to
: : 2 1 is E
the present inventicn 1s 3%x10Y to 3x10Y atoms/cm’, and the
- : : : 414 - 3 5
preferabie nitrogen concentration is 2x10' atoms /o’ Lo Z2x10°°

atoms/cm’.

In the case where the relevant nitrogen concentration is made
to be equal to or higher than 3x10% atoms/cm’, the BMD density
can be equal to or higher than 5x10% atoms/cm’®, and when the
lower limit of the nitrogen concentration is equal to or
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
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20 3x10m atoms/ore, because there is little overlap of the OSF region and
the V2 region, it is possible to attain high 0-mode acceptance rate
(C-mode good product rate) of equal to or higher than 80% in most 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
example, by charging a silicon wafer %%ving a nitride film into silicon melt,
SO as to attain the above nitrogen concentration. It should be noted that
e hitregenscorcentratien it thésivokssihbla ey staraAdrhe hiftbgefSE
£9 E&H‘t@ﬁi@nti}@@%h%ég%%@mﬁi”‘i%n 58%%'?1&1@3@ wafer afenigh c-
substantially the same. 27 For the description of the oxygen .
ot ertrEtiohAiktthe sifCEn Sirdle TryStal vWiateF 2etofdifgtd thejiresent oo

iRvention vatug calculatesDy; Hsing. a conversionfagtonoted that the
(3.03x1011/cm2) owaap‘an Electronics and Information Technol- 50gy
ThAaSHids ASEGERtOR (RITAY isi8ed  Spetiticaliy? astanddrgt =7¢ the
imeasyrementmethodwafdnterdatiice oxygenatamsconceantationdn thes -
sil&con (‘Er stal by infrared %bsqrftio&gormer JEIDA-61) is used. It is

tal watrter are supnstantla Sale. .

preferable that the above oxygeﬁ/ concentration is set to be equal to or

lower than 108.0x10fl atoms/cm3, more preferably equal to or lower than

@10l fatoms/em3, and §E§1H maore. preferably 3 0¥101/ Qccording <o

7.0x10tlatoms/cm3. When the oxygen concentration is equal to or lower
‘than Brox EOffatbmisiehidhighs Ciimdde ron<corformirgraéfetts are the

SHppressad. Inaddition, an-0xyaen sancenyatigr 1aoflowarthan 5.
5.0x1017atoms/cm3 is not preferable, because ex- treme decrease in

3i6IAS Chystal pulling-up can not be avoided. It should be noted that the
oxygen concentration in the silicon single crystal, and the oxygen
concentration_in the resulting silicon single C%I}s(tal wafer gre substantially

WePthe"88me” BURNG thé Trydtal R piied-tip: Sxygen'is disSolfet s e
Buartz arucible tioldingrthessilicon:medtcand sransferreddnto thesmelbandn-

into, the, growing silicqQn single crystal. 25 The step of doping the, silican.
e o Ko aPagat SEAbRnS 13 he rcbBtt Fleon iefeaty
comprises Frrdducingiwdrogentgas o arratgnosphere oF ajpulbéipPa, it
durnace.durng pulling-un.the.siican single,crystal, or adding water, acid,
or a hydrocarbon such as alcohol, CH,I, C2E14, etc. 30 The partial
pFessarest hydrogettin the-chztalpulkepfafed that the carbon con-

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

substantially the same.

In addition, the silicon single crystal wafer according to
the present invention contains nitrogen, hydrcgen and carbon;
contains a plurality of voids composing bubble-like shapsd
aggregates of volds which are present in egual to or more
than 50% of the total number of voids; contains a V1 region
having a void density of over 2x10%/cm’ and below 1x10°/cm’
which occupies equal 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 5x107 to 2x10°/cm’® which cccupies equal
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nace is set to be 3 to 60 Pa, preferably 3 to 60 Pa, more 28 preferably 20
to 50 Pa, and still more preferably 35 to 45 Pa. When the relevant
hydrogen partial pressure is equal to or 5 higher than 3 Pa, the ratio of
voids composing bubble-like shaped aggregates of voids to the total
number of voids becomes equal to or, higher than 50%, and in particular,
in the case where the above partial préssure is equal to or higher than 35
Pa, the ratio becomes equal to or higher than 60%. 10 In addition, when

ttheab&ve partianpiEssurd isBEuUaPIGor fdWwer iart B Pa lbECause tvere
dsittle overlapof the;OSR.region andthe: 2 ragioneitds possible tg aitainh
a high C-mode acceptance rate (C-mqde good product rate) which is
i§q RS orRightr HERB0% GVer Hearly e whbfe Surace of I the “*¥¢~
wesultant siligensingleycrystahwafere Theccarbomeancentsation irf then a
silicon single crystal wafer accor, in% &obthe present isnvecntion is I§19}1(3 to

e

OXI0TE atorhe/ére“Aihd the prefera 5 o e

carbon concentration is 3x1015 to
205x10)15 atoms/cre. When the relevant carbon concentration is 3x1015

Ao 21915 gtsgpfgéfcr@% itbecomes relatively eagy to convert thewhgle .o

wafer surface to the V2 region, and in addition, by setting the hy- 25
drogen partial pressurenat 85 W WSR3, tadecorAesossible t6 attaintigh 2
Lmode aceeptance,rate whigh s equal 19 orhigher than, 99%.di sheuld:be1

noted that the carbon concentration in the silicon single crystal and the
BB Coteet rdtion it the HESUHBArt SIREST singlE Gyt waferarét 1=
R0substaptialy the,same,p29urnace 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 sel to be 1x10%°
to 9x10"™ atoms/cm’; by controlling that the partial pressure
of hydrogen 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
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
be equal to or lower than an upper limit value and equal to
or higher than a lower limit wvalue, wherein a wafer cut from
the produced silicon single crystal 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 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-
gion having a void density of 5x10° to 2x107/cm’ which occu-

pies 80% of the total area of said silicon wafer, if the sin-
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Now, explanation will be given on a single crystal production apparatus,
which is capable of carrying out the above mentioned "rapid cooling"
treatment, with reference to an exam- ple. Fig. 6 is a schematic
cross-sectional view showing an 5 example of a single crystal production
apparatus used in the present inventign. The single crystal production
apparatus shown in Fig. 6 comprises’a member for melting a
semiconductor material and a mechanism for pulling-up a grown single
Iey sty The médshérfor fReking thie séfficomdifciof tiaterigt is' o0t the
accammedatedipside-adieating chamber 2a, and the mechanism for
pulling-up the grown single crystal is installed at the inside and outside of
a pulling-up chamber 2b constituting a part of an upper part structured
thodywhichnis desigaeditodie sepatablefremathisihéating chambér2a. a
This upper.part 15 structured hody has alsq a middle.chamber 2c. Insid
Sthlelﬁggtir?& %cﬂ%?nﬁé:ry fat,% c‘?rﬁé“l% e Fgrsagélc?r%ndc;dlﬁinlgnaacﬂgltnll_elnstloneg
miastalled, 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 rotated, and de- scended and ascended by a drive apparatus

Geotesirown £ Theedrie appafatbscasce s theerusisiewhen theibiid o vt
murface islowegred, 50 as te.cempensate the liguid surfacelowering, nav-
.accompanying the pulling-up of a single ¢rystal S. In addi- 25 tion, the

i@ APpEPAths SNy S TdtAte e &rtiblé ittt Aratktdimiinet fétation
Hiade 0 casky; eut stinring-ebthenmeltinfhercrueible isieanstituted by-ao” co
quartz crucible 3a, and a graphijte crucible 3b for supporting the quartz
ZBruCiBiE" At HE siteSwail P[?a?? of the c%utciﬁfé?%gﬁ!'e%f%rnf Foe%éihpg% s?%on
ds@reanged sorasitesutroundithercircumierencescfitheierucible LAt thel, as
outside of hea;cenr 4, a heat i@ls%l@or 12is ins%algeﬁd s0.as toeggggugg _‘;Qg_

léiPcﬁjrﬁFer%ﬁ%‘é‘r, ana%déblﬁ)revent?hé:trﬁesétta om heaterpzlr radiates directly
ttocthedaeating ehamibera. [Erthedgdltingrup dhambier=lyra pilliup wvied 8en

iginstalled, 3 wherein ong end thereof is attached at a wire winding-up

machine 11 and which wire is hanging down by penetrating through a top
wall of a ceiling part of the middle chamber 2c, and a chuck 10 for holding

g seed qrystal 9 ataghed at fhe Iowar end of this pulkup wire B They.,
ife'winding-up

present invention comprises doping the silicon single crystal
with nitrogen, carbon and hydrogen in predetermined concen-
trations; controlling that the partial pressure of hydrogen
inside the crystal pull-up furnace 1s 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-
termined temperature gradient and a predetermined pull-up
speed; and controlling that the void density is adjusted 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

be set at a predetermined value.
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10 machine 11 pulls up the single crystal S, gradually growing at the lower
end side of the seed crystal 9 according to growing speed thereof. At the
same time, the winding-up machine 11 always rotates the single crystal S
in an opposite direction to a rotation direction of the crucible. 15 From a
gas introduction entrance 13 formed.af an accommodation part of the
pulling-up chamber 2b, argon gas is introduced, and this argon gas is
designed to be discharged from a gas discharge exit 14, after passing
Bthrouighrinsislenof thev2o heatingiehamber 28, Reason f6r passingtargorar ~
19as through inside the chamberin: this, way.isdo.prevent mixing of S1Q:gas
or €O gas with the silicon melt. SiO gas and CO gas are generated inside
atiib charmber dUeto' telfing BTSilicoitaithcthe héate? 4t 25'Rbove the™~
cruciblg, a fiquidcorling strushivedihagdy 21and ageelinghbody 2are

arranged in the chamber so as to surround a growing single crystal. The

SRS CEONNEPSFACtrEE ot 2T i§ 2 Stfudthiréd by havinigftlid Todtnt
+passing 30thieugh inside thrreofk In Fig. 6, thediquid cooling: stiuc-fturedro
body 21 is constituted as a water ¢ool; ber made o(f: ésrtlaikr)ﬂeesglstrg_el,

= y + e

FAHY watdPi isE8ass SOoTARt tsinrh%%gé ing body 22 is composed of a
rinaserial with ttighs thegmakecenductivityand farranged ise as toleostithehich
.growing single.cry S. A material composing the coeling body 22

“be Ss%?ec]iéa%r&r% séu stgr%ﬁgg V\E/)i%%egh{%ermal conaducti\?l%/ 5 and hig >
rheat, radiation rate) fer example esivier rsilvecalgys darbdn B smpérand

dhe like, bt i%iéepgﬁ%afﬂ@@@.tq use siluer.or.silver allays, as.such a ¢
material has high thermal conductivity and at the same time lacks the risk
HoecSRBNIRGiCThe MdIPBr The it TryStal S8 oafing §old Lot SiNer or

Alloys-thegeot onthesurface0ba coaling-ppdy made of Loppes ofsopperin
alloys may also be adopted. The liquid cooling structured body 21 and the
56l BodfF 22 aRefoiritedt by Expidsivé Bonting fanl the{5mtéd partcon-
cbstitdies-an-explesive honding jointed ipart- 26 sEot explesive donding,
materials to be jointed are arrar:g)edninkp%rallel g;tr a suitable}ilr%ter\falt%%art.

By puiting uifabie SMBUNE o &PISSiveon efther of thé materials via a
sitfferingamaterial and byt initiating onesend feresf with acdetonater: toth

P or rig. 1),

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, dus to the method according to the present
invention {in particular, dus to the doping of nitrogen, car-
bon and hydrogen in predetermined concentrations, and due to
the “rapid cooling” treatment comprising a predetermined tem-
perature gradient and a predetermined pull-up speed), the ma-
jority of voids compose bubble-like shaped aggregates, and do
not have a octahedron-like shape, which makes them harmless

to considerable extent.
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20 terials collide with progress of explosion, and at the explosion point,
both metal materials show viscous fluid-like behaviour by very large
deformation speed and high pressure to generate metal jet flow from the
explosion point to the forward. By this metal jet, the oxide film or gas
adsorption 25 layer at the metal surfg e is removed, therefore a clean
surface appeared adheres closely by high pressure, and both materials
joint completely metallurgically. Since the jointed part between the cooling
Thedy 2 and4he 3 kguickgoelig strutturedlbody’ 24«8 rexplbsive 4ending

jointed, a goad jointed part.is.formed in_spite of a joi betwee .
98 ﬁ‘%sr’eﬁf ﬁ%e % S, %Lr%]\bds (i-tl #l&%?%e%?lyag%%sgf %@g})&%ﬁ% r§tlt(l—:' gar!% %%lce '
sseduretbireconitact arda 2T herefor@slreascoridiction-fron? the eedling 'body
1e Jiguid, cogli ety 4 PEC tremely,goad, seq
W %&%ﬁéﬁ%@ to%gg}gea;%eé%en%%%?gg?é% ?f?e E'?lc%-%alisﬁg%body 22.5The
scégolirfg- bady 22 is arranged at a position for shielding radiation heat from
the crucible or the melt L to the single crystal S, with a nearly
rotation-symmetry-shape to the center axis of the growing single crystal S,
and is jointed to 10 the liquid cooling structured body 21 at the upper end
Thartof the coolingriseay P2E e Fig 16 athelédeliiy Bty 22 i Hfhn iWat ek
eylindrical shape, and.contact area of the explosive bongding jairted part
15 25 between the cooling body 22 and the liquid cooling struc- tured .

BEdFP 1 haBheaHy He S8k aFed bf EFGEL sERTIGRAIE R 6P aTham ™
Gogling-hody, The surfaceraf thg*cooling body 22 has the property capable
of absorbing the incident heat radiation, by making the inside of the
cooling body 22 facing 20 the single crystal S black. In addition, the
eutside of the eneling hrodyr-22 4aeing thetcrugible ara-beat shieldingbody

26, may be a surface with high reflectance so as to reflect the inciden
ehqélé'ftrﬂad‘i)at?c}fn.sni@%% I?(Eﬁ% %%oqiig é‘t%rﬁ‘étsu/féﬁ bo §}§21§}% a water c%oliﬁrg1
ichambet of a doughnbetype:shape ahd isaranged betwebathehniddieer

ﬁ@&f@bgrf2§h%n%£*%%9§&@ngomm9§g@oﬁrisg, i produging the single
crystal S, the upper part 30 structured body, having the pulling-up
téamBat 2, aemidere cHarmbBY D cokrid #ie ligaikl 6ofig Struetirehoay

&gﬂ&@hﬁibher than 1x10° atoms/cm®. In addition, when the
relevant nitrogen concentration is equal to or lower than
3x10'° atoms/cm’, because there is little overlap of the OSF
region and the V2 reglon, it 1s possible to attalin high C-
mode 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
single crystal can be performed by a known methed, for exam-
ple, by charging a silicon wafer having a nitride film into
silicon melt, so as to attain the above nitrogen concentra-
tien. It should be noted that the nitrogen concentration in
the silicon single crystal and the nitrogen concentration in
the resultant silicon single crystal wafer are substantially

the same.
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is explosive bonding jointed with the cooling body 22, is 33 separated
from the heating chamber 2a, then s 1 con polycrys- talline of a raw
material and very trace amount of impurities, which will become dopants,
are charged into the crucible, and then the upper part structured body is
attached at 5the heating chamber 2 z?gain. In this state, inside of the
crucible is heated with the heater 4, 10 wait till the semiconductor material
in the crucible is melted. When the semiconductor material has reached a
ropltensstate; dhempulbupadirel&iscdeseended byreactaation afithehwireili-~
winding machine 1011, sq that the seed crystal 9 attached at t k10
e oA e S S et L e Teeia
zcrystalsS starts i@ growiontothesaed enystab9 o thisstate, then the wire

winding uip machine 1L.is pulled:up,ip predetermined speed fo make the -
single crystal S grown. 15 In this way, in the process for growing the
HHgleneatalS TINfeT PulfigUp froft ie mMdlt ESpadiatibhttedt ffom-the @
single.ctystal-S is injestedita theicaeling hody: 22 coppesed of amatetal, -
with high thermal conducting material. In this 20 case, since the cooling

Bty 2218 explosdive vondinGFomted With the hGaikAcasIing Sttkhmey
badyn2%, wiich is cooled withaa liquid ceolant anekthils maintained it dow
temperature, tadiation heat exchange with the single crystal 3 begomes

§ooF " it e comes Possiblieto increase cooling rate of the 258ingle
grystal’S. sAbthe/ same time, beedisseiitlis pogsidleto querchvthe single
7°.r¥§'ﬂ} 5, during pulling.up, %,Q%raxﬁ'é)@e%@eef%%@%aﬂ efeglofthe single
crystal S becomes extremely rare. 30 Once, when the single crystal S has
"bebri pllletans apd coblert) aSHicon singlecenystal waferds cut frotaheto
é&ngl%ry%aﬂﬁ'% ’.'Eq?@w%q’oﬁwgﬁt?gj?@hvaé%%or?@'gogﬂ?ﬂ?orming de-—
fects are suppressed. In addition, an oxygen concentration
of lower than 5.0x10Yatoms/cm’® is not preferable, because ex-
treme decrease in vield in crystal pulliing-up can not bhe
avoided. 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
the same. During the crystal i1s pulled-up, oxygen is dis-
solved from the guartz crucible holding the silicon melt and

transferred into the melt and into the growing silicon single

crystal.

The step of doping the silicon single crystal with hydrogen
according to the present invention preferably comprises in-
troducing nyvdrogen 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:Hs, etc.
The partial pressure of hydregen in the crystal pull-up fur-

nace 1s set to be 3 to 60 Pa, preferably 3 tc 60 Pa, more
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34 treatments like polishing so that a mirror polished wafer is obtained.
Then, a precipitation heat treatment may be performed to precipitate
oxygen, in order to obtain a BMD density of a degree which is necessary
for gettering in a device 5 process. The conditions of such heat treatment
are not especially limited, as long aszﬁe desired BMD density can be
obtained. However, the heat treatment is preferably performed at a
temperature from 700 to 1000C for 1 to 30 hours. In addition, such heat
pt?@ﬁﬁﬁéﬁllﬁ}aﬁp b&etfortied et & &on"165taH treHtATernt températdre
rQr.a constant treatment time, or may be performed in two stages where at
least any of them is changed during the treatment, and for example, a
heat treat- ment described in JP-A-2007-176732 can be performed. It
ishouldize neted dhat, ity the peecipitatibaiheatdreatmeents1 s auiopted asra
ﬁ%eﬁégr%’%‘eﬁt?%h,od&é .Br'é"%geé?'%@ %‘eéézga’gs%%%crﬂ%b%%éb?i ke
0-Stagé heat treatment is performed. Still more, an epitaxial layer may
shefedned mtahestrfade vbthes nirokpolished waferdsyrakhoww Arethod.
A9subsequently, an explanation.of thesrapid gooling treatmentwillbe e
given which is performed with a predetermined temperature gradient and
& pretbfrmified FUIRUP Speed: durkigffeaBové figHAdnea cystatoher
Pulling=Uup25 The temperature geadiegt in adengitudingl direction oftthe
silicon crystal within a temperature range from 1100 to 1200C is set to be
S aaIS OrRigher thah 59T iy the BafRGATS of thé itbn-Singfe
ystal-YWhen the apovedemperatute: gradient is.equakto aphigherithans r
3.5C/mm, gnthO {/fv{uen the Rull-, p sgeed is decre %eda{g%aai%eréa@i _
r(?é’glr%ré,%ﬁle apbve mentioned V2 relgloﬁ) between the voi region anak}he
106k regiospwihappearoverawide range. drisispeculated 38:that the
appearance of the V2 region is,ca b inter- acty f poi
ecig%%ctst, Oatgténg1 ﬁeq(?%étﬁ re%%%ﬁh@r‘ég%%%f%e%%l 0 %%(%qéngh%e %%g\%g ce of
Thentionedteniperatireogradieat is preferably'8:5465.0C/mm, more
preferably 3.5 to 4.8C/mm, 5and still more preferably 3.8 to 4.2C/rum. By
setting the temperature gradient within the above mentioned very limited
Trahge? the &SI COuHE tauses that the VoidUehsity Heconrgsal waler
Significantydow; and that the voide sempose: bubbtefikesshaped® o+ -
aggregates which have nearly no adverse influence . .
oms/cm’, and the preferable carbon concentration is 3x1077 to

5x10*° atoms/cm’.

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

substantially the same.
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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 limit of the above mentioned temperature
gradient at 5.0C/mm is suitable, because crystal growth is stable, even at
relatively 15low pull-up speed. Accorgling to the present invention, the
crystal pull-up speed is controlled by specifying a ratio of the V1 region or
the V2 region occupying the total area of the silicon wafer. Spe- 20
Neificabycthenappernlimitivaluie ofthercrystal pulloagp speedsisal valuatwhierrn
athea\{alégg'%g& mes 202,01 (he fotal ay ﬁr?ag; the abgye mensioned,
&icon wafer. On the other hand, the lowerlimit value of the crystal pull-up
tdpeed S aardde whén nhé VX eegivniecorhel STRbeTIRESotal aréatéPilie
ahove 25 mentioned.silicon wafer. The ahove mentioned UpperHrit walue
is preferably a value when the V1 region becomes 0% of the total area of
SRR 6VE Mentidfied Silicorivater Afidhel abogeraghticiied foiwer Tinit*

valueds preferablya valwgwhen the Vi2-region hecomes 80%afithedotal
area of the above men- 30 tioned silicon wafer. Thletabove mentionedd o
Sasper Himitvdlue §s STHORS Préfefaby s vaftfe Wheh'the §1585icH ™"
JeecemesQuiofihe takaremaktheraboye Mmentioned siliconwafer 36
and the abgve mentioned lower limit valye is still more preferaf lue,
e ihe 3 el Boobod L00U or Mt e GF T b i Lo
awaferndnithisccase; the whaleasurfacesbfttre wafer berdniesthies VRaeion.
In more. detail, the coptrol of the crystal pull-up speed by_sych setting, of
ftS% Eﬁlﬁefrlﬁl%itu\?alE%eandyto(ﬁuweglo;vver&li_mit vaglue, is carried o&t by controlling
iq sizée(vitkth et thedy 1o gio ahithe V2 régioi sdloRg Wit the ©YSENY 2
Jegion, Control, 10.of the.size {width) of the Mj region-and4hg M2 segionis

as described above. Control of the size (width) of the OSF region depends

6 B7® abovE mERtBNed shrirfiedégfe s bFTRE DSE region: S5 Biy 7 RF&®
HGrawing showipg therelation betweean the puhup:speed and the
occurrence of a defect region in the silicon single crystal. The lower part of
Fig. 7 is a drawing showing a cross-section of a pulled-up single crystal.
1Gross=sections: fromn he single crystal takem at pointsqa) 2} and26(6)rare

shown in the upper part of Fig. 7. It has been found that any of,the N
ok sehtors AR (3). (0} 470 (o) has i aroa a0l oF e V5 région”

ef etyuad @ orchigheb tears 80% rand thatadetal arearativofehésvl kEgibn
blus the OSF region is.egual o, ot lgwer than 20% Thatiscthe 2apoipts
(a) and &:) are boundaries, and the cross-section

scended and ascended by a drive apparatus nct shown. The
drive apparatus ascends the crucible when the liguid surface
is lowered, s¢ as to compensate the ligquid surface lowering
accompanying the pulling-up of a single crystal S. In addi-
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 guartz crucible 3a, and
a graphite cruciblie 3b for supporting the quartz crucible.
At the side wall part of the crucible, a heater 4 to melt
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
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where the V1 region is 20% of the total area of the above mentioned
silicon wafer represents the upper limit value of the crystal pull-up speed,
and the cross-section where the V2 region is 80% of the total area of the
above mentioned sili- 30 con wafer represents the lower limit value of the
crystal pull-up speed. Therefore, the gross-sections at points (a) and (c)
and any cross-sections between these both ends refer 37 to silicon single
crystal wafers obtained by the present in-vention. In addition, a numerical
otangenof thexcrystalpiltup speed 5(¥) acdording tothegirksent invention
is Q.53 to %%HBEmmléninute, preferably 0.53 to 0.63 min/minute, and more

hﬁrae - 1Fé?atsjly 6 to'0.63 mm/minute. Each of these three ranges

corresponds to a range, a preferable range and a more prefer- able range,

rtespectively, defined interms,obthe ratio.of 1Q,the VL region artheV2eq,
region occupying the total area of the above mentioned silicon wafer. A

W 5EPLIRED St e AARA istEqaal SR OWier thah'6 87 mifmiAute ™~

£nahlestoavoid:a state that the whele surfaserofthepabeve memtioned

silicon wafer becomes the V1 region, and enables to generate 15 the V2
RGO RefétBré’at hoP onfy ﬁ?o%tdé@ Kiremély g%oedq@giﬁ RaRer

of the oxide
Aim butialso-thechightCrmpdecpass tate (@4mode corddrnsingsraterefthed
equal to_or higher than 70%. On the other hand, a crystal pull-up. speed ..
a\/?/hﬁ:}heisléqu“ﬁag t%noér ﬁ%h@ﬁﬁaﬁ) lf)lg.LO %m‘frﬁﬁu%é’eng les to avoid a st}f.?teup
rthat the 201wholel sufacerof therabovecsilicon wafer bexdmés the OSFRY

region, and provides the high G;mode nass tate (C-made. gonfarming rate)
“of églﬁaﬁgwo%rhiaﬁgr%ﬁgﬁ 7%%/0C.&The measurg?gnent of the GOl of %ﬂe oxide
ditmitcaicwliation 625 high GAinddee padstatefifas Catridd Bin &5 151 0Ws.

Atthe surfage,of a substrate (wafey) after heat reatment the-oxigedilin o

with a thickness of 25 nm was formed under dry oxygen atmosphere at

HQUOT 1aAd tRe G OP b the bxidd fiffh 178s MedsGred: % ntinfer of 164

polysilicon electrodes with an area 30 of 20 mm2 were used for the

measurement of the GOI at the wafer surfgc% The ratio of the ele%(gggg
r

EHovifgRfth<ahtvoitage of & jubghient cu SAt'6F1660 MA aid an

eleetrigsfieldof the pulling-up chamber 2b, argon gas is intro-
duced, and this argeon gas is designed to be discharged from a
gas discharge exit 14, after passing through inside of the
heating chamber 2a. Reason for passing argon gas through in-
side the chamber in this way is to prevent mixing of 3510 gas
or CO gas with the silicon melt. $10 gas and CO gas are gen-
erated inside the chamber due to melting of silicon with the

heater 4.

Above the crucible , a liguid cooling structured body 21 and
a cooling body 22 are arranged in the chamber so as Lo sur-
round a growing single crystal. The liguid cooling structured
body 21 is a structured body having liquid coolant passing
through inside thereof. In Fig. 6, the liguid cooling struc-
tured body 21 is constituted as a water cooling member made

of stainless stesl, and water is used as a coolant.
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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 judged "good". 5 Still more, according to the Voronkov theory
(V. V. Voronkov; Journal of Crystal Growth, 59 (1982) 625 to 643), a
parameter V/G, which is the ratio of d\;f crystal pull-up speed (V) and the
average temperature gradient in a crystal growth longitudinal direction (G),
determines type and total concentration 10 of a micro defect (point
Tdefectl Here, &is;defined assayerage temperattee gradientin aicrystaler-
rowth | ngittudingl dire&tion from meétén% gofi:%t tgoloi_’iS(%%éThgr%fgre, sin-
dcaiTeE Eontrol 6F tHe Erystal pall-Up Spéed i the present embodiment
odan bewgpecified algo bycaldalationrgio¢ B git Wik bectBexyplaimed befowa i
Jelative. VIG valug was defined.as [allaws,a-pull:upfur- nace;having the
same structure as the pull-up furnace for pulling-up a silicon single crystal
adopéd withatogert 120 éarborr bfd HydrogerWas uséd ok pulling:ap &~
1silicon single crystal which was;not dopedawith nitrogens carhan gndre -
hydro- gen at various pull-up speed V. Then, a wafer was cut out from the
FHulfed-aprsstal 1o be stbjectdd fo preCibitation et tréathichtaf786¢3

HoE 8 howsyand-subsequently,ah28 H000EJok 18chauns: anddhendhe risk
BMD density was measured with a BMD analyzer. A region havinq the

BMES dei&ity b ol tBor higher e RITBIENE Was defined as s VEfich
Jegian cemprisiag the P regions the: O3k regiofranddhieaV tegivina body
region ?avin{gcothe END dengityatifl%elgwmlxlgalé:én%é/v%%gotdecjined as an
ich Cr)egigﬁ (?n%pﬁ%intboﬁ?e pi regio\ﬁ and the T region; ancFaebo'undary
between the V-rich region and the I- 39 rich region was defined as a V-I

foundary; The VG value at the positon,of the ¥s1boundary, wag defingd -,
as (V/]C%cmt.

are jointed by explesive bonding, and the jolnted part con-
stitutes an explesive bonding jointed part 25. For explosive
bonding, materials to be jointed are arranged in parallel at
a suitable interval apart. By putting suiltable amount of ex-
plosive on either of the materials via a buffering material

and by initiating one end thereof with & detonator, both ma-

terials collide with progress of explosion, and at the explo
sion peint, both metal materials show viscous fluid-like be-
haviour by very large deformation speed and high pressure to
generate metal jet flow from the explosion point to the for-

ward. By this metal jet, the oxide film or gas adsorption

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

terials joint completely metallurgically.

Since the jointed part hetween the cooling body 22 and the
ligquid cooling structured body 21 is explesive bonding
Jointed, a good jointed part is formed in spite of a Jjoint

part between different metals, and still more, nearly 100% of
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The absolute value of V/G cannot be determined unless the ab- 5solute
value of G is known. However, by defining the relative V/G, where V/G is
standardized by (V/G)cpt, it is considered that when the relative V/G is
larger than 1, the defect region becomes the V-rich region, while when the
relative V/G is smaller than 1, the defect region becomes the I-rich re- 10
gion. By examination of relation betwéen the pull-up speed and the V-
boundary position in advance, the relative V/G value of a crystal pulled-up
ata gettain pulliyn speeds candie determineddby tsing apulkupdumaceat
with the same structure. 15 A method for,controlling the V1 region and the
RVp %ﬁ%noﬁy%ﬁﬁnistgg fglfgv%.n %%%ﬁrezsgenﬁoerﬁlggdtl{]n%gﬁ% éhg\?v%qijhn(?:) of
sEigudt the ¥ brebiod appeansashers WWGas in @rrahger of egush & ot higler

han 1.1x(V/G)srit. In additi e V2 re- 20gi ears where V/G is in
C{ae %ﬁ&g %f\é@%&}g/@sﬁ %o %’P?n)%&%G cé%ltE ‘ﬂ%ﬁ%ﬁé%é present invention
comprises a silicon single crystal wafer having a defect region
fepresenting a.W/G whichJs egqual t oramore than 4;by(V¥Gopiciand : ng
which occupies an area which is equal to or less than 20% of 25 the total
r@ébeofitie Siiedn Waer tafd Haviig stdéfect fégidhirepresentify & ViG!e
whichdis & 1x(M/G)smnz to 01 XY owhichreceupiesranparea ofthe cen-
silicon wafer which is equal to or more than 80% of the total area of the
SifcGi Warer. Mofe preferaBly’ tre Siicon Single rystaf water Ras wdefett
e 3Digionawbish aeeupiesithewrbale-sdrface of theneaferand wihichpart
rgpggsents ?Lre iokr)l he%% V/G is equal to or lower than 1.1x(V/G)zdtz and
Yas d‘dered rlélgion?/v ich occupies an area 40 which is equal to or more
than 80% of the total area of the silicon wafer and represents a region
i, VI is %G B0 Glcdt il mpre Reelerabiv he
S|I|cor$smgle crystal wafer has a defect region which occu- 5 pies the
shhofe serfdceof thie wafer andirapresents & 3/G WHieK 193 IRV IG=06E T
19 QZ%VIR)01L. The relatiophetween.the Vilsegign and-the Y2Jegion.-
and between the V/G and the V in the silicon crystal is shown in Fig. 9. 10
EXSIAnaten will BEgivetrbelow Bh & tGsSFaIatieh shong isias dtiet
dn-plane QSkdistriusionin thessiliconcrystatsalongawithdighO-medeody

ass rate,

2 has the property capable of absorbing the incident heat
radiatiocn, by making the inside of the cooling body 22 facing
the single crystal S black. In 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 radliation.

The liquid ceooling structured body 21 is a water cooling
chamber of a doughnut-type shape, and 1s arranged between the

middle chamber 2c¢ and the heating chamber 2a.

Flirst, in producing the single crystal 5, the upper part
structured body, having the pulling-up chamber Zb, the middle
chamber 2¢ and the liquid cooling structured body 21, which

is explosive bonding jointed with the cooling body 22, is
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The present inventors have examined mutual relation between 15 voids
and in-plane OSF distribution in the silicon crystal, along with high

C-mode pass rate. The voids and in-plane OSF distribution in the silicon
crystal are measured by using the above mentioned commercial defect
evaluation apparatus, an LSTD scanper (M0-6) manufactured by Raytex
Co. The measure- 20 ment conditionS"were as described above. From the
area density ([/cm%)]) of the voids and OSF measured, and the
sfé\@l@-ﬁ&lf%mef&cﬁiﬁpﬁth@ft&ﬁlﬁﬁ.ﬁbedmimmdeﬁsit}t féem3])iof-the voidgwas -
calculated. The experiments included case [B] representing doping with
hoHh, Shig: g RySrodan e o 2o bo Tam oAt apic
cedlingiitieatmentlacearding tothe presentinveationicaséqD}he cruci-
JeRresening doning with,0t: tfagen apgl e, faaid.caging. tealiment o
according to the presentinvention, I.e. no doping with hydrogen and no
depihgavithcarbenband taseofF]oping With fitFogers,  carbbhiénd Boche
hydrogen and {he ;tapid copling: tieaimentaccording to the presentsen: -
invention. 41 Fig. 8 shows the examination results regarding the relation
BRAEEH th 9o RIS and H-pléife OSEdisfibutiortinthe sili¥e6A cristafs™~
angdithe corresponding Geanode pass rates 1the cenditions:far gases{&],
101 and [F are summarized n e Sollowi, Table 2 Table 2 BLIDLEL

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 8§ starts to grow onto the seed crystal 9
in this state, then the wire winding up machine 11 1s pulled-

up in predetermined speed to make the single crystal S grown.

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 8 is injected to the cecoling body 22 composed
of a material with high thermal conducting material. 1In this

case, since the cocling body 22 is explosive bonding jointed

with the liguid cooling structured body 21, which is cooled

with a liguid coolant 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
single crystal S. At the same time, because it is possible
to guench the single crystal S during pulling-up, generatilon
of the crystal defect of the single crystal S becomes ex-

tremely rare.

Cnce, when the single crystal S has been pulled up and
cooled, a silicon single crystal wafer is cut from the single

crystal and ,if desired, subjected to various conditioning
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Yes Yes Hydrogen doping 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 ([1cm2]) 10in a range of 5x102 to 2x1048cm2 and a good
high C-mode pass rate (70 to 100%) was found in case [F], only. The
Other regions had a lower high C-m%qle pass rate which was only 20 to
40%.

reatments like polishing s that a mirror polished wafer is
obtained. Then, a precipitation heat treatment may be per-
formed to precipitate oxygen, in order to obtain a BMD den-
sity of a degree which is necessary for gettering in a device
process. The conditions of such heat treatment are net espe-
cially limited, as long as the desired BMD density can be ob-
tained. However, the heat treatment is preferably performed
at a temperature from 700 to 1000°C for 1 to 30 hours. In
addition, such heat treatment may be performed under a con-
stant treatment temperature or a constant treatment time, or
may be performed in two stages where at least any of them is
changed during the treatment, and for example, a heat treat-
ment described in JP-A-2007-17673Z can be performed. It
should be noted that, in the precipitation heat treatment
adopted as a measurement method for BMD density in the above
description, the two-stage heat treatment is performed.

Still more, an epitaxial layer may be formed at the surface

0f the mirror polished wafer by a known method.

Subseguently, an explanaticn 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.

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 silicon single crystal. When the above
temperature gradient is egual to or higher than 3.5°C/mm, and
when the pull-up speed 1s decreased to a certain degree, the
above mentioned V2 region bestween the void region and the

OSF region will appear over a wide range. It is speculated
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15 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, the diameter of the silicon single crystal is 20 not
limited. However, the diameter is preferably set to be equal to or larger
than 200 mm. When the diameter is ggual to or larger than 200 mm, the
present invention is particularly suitag e, since silicon single crystal wafers
with a diameter of equal to or larger than 200 mm are mainly used for

ThaRut s RIRGARG TevicEs Shen 4% BRAND 42 TRRYSESstre MSidethe” ~
Lrystal pub-up fuinacerisset tohe 40:10-250 mbar. heclowerlmitvalge is
equal to or higher than 40 mbar, preferably equal to or higher than 60_ |
B, Snd PAGTe- prefRabig il 16 or Higher A BbInBar wHigh 168 *°
avoid effectivelysadecrease ofidhenprodust yigdd duringspalling-up of them,

single crystal. The higher limit value is equal tq or lower than 250 mbar
a&%fesr%b%/fe%ﬁra? t& ‘Bg%ﬁg%ar? 1 OLr%bqéi,@‘ar?c{) mr%ﬁdreeéyefafgﬁtlyl/ngq&a %o
wripwerthan 10Gumibariwhichhenables tebaveidieffactivedy avtecrebbeicied

1he 10product.yield during pylingzup of the single arystal Explanation,et
the present inverition will be given below by means of examples .
Howevetahepreseht inventiorrsHotleRiiot Be Meitsts t6 tH& fsifowite e~

examples, Jhat is. the fol- 15 lowing.gxamples aje only. exemplificationss ce

and any one, which has substantially the same constitution as

Y8 CHAGIOHEaICOHEER Yestfibktrin theclafifis bfthe préefit ifehtion’and
exerissinilaraactign effest, showd besincluded intechnelogicabscepe ofup
the present invention, 20 Example 1 PuIIing-ue of a silicon Singleq; cgs}_al c
Wa& Sarridd Bt byUsiAg a ShRoniystal prodictioh Bpparatus. The silicon
arystab predueticn apparatussesed in the psesenttexample S 125 singlait-
crystal production apparatus_having the coaling bady 22 shown in Fig, 6.
?éceﬁ a}rgl)ez;i:parf‘ilasré5tchsr f}')sgﬁgéd T %‘%5 uéi%g%%ﬁ %%’n gf\jr/)éslflalaksacy %fe@ﬁgﬁglgg
method. IFhee cegaiblé-diameter was 22 inch, the weight of semiconductor
material to be inserted into the crucible was 100 kg, and growing single
crys- 30tal S was an 8 inch crystal.

According to the present invention, the crystal pull-up speed

is controlled by specifying a ratioc of the V1 region or the
V2 region occupying the total area of the silicon wafer. Spe-
cifically, the upper limit value of the crystal pull-up speed
is a value when the V1 rsgion becomes 20% of the total area
of the above mentioned silicon wafer. On the other hand, the
lower limit vaiue of the crystal pull-up speed is a value
when the V2 region becomes 80% of the total area of the above
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-
tioned silicon wafer. The above mentioned upper limit value
is still more preferably a value when the V1 region becomes

0% of the total area of the above mentioned gilicon wafer,
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43 As a mated-dal for the cooling body 22, silver was used, and the
cooling body 22 had an inner diameter of 260 mm, an outer diameter of
300 mm, and a length of 280 mm. As the liquid cooling structured body
31, a constitution of a doughnut- 5 shaped water cooling chamber having
a cooling water pipeline inside was ugsed, and the liquid cooling structured
body 31 was attached at the lower part of the middle chamber 2c.
Specifically, the aforesaid production apparatus was config- 10 ured as a
apudll-tipefushace Inena prledp furrace 2pivhere the heatshielding body: 36 -
was .cooled by the above mentioned method to increase the temperatur
R e R EH NS rhege st TIO0R TS To00t. or S pelFi
sfuenace 3-causingv@ commmoniteniferaturegiddientinsthe espedtivesls5ur-
demperature range, Inthe pull-up furgace Joand the pull-up funace 2, a
joint part of the cooling body 22 and the liquid cooling structured body 21
was jointed by explosive bonding. On the other hand, in the pull-up
furpace 3;adoint par of the coolingbady. 22.and the fiquid ceoliRGeq by
structured body 21 20 was bolt-jointed. In the pull-up furnace 1, the
SerhpartGrdgradiehb i HIBRGitddEF diecidnasrh eRfstaPRRhin tie © 72~
temperatdee-range fom 3:100:t0:1200Cwas set e be4Esmmeduring v1
pulling-up 25 the crgstal, the aforesaid tem ertagur%iggadient was sgt totbel
S8 YMmARTIhE BuIap Farhad 22 aRaThe aforeSaid T8mperatire gradient ©
ofasiset (0 be 3CImm)indhegsd-up fusndoe 3z Kinds of e adboverpul-ups
Jutnaces (e Rul-upfumace’ In fable.3).ang ihe plotesald temperaure
gradlfent in each of IJ::lxampIes an ComparatlvetExampIes, are
describag:irdthecfollowingtFalsie@:n 4 aon cbnehuctioh typecfaheisiliéon 0S¥
r%%@@l grown by utilization of this apparatus was p-type (boron doping),
and the crystal diameter was 200 mm (8 inch). 5 Nitrogen doping was
carried out by charging a wafer having a nitride film into silicon melt. The
Hitrogénicorcehtration of the Siliconhwaferleltaime d by siieing tve pull-up
Jpdlec-up sileon single clystal was.mepaured 4shg 2 seeqRdan;ipndass
pectrometer (SIMS). The oxygen and
single crystal. The lower part of Fig. 7 is a drawing show-

ing a cross-section of a pulled-up single crystal. Cross-
sections from the single crystal taken at points (a}, (b) and
(c) are shown in the upper part of Fig. 7. It has been found
that any of the cross-sections at points {(a), (k) and {(c) has
an area ratio of the V2 region of egual to or higher than
80%, and that a total area ratic of the V1 region plus the
08F region is equal to or lower than 20%. That is, the
points (a) and (¢) 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 V2
region is 80% of the total aresa of the above mentioned sili-
con wafer represents the lowsr limit value of the crystal
pull-up speed. Therefore, the cross-sections at points (a)

and {c) and any cross-sections between these both ends refer
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10 carbon concentrations were measured by an infrared absorption
method, and the respective value of JETTA (Japan Electronics and
Information Technology Industries Association) was used as a conversion
factor. That is, the conversion factor for interstitial oxygen concentration is
3.03x 1011/cm2, and the 1500nversi99 factor for carbon concentration is
8.1x10j6/cm2. However, because a wafer having a nitrogen concentration
of equal to or lower than 5x1014 atoms/cm3 cannot be measured usin

L

. g,
tSIMS thé fitrSg@f tontehfration'was detshietf By Usifnid Expressidh 1™
hichuis specified below. 20 Any known method may be used for doping
the silicon single crystal with nitrogen; for example, nitrogen gas is
introduced and dissolved in the silicon melt; or a silicon substrate with a
Mnitride;deposited thereon by:a CVQnethad or 25the like s mixed withdhe
silicon raw material before or af- ter melting of the silicon raw material.
The 3egregation toeHiGeRt % SirichE thé rafio ‘ot thermputity - ©°
eoncentrationincthe-grystakafter selidification te the tmpuiity: cancentrasion
in the melt, has the value of 7x10-4, in the case 30 of nitro}gen W.
SGiehHel and BC HUtet, B Erowth? Propértis aRd Applicatiohs: h2s,
SopringenrNeslag, Newarark, 1982} #brEheaitrages concentration pfafer-

ilicon single crystal wafer which, is.produced according to.the presen
aﬁﬁ\iléegnﬁgﬁ%én %)%58&85 ﬁ%évyﬁy geEfx%lr%%L;fbnn %ﬁf?rsog%% Egr%]cé%t%t(?or% ha
nafertkxElrsotidiccativre rate) 5y« Xnitrogenvepncentrationdhdheanef 101
should he.ngted thatdhe nitrogen cancentration.in, the, nellneans Ye.q
nitrogen concentration in the initial melt. 10 Here, solidification rate (g/g) of
thédiliden efystal 6an be determingd by’ Expredsdiomrate Spfifiifitation
date (oig) of the silicon erystalr( pight of-Laerystallized silican){weight.eh

the initial melt) ,
silicon wafer becomes the V1 region, and enables to generate

the V2 region. Therefore, it not only provides extremely good
GOI of the oxide film but also the high C-mode pass rate (C-
mode conforming rate) of egual 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
whole surface of the above silicon wafer becomes the OSF re-
gion, and provides the high C-mode pass rate (C-mode conform-—

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

The measurement of the GOI of the oxide film (calculaticn of
high C-mode pass rate) was carried out 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
measured. & number of 164 polysilicen electrodes with an area
of 20 mm® were used for the measurement of the GOI at the wa-
fer surface. The ratic of the electrcdes, showing withstand

voltage of a judgment current of 100 mA and an electric field
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The measured value [atoms/cm3] of the nitrogen concentration are
described in the following Table 3. 20 In addition, hydrogen doping was
carried out by the introduction of a hydrogen containing gas mixture into
each of the pull-up furnaces. The hydrogen partial pressure [Pa] and
some of the conditions set are descriged in the following Table 3. The
crystal pull-up speed V and the in-plane distribution of 25 G were
controlled as follows. First, the crystal pull-up speed was limited to an
iupperstimit valueguch thatatheNbhegionkhavihy thé/\void densityfotevers
2x104/cms,and.helow, x105/cm3 was,confrolied. s as.t0.be aual 10 05,5,
ess than 20% of total area of a silicon single crystal wafer cut from the 30
tpulted-upsSikeort singlé Crystal 188e6Ad, e erystal pull-up speed was
limited to a lower limit value such that the V2 region having the void
density of over 5x102/cm3 and below 46 2x104/cm3 was controlled so as

Solde ctiat to FFRER TTar B0YHBf toEAPAFEY ofPSTiKon Sindle cystat e
Jwater-outfromythe-pulled-wpesilicon singlexcrystal. Theamlues of the arystat
vpull-up speed, the in-plane V/G maximal values (V/G at the 5 wc?f% .
déntef M the VIG ininfal Valids (F7c Btine Wafer Bgd)aré as | 2"
dlescribed inethe-fallowingrEableadiilt shoitd bemotedathat MGtin Tablei3u-

ey QIOR At stains ez o v

convertéd to mirror polishe ers. 10
¢Ehe \frfegiondsf @ wafépisiatregioreircwhichivoids &re forAsed agsdh pest of
Introduct SMACANGY Peint defects trom,a salid-liquid intertace
e&&r?r?g %}%tgoffarowti.grhere- fore, specifié}ally, tr:?ag V region ofgtile
EButsstiatercari be 1% speeiictPby thé abbve’mentioherdFéia thendifs HE

Svaluation andidentification pfithe, yoid gegion inside the wafers was.q: -
carried out by the above mentioned method. In addition, as described
BV Vol B8R B the Voidy wiis S8 aidwatetf t/deterine the XA
J4egion and the1¥z region. The inner diameter and the outer diameter [cm]
of the V1 region and the V2 region determined in this way are described in
the following Table 3. 25 The evaluation of OSF was carried out by the
Aolewing method. FHrststheswaferivassubjecteditovan oxidatidntreatmment

AR, S8 S0 118 v oo WP 1o RuBHe 2, e thas elced
thylathickaess ofil.5asm, 30vditreadight etéhifigpliguiel s tobseieogen,
é%@%%ﬁ“ggdhggdrogen, was used for pulling-up a silicon single
crystal which was not doped with nitrogen, carbon and hydro-
gen at various pull-up speed V. Then, a wafer was cut out
from the pulled-up crystal to be subjected to precipitation
heat treatment at 780°C for 3 hours, and subseguently at
1000°C for 16 hours, and then the BMD density was measured
with a BMP analyzer. A region having the BMD density of
egqual to or higher than 1x10%/cm” was defined as a V-rich re-
gicn comprising the Pv region, the OSF region and the V re-
gicn; a region having the BMD density of below 1x10%/em® was
defined as an I-rich region comprising the P1 regicn and the

I region; and a boundary between the V-rich region and the I-
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moon-like or rod-like OSF pits generated at the surface with 47 an optical
microscope. The OSF area density [piece/cM2] was determined as [OSF
pits number/observation area] by scanning the 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- 5 cal microscape. The OSF region was defined as a
region having an OSF area density of equal to or higher than 100
pieces/cm2. The inner diameter and outer diameter [cm] of the OSF
egiomeletermined itethis svhys ;are described:itethe. followilg ST atsle 8, ¥
24l mare, as for eagh.of,0xygen concentration, eatio. of the purmber of
voids composing bubble-like shaped aggregates of voids to the total
number voids (Void Ratio), the EMS density and the high C-mode pass

-ate  the respective values\measured, 15y the abpvadnentioned methagds-

are described in the following Table 3. Example 2 A silicon single crystal
Swas Pulletup strilarlyadpPERamiE pie 1, E%céﬁ?ﬁﬁ&t%nﬁ?ﬁoﬁ?ﬁftlve

Yy gemeoBcentation - nifragen: copeeptyationsgarhon conpenitationie red
pull-up speed, alon$ with minimal value and maximal va!Ee OJ \QG were
e.defect

et ad'BERCABEd T The T8foWing TablE 3955 Example 3'A Silicon Single
Lrystalavaspslled=up simidarly asiiorExample 1lyexcephthat<conditiens 6¢

;Quvgen goncentration, nitrogen concentration, caron.congentraton, ...
pull-up spe eﬁong with minimal value’and maximal value of V/G were
setras de- 80suribed intthe foltlewirig Table Byve48: EXaimpleld ~up speed

and the V-I boundary position in advance, the relative V/G
value of a crystal pulled-up at a certaln pull-up speed, can
be determined by using 2 pull-up furnace with the same struc-

ture.

A method for controlling the V1 region and the V2 region by
V/G is as focllows. In the present embodiment shown in (F) of
Fig. 1, the V1 region appears where V/G 1s in a range of
equal to or higher than 1.1x(V/G)uc. In addition, the VI re-
gion appears where V/G is in a range of 1.1x(V/G)gnr to
G.7%x(V/G)ersr. Therefore, the present invention comprises a
silicon single crystal wafer having a defect region repre-
senting a V/G which is egual to or more than 1.1x({V/G).:. and
which occupies an area which 1s egual to or less than 20% of
the total area of the silicon wafer, and having a defect re-
gion representing a V/G which is 1.1x{V/G)c: to 0.7x(V/G) aric
which occupies an area of the silicon wafer which is equal te
or more than 80% of the total area of the silicon wafer. More
preferably, the silicon single crystal wafer has a defect re-
gion which occupies the whole surface of the wafer and which
represents a region where V/G is equal to or lower than

1.1%(V/G) =, and has & defect region which occuplies an area
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A silicon single crystal was pulled-up similarly as in Example 1, except
that conditions of oxygen concentration, nitrogen concentration, carbon
concentration, pull-up speed, along with minimal value and maximal value
of V/G were set as described in the following Table 3. Example 5 A silicon
single crystal was pulled-up similarlyﬁs in Exam- 10 plc 1, except that
conditions of oxygen concentration, carbon concentration, pull-up speed,
along with minimal value, partial pressure of hydrogen and maximal value
wof VIG \peressetias describeddnttherfol Owing Tabte BoiblERarple b Ahe
Jlicen siglesrvaial vas pulledup similarly asda Example 1.except that
conditions of oxygen concentration, carbon concentration, pull-up speed,
lalongidithminibealOvaltie Y partial-pressieé ‘of o 8A g Makimdlvalue

QhYIG were,set.20 asdescribed in the follaydrg fable3.Example 7Acu-
silicon single crystal was pulled-up similarly as in Example 1, except that

PéGditiBRS BT Oy gBH CGrcetfalids, csrbdn 29 ¢ohtRhiERon pll vy

wspeed alongwith reinimal:valge and;maximal valueof MG yrenecselas:
described in the following Table 3. Example 8 30 A silicon sinzle crystal
Was PullstRipSifmany s i EXGRIEIE 1, Bt hE CorditioNs% aé{g/gtekh

of
vcQrceniratian, carbonrgenceantiatiampul-up speed, @along with minimal
value, pull- 49 up furnace and maximal value of V/G were set as
described in the following Table 3. Comparative Examples 1-7 5 A silicon
EiRGREERSIAl Was puldids SimMan ash Exafiplé 1 eiteptthat"one
veanditions of oxygencangentfaticn itrogeniconcentration,carbonstal,
concentra@lor%, ,%Lé)lfl-#g s&?ed, a|0ng$/¥:Ith minimal value, pull-up furnace,

ﬁr}é)rrtl%l "f)ﬂr” Ssure en, anc

Cy(rfrogen? Hhd maximal value of V/G were set as
described in the 10following Table 3.

The present inventors have examined mutual relation between
voids and in-pilane OSF distribution in the silicon crystal,
along with high C-mode pass rate. The voids and in-plane OSF
distribution in the silicon crystal are measured by using the
above mentionsd commercial defect evaluation apparatus, an
LSTD scanner (MO-6) manufactured by Raytex Co. The measure-
ment conditions were as described above. From the area den-
sity ([/cm®]) of the voids and OSF measured, and the measure-
ment depth of 5 um, the volume density ({/cm®]) of the voids
was calculated. The experiments included case [B] represent-
ing doping with nitrogen, only, i.e. no hydrogen doping, no
carbon doping and no “rapid cooling” treatment according to
the present invention; case [D] representing doping with ni-
rogen and the “rapid cooling” treatment according to the
present invention, il.e. no doping with hydrogen and no doping
with carbon; and case [F] doping with nitrogen, carbon and
hydrogen and the “rapid cooling” treatment according to the

present invention.
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Results of the above Examples and Comparative Examples are shown in
Table 3. 50111 CD11(76In0)iCZ .c11Eto-,irca)l 1 HH1 1 c -5 5!
5)"(-)5Hi jHIliIFLto a>rtlco-4- ST cc>"la)NIco,!--leolin co
I*-IN10Fr,l enIN10ILO coN-co co co ' a)! ¢,)colLOl ‘ct!")'!---r--t , a) a) ra)
coa)! a) 1c3,1a)la)a)la)l a)l a)IC)!a%O io 10 0 ,0lc>1

Fig. & shows the examination results regarding the relation
between the voids and in-plane OSF distribution in the sili-
con crystal, and the corresponding C-mode pass rates. The
conditions for cases [B], [D] and [F] are summarized in the

following Table 2.

Table 2

[B] [D] [F]
Nitrogen doping Yes Yes Yes
Hydrogen doping No No Yes
Carbon doping No No Yes
e | v | ves

As shown in Fig. 8, a region having the veid density ({/cm’])
in a range of 5x10° to 2x10%/cm’ and a good high C-mode pass

rate (70 to 100%) was found in case [F], only. The Other re-
gions had a lower high C-mode pass rate which was conly 20 to

40%.

The diameter of the above menticned silicon single crystal
and the pressure inside the crystal pull-up furnace may be

set at predetermined values.

In principle, the diameter of the silicon single crystal is
not limited. However, the diameter is preferably set to be
equal to or larger than 200 mm. When the diameter is equal to
or larger than 200 mm, the present invention is particularly
suitable, since silicen single crystal wafers with a diameter
of egual to or larger than 200 mm are mainly used for manu-

facturing devices such as DRAM.
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E11,1' (WiDc) 111 "allLIPE: Fillli:l ol,-Jga'l, NLYYL T....1 LLO NCS, 571 il
CIS (/)IFn.

The pressure inside the crystal pull-up furnace is set Lo be
40 to 250 mbar. The lower limit value is egual to or higher
than 40 mbar, preferably equal to or higher than 60 mbar, and
more praferably equal to or higher than 80 mbar which te
avoid effectively a decrease of the product yileld during
pulling-up of the single crystal. The higher limit value is
equal to or lower than 250 mbar, preferably equal to or lower
than 150 mbar, and more preferably equal to or lower than 100
mbar which enables to avoid effectively a decrease of the

product yield during pulling-up of the single crystal.

Explanation ¢f the present invention will be given below by
means of examples . Howsver, the present inventicn should
not be limited to the following examples. That is, the fol-
lowing examples are only exemplifications, and any one, which
has substantially the same constitution as technclogical con-
cept described in the claims of the present invention and ex-
erts similar action effect, should be included in technologi-

cal scope of the present inventiocn.

Example 1

Pulling-up of a silicon single crystal was carried out by us-
ing a silicon crystal production apparatus. The silicon crys-
tal production apparatus used in the present example is a
single crystal production apparatus having the cooling body
22 shown in Fig. 6. Such an apparatus is used in producing a
silicen crystal by the usual CZ method. The crucible diameter
was 22 inch, the weight of semiconductor material to be in-
serted into the crucible was 100 kg, and growing singie crys-

tal S was an 8 inch crystal.
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As a material for the cooling body 22, silver was used, and
the cooling body 22 had an inner diameter of Z60 mm, an outer
diameter of 300 mm, and a length of 280 mm. As the liquid
cooling structured body 31, a constitution of a doughnut-
shaped water cooling chamber having a cooling water pipeline
inside was used, and the liquid cooling structured hody 31

was attached at the lower part of the middle chamber 2¢.

Specifically, the aforesaid producticn apparatus was config-
ured as a pull-up furnace 1 or a pull-up furnace Z, where the
heat shielding body 36 was cooled by the above mentiocned
method to increase the temperature gradient within the tem-
perature range of 1100°C to 1200°C, or as a pull-up furnace
3 causing & common temperature gradient in the respective
temperature range. In the pull-up furrnace 1 and the pull-up
furnace 2, a joint part of the cooling body 22 and the liguid
coocling structured body 21 was jointed by explosive bonding.
On the other hand, in the pull-up furnace 3, a joint part of
the cooling body 22 and the liguid cooling structured body Z1

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
the crystal, the afcresald temperature gradient was sel to
be 5°C /mm in the pull-up furnace 2, and the aforesald tem-
perature gradient was set to be 3°C /mm in the pull-up fur-
nace 2. EKinds of the above pull-up furnaces {item “Pulli-up
furnace” in Table 3) and the aforesaid temperature gradient
in each of Examples and Comparative Examples, are described

in the following Table 3.
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& conduction type of the silicon crystal grown by utilization
of this apparatus was p-type (boron doping), and the crystal

diameter was 200 mm (8 inch).

Nitrogen doping was carried cut by charging a wafer having a

nitride film intc silicon melt.
The nitrogen concentration of the silicon wafer cobtained by

slicing the pulled-up silicon single crystal was measured us-
ing a secondary ion mass spectrometer (SIMS). The oxygen and
carbon concentrations were measured by an infrared absorption
method, and the respective value of JEITA (Japan Electronics
and Information Technclogy Industries Assoclation) was used
as a conversion factor. That is, the conversion factor for
interstitial oxygen concentration is 3.03x10Y/cm?, and the
conversion factor for carbon concentration is 8.1x10°%/cm”.
However, 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.

Any known method may be used for doping the silicon single
crystal with nitrogen; for example, nitrogen gas 1is intro-
duced and dissolved in the silicon melt; or a silicen sub-
strate with a nitride deposited thereon by a CVD method cr
the like is mixed with the =ilicon raw material before or af-
ter melting of the silicon raw material. The segregation co-
efficient, k, which 1s the ratio of the impurity concentra-
ticn in the crystal after solidification to the impurity con-
centration in the melt, has the value of 7x107%, in the case
of nitrogen (W. Zulehner and D. Huber, Crystal Growth, Prop-
erties and ZApplications, p28, Springer-~Verlag, New York,

1e82).
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The nitrogen concentration of a silicon single crystal wafer
which is produced according to the present invention, can be

calculated by

Expression 1

Nitrogen concentration in a wafer=kx (l-solidification rate) '™
Y xnitrogen concentration in the melt

It should be noted that the nitrogen concentration in the
melt means the nitrogen concentration in the initial melt.
Here, solidification rate {g/g} of the silicon crystal can be

determined by:

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

crystallized silicon)/ {weight of the initial melt)

The measured value [atoms/cm’] of the nitrogen concentration

are described in the following Table 3.

In addition, hydrogen doping was carried out by the introduc-
tion of a hydrogen containing gas mixture intc each of the
pull-up furnaces. The hydrogen partial pressure [Pa] and some
of the conditions set are described in the following Table 3.
The crystal pull-up speed V and the in-plane distribution oZ
G were controlled as follows. First, the crystal pull-up
speed was limited to an upper limiit value such thalt the V1
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
pulled-up silicon single crystal. Second, the crystal pull-up
speed was limited to a lower limit wvalue such that the V2 re-

gion having the void density of over 5x10%/cm’ and below



10

15

20

25

30

ey ,8, 0 6 C",C-) 0l0,0,i0 !0 id t co. 0 Ic)o6 >..- thE'1,!1,,I aFr-IF.'lilll. 1lI,
"r--11--INHN-Ir.--in-IN.1 N-!I--1 N-IN-I N-1 N-N..- =
c:wa--IT-1--1,---Nr-1,-Nr-1,-le-IT-t C-' ryr.I r Mg,

cuc+,+!+:+1+ +1+1+1++1+1+1+++ 5. x5 ," $.2, klw
WIWILU!W,UJW-11111IWIWILLILIL ) 1111L1.1 5 =!co
01N-lopiOnicola)!o!op!N-la>!coiopla>N?, o0J.1lcril op 1 cril cri
_ta_i,sd_:_cal"col(6l'dispc.ri ..coFcricri rt1.111 g'5 E eonl11,i

2x10,/, doonues (Rdecko A1 kalteto 0101 el 'ELEI114)C GlibpeskthaA 403
Oef'-l I -'a<-V\/f(-%Ier.%..j\l.g'T H- E 8EZI%I - 1%3:4 1Lt iCii G!BI I(i:tll!t'[uLiri%Ij;lLthe
TG it £ § 4 210 Plot) OH7P1) 1 IN'CH, ?éﬁ'si%avi%fp.?. B

pulled-up silicon single crystal. The values of the crystal
pull-up speed, the in-plane V/G maximal wvalues (V/3 at the
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/Glor. A
plurality of wafers were cut from the same position of the

single crystal and converted to mirror polished wafers,

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

specified by the above mentioned void density.

The evaluation and identification of the void region inside
the wafers was carried out by the above mentioned method. In
addition, as described above, volume density of the veids was
calculated, to determine the V1 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.

The evaluation of OSF was carried out by the following
method. First, the wafer was subjected to an oxidation
treatment under oxygen atmosphere containing steam at 1100°C
for 1 hour. After that, an oxide film was removed with hy-
drofluoric acid, and then etched by a thickness of 1.5 um,
with a light etching liquid, to observe ellipse-like, half

moon-like or rod-like OS¥F pits generated at the surface with
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an optical microscope. The OSF area density [piece/cm’] was
determined as [0SF pits number/observation areal by scanning
the 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 hav-
ing an OSF area density of equal to or higher than 100
pieces/cm’. The inner diameter and outer diameter [cm] of the
OSF reglon determined in this way, are described in the fol-

lowing Table 3.

Still more, as for each of oxygen concentration, ratio of the
number of volds composing bubble-like shaped aggregates of

voids to the total number voids {Void Ratio), the BMD density
and the high C-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 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 3

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.



10

15

20

25

30

t- Example 7 2.0E+14 Example 8 2.0E+14 Comparative 3.0E+14
Example 1 Comparative 3.0E+14 Example 2 ca-1 717 +,+ w o! Nli 0)1 co
-5.i E C....)In EalEctiEculEculEct oxoxox!oxiox ,:rl n-

48

BExample 4

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

scribed in the following Table 3.

Example 5

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

as described in the following Table 3.

Example ¢

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

as described in the following Table 2.

Example 7

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

Table 3.

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

concentration, 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 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 wvalue, 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 Comparative Examples are

shown in Table 3.



51 From Table 3, the high C-mode pass rate of any of the silicon wafers
obtained in Examples 1 to 8 showed excellent results of over 70%.
Therefore, the silicon crystal obtained in any of these Examples can be
said to be applicable to any device 5 including a device such as DRAM. In
the case where the pull-up speed wgg 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
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53 Patent Claims: 1. A silicon single crystal wafer which is doped with
nitro gen, hydrogen and carbon, comprising 5 a plurality of voids, wherein
a number which is equal to or more than 50% of the total number of voids
compose bubblelike shaped aggregates of voids; a V1 region having a
void density of over 2x104/cm3 and jglow 101x105/cm3 which occupies
equal to or less than 20% of the to- tal area of said silicon wafer; a V2

regio ving a void density.of 5x102 tg 2x104/c ' ccupies. I
P by RO thah 0% B e ot arec o Sl Silcon veater and 15 & bulk "
waﬁ@rnsdefethMi_tyrwﬁmle@éu tocorthighertdan 5108 ah3r s AL ts
opefhad for prodycing a silicon single crystalwafer, comprising 20 pulling a
silicon single crystal in a pull-up furnace with a crystal pull-up speed and
odoingtheE€iieen Singlercystdl atith Ritré§erPéareitafd Hydidgere v <&

i¢entralling that. ;2 pitkagen conseatration inHbesiliconceysiakis:settor -
be 253x1053 to 3x101D atoms/cm3; controlling that a carbon
UEORESRFAGH i the sﬁf&o@ré%staﬁrié Seffo B ABAS 10° Value was
OxEQ15atomsiend controliing thatiapastiak piessure af hydrogendn thgual
crystal pull-up furnace is set . to be 3 to 60 Pa;.30 controlling that a
tRniferstife gradient i aJbhgitudmal delr}é%?%%le&tthzéeg"lﬁ!clé% singie &Gystal

twithisra temperatiirec-mode pass rate was of over 90% in both

cases.

Tt was found that, as compared with Example 8, the other Ex-
amples 1 to 7 showed significantly more stable crystal pull-
up speed. Such a result is considered to show that conditions
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
high C-mode pass rate was below 70%, or crystal pull-up it-
self was impossible. Therefore, the silicon crystal cobtained
in any of these Comparative Examples can be sald not to be
appliicable to any device including a low grade device. Rea-
sons for obtaining such poor results in each of Comparative
Examples are discussed as feollows: Comparative Example 1 was
not able to eliminate certain kind of a micro defect which
may present in the OSF region, because the whole surface of
the wafer was the OSF region; in Comparative Example 2, the
area ratio of the V2 region to the total area of the silicon
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
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54 range of 1100 to 1200C is set to be equal to or more than 3.5 C /mm;
controlling that the crystal pull-up speed is set to be equal to or lower than
an upper limit value and equal to or 5 higher than a lower limit value; and
cutting a silicon wafer from the silicon single crystal, wherein the silicon
wafer comprises a V1 region having g,void density of over 2x104/cm3 and
below 1x104/cm4 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 .
LRt UD SPEEd, "and SonTpTises 4372 F&gfgg ﬁg\%ﬁgoa? vgelncF dgr%i]ff of
wax102 #a X1 cmawhich: oceupies:80%eafithe totakarea déf, saidesiNcome-
wafer if the single crystal was pulled with the lower limit value,af th
A P B 4 b Bhedb et Mo accidi 1 S,
welarscteriZeddm that ovipden toncentrationdineh&:silivorsingléepystal iss-

g%%tntow%es e%@x"&%@cﬁ |g\élg£&|g%n gﬁ(éoéﬁr%wgg%entration was sig-
nificantly low; in Comparative Example &, the “ccoling”
treatment according to the present invention was insuffi-
cient; and in Comparative Example 7 the nitrogen concentra-
tion was high, such that a certain kind of the micro defects
which may present in the OSF region could not be eliminated,

because the whole surface of the wafer was the OSF regilon.
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Patent Claims:

1. A silicon single crystal wafer which is deoped with nitro

gen, hydrogen and carbon, comprising

a plurality of voids, wherein a number which is equal to or
mora than 50% of the total number of volds compose bubble-
like shaped aggregates of volds;

a V1 region having a void density of over 2x10°/cm’ and below
1x10%/cm® which occupies egual to or less than 20% of the to-
tal area of said silicon wafer;

a V2 region having a void density of 5x10° to 2x10‘/cm’ which
ocoupies equal to or more than 80% of the total area of said
silicon wafer; and

a bulk micro defect density which is egual to or higher than

5x10%/cm?.

2. A method for producing a silicon single crystal wafer,
comprising

pulling a silicon single crystal in a pull-up furnace with a
crystal pull-up speed and doping the silicon single crystal
with nitrcgen, carbon and hydrogen;

controlling that

a nitrogen concentration in the silicon crystal is set to be
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 60 Pa;

controlling that a temperature gradient in a longitudinal di-

rection of the silicon single crystal within a temperature
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range of 1100 to 1200°C is set to be equal to or more than
3.5 °C /mm;

controlling that the crystal pull-up speed 1s set to be

equal te or lower than an upper limit value and equal to or
higher than a lower limit value; and

cutting a silicon wafer from the silicon single crystal,
wherzsin 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
wafer 1f the single 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 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

speed.

3. The production method according to claim 2, characterized
in that oxygen concentration in the silicon single crystal is

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



